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Abstract

Polar crystals have strong optical phonon modes. The movement of charge is
strongly coupled with lattice phonons. In disordered solids like amorphous chalco-
genide glass, charge carriers are trapped at lower energy sites. The effects lead to
localization inhibited transport in both material systems where the carrier mobility
is extremely low compared to the case in semiconductors. This work is dedicated to
the study of excited state dynamics and transport in low mobility materials using
transient gratings technique.

We reported the first isolated observation of non-dispersive transport in a-As,Ses
thin film [55]. We observed a well defined transport process occurring at a time-
scale of less than a microsecond and over a transport length of a few micrometers.
We tentatively assign this fast process, corresponding to a mobility of 0.440.005
em?V~1s7t to the diffusion of photoexcited charge carriers with microsecond life-
time. We also study the carrier transport dynamics in chalcogenide based electro-
optic crystal, SnyP5Sg. Using a short pulse pump and probe technique with picosec-
ond time resolution we determined the mobility value of 2.540.8 cm?V~!s~! caused
by the diffusion of holes photoexcited with optical bandgap illumination along the

crystallographic 1-axis of SnyP3Sg. Such low mobility cannot be understood in the



framework of the band transport model that has been so successful in explaining
the transport processes in semiconductor materials. This inspired us to investigate
the temperature response on the carrier transport in this crystal. The investigation
led us to conclude that the transport process in this crystal is caused by the thermal
activated jumps of photoexcited holes in the temperature range of 150K to 280K.
In addition, this work also successfully demonstrates the use of the short pulse
photoexcitation technique for the characterization of Fe?* donor concentration in
electro-optic Fe:KNbO3. We are able to directly detect the photoexcited carrier
through the Bragg diffraction of a probe pulse from the index grating arising from
the charge transport and with the spatial resolution (only limited to beam diameter)

unmatched by any other technique.



Chapter 1

Introduction

The interaction of light with matter always results in some form of material exci-
tations. Such light induced excitation alters the properties of matter. By the same
reasoning matter can also mediate the interaction of light with light, an interaction
which is not possible in vacuum. Studying light-matter interaction is therefore use-
ful because it gives information on the properties of materials and because these
materials can be used as a medium for light-light interaction.

One method to study the evolution of material excitations produced by light is
to excite matter using the interference pattern formed by two optical waves. In this
way any photoinduced modification will follow the shape of the interference pattern,
with material properties such as absorption and refractive index modulated in the
form of a bulk grating that can be detected by diffraction of a probe beam. The time-
evolution of the diffraction efficiency of the probe beam can then deliver important
information on the relaxation time of excited states and on transport processes that

occur on the length-scale of the period of the interference pattern.



Permanent excitation gratings can be produced and detected in this way by us-
ing a continuous laser source for both the excitation and probe. The permanent
illumination of the sample means excited states are continuously created and elimi-
nated, and eventually a steady state is reached where the excited state concentration
reaches equilibrium. Grating formation during steady state illumination therefore
involves the contribution of concurrent processes i.e. excitation and relaxation. The
gratings generated by the short pulse illumination on the other hand are temporary.
The pulse flash creates a burst of excitation and leads to the creation of transient
gratings whose evolution in the dark can be monitored with time. This is the tran-
sient grating method that will be discussed in this work. We will develop it for the
investigation of transport in different materials

In chapter 2 we present the theoretical and experimental work required for the
study of photoexcitation and transport processes in dielectric materials. Here we
will discuss in detail the mechanism of producing photoinduced gratings using short
light pulses. We also explain the different types of light induced gratings that lead
to various photoinduced phenomena depending on the material systems being inves-
tigated. In general we will present how, by controlling the photoexcitation process
in time and in space, the observed photoinduced charge transport and excited state
diffusion is analyzed in these materials.

Chapter 3 follows the investigation on the nano-second dynamics of annealed
a-AsySes chalcogenide thin films through transient grating experiments. Here we
study the photoinduced change of optical polarizability that occurs immediately
after photoexcitation with picosecond pulses . Here the excitation grating is probed

using cw He-Ne laser to investigate the grating formations and their subsequent



evolutions up to several microseconds. Through this investigation we report the
first isolated observation of fast excited state diffusion characterized by a mobility
of 0.04 cm?V~!s71 and short lifetime of 4.4 us.

In chapter 4 we study the charge transport properties in the chalcogenide based
ferroelectric crystal SnyPoSg. Because this ferroelectric crystal is also a good electro-
optic material and photosenstive in the visible and near infrared, the crystal has a
high potential for photonics applications. These applications rely on the index
gratings arising from photoinduced charge transport which is poorly understood
in this crystal. Hence we investigate the charge transport dynamics using short
pulse pump and probe technique and determine the typically low mobility value of
2.540.5 cm?*V~!s™! caused by the diffusion of holes in this electro-optic crystal. Such
low mobility cannot be understood in the framework of the band transport model
that has been so successful in explaining the transport processes in semiconductor
materials. This inspired us to investigate the temperature response on the carrier
transport in this crystal. The investigation lead us to conclude that the transport
process in this crystal is caused by the thermal activated jumps of photoexcited
holes in the temperature range of 150K to 280K.

In chapter 5 we describe our work to characterize the electron donor concentra-
tion in a KNbOj crystal using the short pulse pump and probe technique. KNbOj is
a ferroelectric oxide and another good electro-optical crystal where a lot of research
has been done to optimize the electro-optic and photoconductive property by proper
growth, doping and reduction technique for photonics applications. This work is the
part of collaborative effort with Air Force Research Laboratory where these crystals

were grown. Our main goal for the characterization of the reduction state in these



KNbO3 crystals also lies in our collaborator’s effort to develop and perfect a con-
trolled doping technique that creates higher concentrations of photocarrier donors
while maintaining the homogeneity of these donor concentrations throughout the
crystal. Since the transient grating method has the ability to selectively detect
the signal created by the photoexcitation of electrons with a large mobility, we can
compare the amount of electrons that can be photoexcited in different regions of
the crystal. This in turn is proportional to the density of electron donors that can
be photoexcited, which in this crystal are Fe?" centers. While optical absorption
can give a hint of the presence of these Fe?t centers, it is also sensitive to other
absorption mechanisms. Our transient grating technique, on the other hand, selec-
tively identifies photon absorption caused by the Fe?* centers, which provides an
essential new tools to characterize and understand the mechanism with which Fe?*
centers are created in KNbOj3. To date only the transient grating technique that
we used has the ability for the direct detection of photoexcited carriers from the
donor impurity levels with a spatial resolution only limited to the diameter of the

excitation pulses.



Chapter 2

Transient Gratings: Their

Excitation and Detection

The transient grating method is an all optical technique that uses short light pulses
to control the photoexcitation process in time and in space. This technique allows
us to selectively address and observe photoinduced charge transport (diffusion or
drift of charge carriers) and excited state diffusion. One advantage of the transient
grating technique is the ability to control the grating pitch of the optical grating.
By changing the angle of the intersecting beams, an interference pattern is created
that spatially modulates the optical properties of the matter which lead to the
formation of a dynamic optical grating. Such a grating can be detected by diffracting
a probe beam. Another advantage is the ability to separate the photoexcitation
process and transport process through the use of a short pulse for the creation and
detection of the optical grating. In this chapter we will lay the theoretical and

experimental ground work required for the study of the photoexcitation process and



charge transport in dielectric materials using the transient grating method.

2.1 Photoinduced Gratings

The creation of a photoinduced grating is a two step process. First, spatial super-
position of two mutually coherent lightwaves produces an interference field in the
region of intersection inside the material. Then, the periodic intensity grating of the
interference field induces spatial modulation in the optical properties of the material
(i.e. refractive index and absorption coefficient) which acts as a diffraction grating
inside the volume of the sample. While a permanent holographic grating can be pro-
duced by using a continuous laser source for creating a permanent interference field,
in our experiment we use a pulsed laser source which produces a transient grating
that ultimately disappears after the light source is switched off. In the following,
we will discuss in more detail, the mechanism by which the photoinduced grating is

formed inside an optical medium.

2.1.1 Description of Optical Fields and Light Pulses

The properties of the laser light, the interference field for the production of pho-
toinduced dynamic gratings, and the diffraction of light are described in a plane
wave approximation. Laser light with a fundamental TEM,, mode corresponds to
the Gaussian beam which can be idealized as a plane wave as long as the region

discussed inside the grating is much smaller than the beam waist. The electric field
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Figure 2.1: Creation and detection of photoinduced transient grating generated by the
short pulse laser source in a medium. (a) Writing of grating. (b) Reading
of grating.

associated with plane wave thus can be expressed as

—

E(rt) = [Ae Twttd) 4 cel = Acos(K - 7 — wt + @) (2.1)

where 7" is the spatial coordinate and ¢ is time, A is the amplitude, K is the wave
vector, w = 2nf is the angular frequency and ¢ is the phase offset. The intensity
I(r,t) of this plane wave is given by the time average absolute value of the Poynting

vector [20]:

S = ZRe(E x H*) (2.2)



and

B D), (2.3)

where c is the speed of light, n is the refractive index and € is the vacuum permit-
tivity. In this work a picosecond pulse laser is used for the excitation and detection
of optical gratings. The pulse duration can be expressed in terms of total energy

per unit area (Fluence):

Fip) = [ Tty (24)
and total laser pulse energy:
W =2 [ F(o)pdp (25
0

where p is the cylindrical coordinate perpendicular to the direction of propagation.
Unlike the plane wave, the amplitude of a field describing a laser beam is not constant
within the plane of a wavefront. TEM,, mode output of a laser corresponds to
a beam of circular cross section with Gaussian intensity profile. It has a beam
waist where the wavefront is planar and the beam diameter is at its minimum.
In a cylindrical coordinate system with origin at the beam waist, the intensity

distribution is given by:

I(p) = I, exp[—2p°/p})] (2.6)

10



where p, is beam radius at the beam waist. At p = p,, the intensity is reduced to
I,/€?.

Mode-locked laser can create very short pulses. A mode-locked pulse laser op-
erating with a picosecond pulse duration has a pulse length less than 1 cm. The
intersecting pulses are required to have a temporal overlap in order to produce an
interference field. The temporal dependence of these pulses can be expressed by the

gaussian function:

I(t) ~ exp [— (t - T/2>2] (2.7)

tp

where ¢, is the gaussian half width and 7 is the time delay between the pulses.

2.1.2 Superposition of Two Plane Waves

An interference pattern created by two beams with wave vectors K, and K B, and
intensities of I4 and Ip intersecting at an angle 260 is schematically shown in Fig-
ure 2.2. The electric field of each beam with it’s amplitude and the associated

polarization vector is given in the following equation:

EA(7,t) = Aapa exp [i(f?A 7 —wt + <;5A)] (2.8)

—

En(7,t) = Apppexp [i(Kp - 7= wt + 6p)] (2.9)
The interference field of the two intersecting beam is given by

|E(r,t)| = A% 4+ A% 4+ 24, Ap cos(K - 7+ A)pa - P (2.10)

11



Figure 2.2: Interference grating created by the interference of two laser beams with
intensities I4 and Ig and wave vector K 4 and K 5. The grating wave vector
is along the x-direction of principle axis.

where

K,=Kp— Kz (2.11)

A¢ = £(pa — dB). (2.12)

We choose the coordinate system with respect to the grating wave vector along x-
axis and also set the phase offset between the the two beams to be zero: ¢4 = ¢p.
The light intensity pattern created by the interference field can then be expressed

as:

I = I,(1 + m, cos(K,x)) (2.13)

12



where

ECn
_[O = 7(|AA|2 + |AB|2) (214)
2A4ABpa - PB
— . 2.15
(AP + [ AgP (2.15)

I, is the sum of the intensity of two beams, and m, is the modulation index. The
modulation index can vary depending on the polarization of the light with regard

to the plane of incidence. For both beams linearly polarized perpendicular to the

(&) {b)

Figure 2.3: Figure (a) and (b) describe the polarization of the two writing beams. (a) s
polarization: p4 and pg||g (b) p polarization: p4 L ¢ and pp L 9.

plane of incidence as shown in Figure 2.3(a)!,

2A4Ap cos(20)
me = 2.16
(144> + |45/ (219)

and for both beams linearly polarized in the plane of incidence as shown in Figure

"'When two beams are polarized perpendicular to each other.i.e. p4 L pp there is no modulation
in intensity of optical gratings but only modulation in the polarization of light.

13



2.3(b),

2A4AB
(144l + [A5[%)

(2.17)

mey, =

The absolute value of Xg is related to the fringe spacing (A) of the interference

pattern:
K, =|K,| = 2r/A (2.18)

where

A
A=
2sind

(2.19)

and A = \,/n where )\, is the wavelength in vacuum, and n is the refractive
index of the medium. By varying the intersection angle (26) the fringe spacing
can be changed. The smallest grating can be achieved when the writing beams are

antiparallel with the grating pitch (A) = A/2 = \,/2n. For small angle (1 > 0),

Ao (2.20)

However, the maximum value for A is limited by the beam diameter in this case.

2.1.3 Refractive Index and Absorption Gratings

The interaction of light with matter is always caused by some form of material

excitation which then leads to a change in the optical properties of matter. In most

14



cases the absorption and the refraction of the material are changed resulting in
spatially modulated amplitude or phase gratings. Respectively, material excitations
couple to the refractive index n and to the absorption coefficient o which then exhibit
grating like modulation in amplitudes: n and . In a plane wave approximation, the
interference pattern of two intersecting laser beams defined by the grating vector
K, modulates the absorption coefficient(a), the refractive index (n), and/or the

dielectric constant(e):

a(z) = o, + oy cos(Kyx) (2.21)
n(z) = n, + ny cos(K,x) (2.22)
€(z) = €, + €1 cos(K ) (2.23)

where subscript ‘o’ stands for the average value for these quantities. The modulated
gratings cause the diffraction of the probe beam from the volume of the sample.
The gratings in this case are the thick hologram gratings characterized by the large
grating thickness compared to the grating pitch(A). Thick gratings produce efficient
diffraction at the Bragg condition: Ky— K, = ml?g where m = 1,2, 3... This condi-
tion typifies the conservation of momentum. Figure 2.4 illustrates this condition in
case of a simple configuration for Bragg diffraction of first order ( m =1) in which
the grating wave vector K ¢ 1s parallel to the surface of the sample and one of the

main axes of the crystal. The part of the probe beam which gets diffracted, as shown
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Figure 2.4: Simple symmetric setup that shows the bragg diffraction of a probe pulse
(Iprp) on a grating with wave vector K,. Diffraction efficiency is defined as

n= Idif/lprb

in figure 2.4, will be referred as the diffracted beam. The ratio of diffracted beam
amplitude divided by probe beam amplitude is the diffraction efficiency. For thick
hologram reflection gratings, Kogelnik in his work[37], has derived an expression for
diffraction efficiency using a coupled-wave analysis:

n = exp (—2a,d) (sin2 %l + sinh? %) : (2.24)

e, is the mean absorption coefficient.
od is the interaction length.

o0, is the incidence angle of the probe beam.
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o)\, is the wavelength of the probe beam in vacuum.
en is the modulation amplitude of the refractive index.

e« is the modulation amplitude of the absorption coefficient.

In the equation 2.24, the first term (exponential) affects the diffraction amplitude
because of the uniform background absorption in the material, while the term inside
the parentheses causes the probe beam to diffract because of the modulated index
grating and the modulated absorption grating of first order. However, in practice
the wavelength of the reading beam is appropriately selected to be less sensitive to
absorption, in which case equation 2.24 can be simplified for negligible background

absorption (i.e.c, = 0),

n = sin? (y) + sinh? (%) . (2.25)

The modulation index and the absorption are affected by the exposure time and
anisotropy of the medium. For a short pulse exposure and for a small change in the
anisotropy of the medium there are only small fluctuations in n; and «;. One can

further simplify equation 2.25 using the small angle approximation:

(5 ()

Equation 2.26 is valid for small modulation in refractive index (n;) and for low

absorption material where ayd < 1. Small changes in the refractive index can be
detected by the diffraction of the probe pulse. This is verified in our experiment

where we are able to detect a very low diffraction efficiency, less than 1078 in a 1mm
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thick sample. This corresponds to a tiny change in the refractive index: n; ~1x1075.

2.1.4 Electro-optic Grating

In the preceding section, we have described how a modulation in refractive index
creates a grating that can be detected. Here we show how that index change can be
established in a special class of material. Inside these materials the light activated
redistribution of electric charges creates the modulated space-charge electric field
which induces the refractive index change through the electro-optic effect. Because
of the the inherent electro-optic properties of these materials a tiny modulation of
refractive index caused by the photoinduced charge transport can result in noticeable
build-up in space-charge electric field. Here we will characterize the electro-optic
grating formations in this special class of materials known as electro-optic crystals.

An electric field induces a change in the refractive index inside the electro-optic
material. In the absence of mechanical stress the refractive index change can be
described by the unclamped electro-optic tensor. In our experiment, the crystal is
not totally unclamped because of sinusoidal modulation of the electric field inside
the crystal. In such a case an effective electro-optic tensor that depends on the

orientation of the grating wave vector is introduced [74],
A<671>ij = riejff(ﬁg)Esa (227)

where € is the dielectric tensor of the crystal, and rfjf 7'is the second rank electro-
optic tensor that depends only on the direction of the grating wave vector. For

example, in an anisotropic KNbOj crystal the modulation of the electric field along
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3-axis results in modulation in the dielectric tensor (or modulation in the refractive

index: n3 = /€33),

A(l/ng) = r;?&cfEsc- (2'28)
For small variation in ng equation 2.28 reduces to
Ang = —(1/2)n3rs)! E,.. (2.29)

The modulated refractive index, which is in phase with the electric field modulation,
creates a volume phase grating inside the crystal. As shown in Figure 2.4, a beam
propagating through the crystal is reflected coherently only when the difference of
wave vector K; and Ks of the incident and diffracted beams is vectorially equal to
the wave vector of the phase grating (K, — K; = K,). The diffraction efficiency (1)
is the parameter of prime interest as it is a measurable quantity. In an electric-optic
crystal, only the index grating that arises from the charge transport is detected via
the electro-optic effect. The expression for the diffraction efficiency in equation 2.26

reduces to include only the modulation in index grating:

0= (TAn)Q (2.30)

with

An = (1/2)/n, 03 ;r By (2.31)
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Here n;,. and ngrs are the refractive indices of the incident beam and the
diffracted beam, respectively. For a small angle, the anisotropy in the medium
is negligible and refractive indices for incident and the diffracted beams are ap-
proximately equal. The effective scalar electro-optic coefficient (r¢//) depends on
the directions of the incident and diffracted beams and on the wave vector grating
direction [74].

Assuming that the plane of incidence is parallel to a principle plane of the optical
indicatrix: for s-polarized

peff — yeff

o Y

(2.32)

and for p-polarized light

reff = el cos(26;), (2.33)

where 26; is the internal angle between the incident and diffracted beams (shown in
Fig.2.4).

In the previous section 2.1.3, we presented an example in which we showed that
we can detect a very small refractive index change of . An ~ 1 x 1078, In an
electro-optic crystal like KNbO3 that has an effective electro-optic coefficient r¢//=
54.3pm/V [6], the refractive index change of this minuscule order leads to a creation
of considerably large space-charge field: Ey. ~60 V/m. Such sensitive response to
the grating index change is primarily attributed to the electro-optic nature of this

special class of ferroelectric crystals.
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2.2 Photorefractive Effect

A special class of material that responds to light by changing its refractive index is
called the photorefractive material. The photorefractive effect in such material is
caused by the laser induced release of free carriers. Free carriers are released from
the photoionized donors or acceptors. The release of photoexcited carriers and the
subsequent transport by diffusion or drift creates a spatial distribution of charge
resulting in a space charge field. This space charge electric field is responsible for
inducing a change in the refractive index via the electro optic-effect. In this section,
we will describe the photorefractive effect using a simple band transport model with
a single trap level, which acts as donor center, and electrons as the free carriers. For
a more sophisticated model, readers are advised to read Ref. 11.

In the plane wave approximation the light intensity pattern from two mutually
coherent beams is described by equation 2.13. Upon illumination, the generation
and recombination process illustrated in Figure 2.5 is described by the rate equation
for the concentration of ionized dono.

ONi,

T sel(Np — N5) — ven(Np + Nb). (2.34)

e Np is the density of donor atoms.

e N} is the change in the concentration of ionized donor during illumination.
e n is the number density of electrons in the conduction band.

e [ is the intensity of light.

e s, is the rate coefficient for photoexcitation of electrons.
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onduction

Valence Band

Figure 2.5: Simple one level band model for photoexcitation and recombination pro-
cesses. An electron is photoexcited to the conduction band from mid-gap
level.

® 7, is the rate coefficient of recombination.
The first term on the right hand side of the equation 2.34 describes the photoioniza-
tion process where the donors (Np—N§) are photoionized and as a result an electron
is released into the conduction band. The second term describes the recombination
process where electrons recombine in the trap (Np + N§).

After photoexcitation, the transport of photocarriers occurs in the conduction
band. Free carrier transport (through diffusion or drift) creates an inhomogeneous

distribution of charge in space. This leads to the formation of a space charge electric
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field. The local rate of change of carrier concentration is given by the following

equation
on  ON 92 OF

o D = pkgT/e is the diffusion constant.
e ¢ is the unit charge.
e 4 is the mobility of the charge carriers.
e F is the electric field inside the crystal.
e 1 is the spatial coordinate along the grating wave vector K g-
The first term on the right hand side of the equation 2.35 comes from equation 2.34
that describes the photoexcitation and recombination process. The second term
describes the diffusion process. The third term is the drift term caused by the
presence of an electric field in the material. This term changes sign depending on
whether the photoexcited carriers are electrons or holes.

The electric field due to the redistribution of charge can be calculated using the
equation

OE e -
i NL — 2.36
ax Eogﬁ r( D n)7 ( )

where ¢, is the permittivity of free space and ¢’, is the relative permittivity of
the dielectric material. The effective dielectric tensor of an electro-optic material is
modulated along the direction of space charge field. To calculate the space charge

field, it is convenient to use the scalar effective dielectric constant (e¢//) that depends
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on the direction of the grating wave vector (K,) [74]. Equation 2.36 can be now

modified as

OF e
4
ox e eelf

(Nb —n). (2.37)

In the equation 2.37 E ,n and N} all depend on the time ¢ and the space coordinate
z. Here E = ESC+EO where ESC is the space charge field created by charge relocation

and EO is the applied electric field.

2.2.1 Space Charge Field for Sinusoidal Illumination

Equations 2.34, 2.35, 2.36, and 2.37 describe the photoexcitation and transport
dynamics inside a photorefractive crystal under sinusoidal illumination. When no
external field is applied to the crystal (EO = 0), and the interference pattern has
small modulation contrast m,, the space charge field (ESC) along the grating wave

vector (K,) is given by [42]

. E,E
Esc = :Fl.mo#7 (238)
Eq + Ep

which indicates that the space charge grating is shifted by /2. E p is the diffusion

field of the mobile charge carriers
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and Eq is the limiting space-charge field

Eq — ——»Neff- (240)

Eef fEOKg
Eq takes account of the finite number of donors and traps. It is the largest field
that can be applied to the crystal with an ionized trap density. The effective trap

density (N.ss) can be expressed as:

NrNp

Ny = ——2_
ff Np + Ny

(2.41)

The space charge field (ESC) in equation 2.38 is limited by Ep or Eq depending on
which one is smaller. Since A = 27/K,, Ep is inversely related to A and Eq is
directly related to A. Therefore, for large A the space charge field is limited by
ESC = $imoﬁp and for small A the space charge field is limited by ESC = $imoﬁq.
The space charge field reaches equilibrium in the grating spacing region where the
trap limited field and the diffusion field becomes equal. The space charge field is
then:E,. = Fim, / Q(qurﬁ D) Eq in this transition region is limited by the number
of available donors or traps (i.e.Np = Nr).

Earlier in the section 2.1.4, we estimated the space charge field amplitude ob-
served for a tiny variation in the index grating detected in the experimental limits.
Here, we calculated the number density of the photoexcited electrons for the de-
tected index grating amplitude of n; = 1 x 10~® which corresponds to the maximum

space charge field amplitud By~ 60V/m. In the transition region

(2.42)



With the modulation contrast m,=1 we estimate that during photoexcitation the
number density of electrons released ~ 5 x 10* per cm?®. Note that this number
density of electrons released from their photoionized donors is several orders of

3 unit cell density of the

magnitude smaller in comparison to the ~ 10% per cm
crystal. The photoinduced gratings we are detecting in this crystal are caused by the
small fractions of electrons that are photoexcited from the impurities in the crystal
lattice of KNbO3. The direct detection of charge carrier movement associated with
such a tiny number of impurities (or the movement of the small number of charge

carriers photoexcited directly from the bandgap, a case which is studied in SnyP5Sg

in chapter 4) is one of the notable achievements of our experimental technique.

2.3 Writing Photorefractive Gratings using Short

Light Pulses

2.3.1 Charge Carrier Photoexcitation

A light pulse that has a shorter pulse length than the diffusion time of charge carriers
induces a grating build-up because of two processes: the generation of free charge
carriers during pulse excitation and the transport of charge carriers by diffusion after
pulse excitation. The first process (photogeneration by the writing pulse) sets up
the initial condition for the charge distribution in the crystal after the light intensity
is turned off. For a low energy pulse the density of free charge carriers after the
end of the writing pulse is proportional to the light intensity pattern described in

equation 2.13. This gives the distribution of charge carriers as
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n(z) = iio(1 + m, cos(K,z)) (2.43)

where z is the spatial coordinate along the grating wave vector K, = 2w /A | i, is
the initial average distribution of the charge carrier and m, is the initial index of

modulation. n, and m, are given by

0!

ﬁOZSeND(F1+F2) = E(F1+F2) (244)
2F\ F,

L= 2.45

" Fi+ F ( )

where s, is the rate coefficient of photoexcitation, Np is the number of active electron
donors, h is the planck’s constant, ¢ is the quantum efficiency of the photoionization
of donors, « is the absorption coefficient (see eq.2.21), v is frequency of laser lights,
Fy and Fy are the fluences of the two writing pulses.

The build up after the photoexcitation process is aptly described by the band
transport process used in the Kukhtarev model [41]. For small pulse energy and
in the absence of electric field (diffusion mode) the band transport equation can be

written as

on; n
Tt _ 2.4
ot T (2.46)
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2 - 2.4
ot T e Ox? (247)
ob,. e ;
e CeffE(ND ng —n) (2.48)

where n is the number density of photoexcited carrier, n; is the number density
of trapped carriers, 7 is the lifetime of the free carrier, u is the mobility of the
carrier, and N} is the number density of the photoionized donors which depends
only on the initial distribution of photoexcited electrons. Equation 2.46 describes
the trapping process of free charge carriers. Equation 2.47 describes the diffusion
and the trapping of free charge carriers. Equation 2.48 describes the dependence of
the space charge field on the concentration of photoionized donors, trapped carriers,
and free charge carriers. Since the initial number density of all charge carriers and
photoionized donors is proportional to the light intensity modulation as is defined
using equation 2.43, we can solve the equation 2.46, equation 2.47 and equation 2.48

to get

—

n(x,t) = fee /[l + mee ™ cos(K )] (2.49)

where 7p is the diffusion lifetime of the carrier and is given by

A2e

= 2.50
Am?ukgT (2:50)

D

Here p is the carrier mobility, kp is Boltzmann’s constant, e is one electron
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Figure 2.6: E,, is the grating amplitude of immobile photoionized donors, Ep is the
field amplitude caused by the diffusion of free carriers (electrons), and Fj. is
the amplitude of the space charge field. In figure (a) grating amplitudes of
photoionized donors and free electrons are equal immediately after photoex-
citation, (b) the amplitude of the space charge field grows as electrons diffuse
and (c) reaches maximum as the electron density is completely averaged out
by diffusion.

charge, A is the grating spacing and T is temperature in Kelvin. The final distribu-
tion of free carriers (and photoionized donors) is ultimately affected by the trapping

of the carriers. The number of trapped carriers for any given time (¢) is estimated
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Time evolution of space charge field —»
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Figure 2.7: Space charge field (E.), caused by the diffusion of electrons, rises with time.
The buildup time of the space charge amplitude is given by 7, .

by solving equation 2.46 with the expression we obtained for n(z,t) in equation 2.49

m, ,t(L 1

) = foe (L4 57 cos(R,x)]. (2.51)

The time dependence of the space charge field is obtained by solving equation 2.48

with the expressions obtained for n;(x,t) and for n(x,t).

- en,m 1 -
E(r.t) = —2"° 1 — ™)) sin (K 2.52
@8 = ek Trmpr e ) sintisn) (252)

30



where 7, is the buildup time given by,

1 1\ !
To = (— + —> . (2.53)
D T

Figure 2.6 shows the time evolution of space charge field and figure 2.7 reveals
that the time dependence expression of the space charge field has a functional form
(1 —exp (—t/70)). The detected space charge field caused by the diffusion of carriers
rises with time and this expression is used for obtaining the buildup time (7,) of space
charge field. Note that the amplitude of space charge biuldup is a characteristic
feature of the transport process only through diffusion. The other methods that
detect the light induced local modifications in the optical properties of the material,
all provide an exponential decay.

From the time dependent expression of the space charge field one can detect
the index grating buildup by measuring the diffraction efficiency buildup of the
diffracted pulse as a function of time. Equation 2.53 shows the buildup time of the
space charge grating depends on both the lifetime and the diffusion time of the free
charge carriers. Figure 2.6 shows that the maximum space charge field amplitude
is obtained for a long carrier lifetime when the electron distribution is averaged out

by diffusion, and is given by

_, eny,m
E, = —"° 2.54
Ph Kjeelle ( )

Here e is the unit charge, € is the permittivity of vacuum, and €*// is the effective
dielectric constant for a sinusoidally modulated electric field.

As revealed in equation 2.49, during the buildup of a photoionized space charge
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field, the average number of charge carriers decays exponentially with a time con-
stant given by the effective free carrier lifetime, and the modulation depth of the
charge carrier grating decays exponentially with a time constant given by the dif-
fusion time of the carriers. The amplitude of the space charge field (Fy.) after
completion of the photorefractive buildup is less than the maximum value of E,,

and is given by

E,. = . (2.55)

By introducing a grating spacing Ay = 27/ D7 corresponding to the case where

the buildup time equals the carrier lifetime we can create a useful relation:

2= (%)2 (2.56)

Using this relation we can modify equations 2.53 and 2.55 to reveal the grating

spacing dependence

Ao A
Eph<A) = Fs <T + A_O) ; (2.57)

T0 . 1
T 14 (Ag/A)? (2:58)

In figure 2.8 we plot the value of 7y/7 as a function of A/Ay. At shorter grating
spacings (i.e Ag > A), the lifetime of the carrier is much larger than the buildup

time. In such a scenario, charge carriers are completely diffused before they are
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Figure 2.8: Grating spacing dependence of the builduptime in log-log scale.

trapped. Buildup time in this case is limited by the diffusion time and shows a
quadratic dependence on grating spacing. At longer grating spacings, or for short
carrier lifetime, the charge carriers diffuse until they recombine. The buildup time
in this case is limited by the lifetime of the carrier. For Ay = A we get a build up
time equal to half of the carrier lifetime.

Figure 2.9 illustrates the space charge field dependence on the grating spacing.
The space charge field (E;.) is proportional to the grating spacing when Ay > A.
In this limit, photoexcited carriers diffuse homogeneously before they get trapped.
The resulting space charge field is governed by the inhomgeneously distributed pho-
toionized donors. Increasing the grating spacing within the limit increases the spatial

inhomogeneity of the photoionized donors resulting in a larger space charge field.
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Figure 2.9: Grating spacing dependence of the space charge field after build-up.

The maximum space charge field is reached (Ey, = %Eph) when Ag = A. The buildup
time for the grating in this limit is given by the diffusion time of the carrier and
the mobility of the free carrier is determined from equation 2.50 by measuring the
evolution of the grating buildup.

When Ay < A the space charge field is inversely proportional to the grating
spacing. In this limit, the photoexcited carriers diffuse until they get trapped.
After a time (which is equivalent to the carrier lifetime) the grating ceases to buildup.
Further increase of the grating spacing reduces the space charge field as more carriers

get trapped and recombine.
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2.4 Time Resolved Techniques

We used 20 picoseconds laser pulses to create laser induced dynamic grating in a
sample and monitored the time evolution of grating ranging from picoseconds to
microseconds timescale. In the pump and probe setup, we studied the evolution of
photorefractive grating buildup starting from 20 ps to 10 ns after photoexcitation
using pulse as probe source. This setup was used to study the carrier mobility in
SnyPoSg and KNbO3 crystal. We also used cw He-Ne laser as probe beam to monitor
the decay of laser induced grating starting from 10 nanosecond after picosecond pulse

illumination up to a few microseconds in an amorphous As;Ses thin film.

2.4.1 Pulsed Pump and Probe Setup

The pump and probe setup uses a Degenerate Four Wave Mixing (DFWM) setup as
shown in Figure 2.10. A Nd:YAG 20 ps pulsed laser with second harmonic generation
at 532 nm is used as the excitation wavelength with a repetition rate of 10Hz. In
this configuration, two beam splitters (BS1 and BS2) are used to split the laser
pulses in three directions. While the writing pulses (1 and 2) arrive simultaneously
at the crystal to create an intensity grating, the probe pulse (3), which is facilitated
with the delay track, is sent to the crystal at a variable time thus allowing us to do
a time controlled diffraction scan of the amplitude of the phase grating that mirrors
the modulated charge carriers. The diffracted pulse that is counter-propagating
to the writing pulse (2) is sent to the photomultiplier tube using a beam splitter
(BS3) placed along the path of the writing pulse (1). The detection system uses

a photomultiplier tube (PMT) and a boxcar integrator. The boxcar feeds in the
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Figure 2.10: Pump and Probe setup used for investigating the grating evolution in time
starting from 20 picoseconds up to 10 nanoseconds after photoexcitation.

signal to the computer. The computer controls and also records the position of the

moving mirror in the delay track.

2.4.2 Pulse Pump and cw Probe Setup

One of the ways to measure the evolution of the charge carriers and its decay on
longer timescales with the transient grating method is to use a continuous wave
laser as a probe beam. We used a continuous wave He-Ne laser as a probe beam
in this setup. The writing pulse from frequency doubled ND:YAG 20 ps pulsed
laser was split using a beam splitter. These split beams then arrive at the sample

simultaneously at an angle and write a phase grating on the sample. The cw probe
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Figure 2.11: CW probe used for monitoring the evolution of grating in time ranging
from 10 ns to ps after photoexcitation.

then gets diffracted off from gratings inside the sample when the Bragg condition
is met. The diffracted beam is send to a photomultiplier tube connected to the
oscilloscope. While using a cw beam for a probe, one needs to be careful as it
can erase the gratings causing faster decay. However for our experiment where the

relaxation time for the observed carrier is less than 10 us this effect is negligible.
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Chapter 3

Fast excited state diffusion in

AsySes chalcogenide films

3.1 Introduction

Chalcogenide glasses are remarkable for their large photosensitivity. The significant
changes in absorption and refractive index that occur upon light absorption are re-
lated to various physical effects ranging from photo carrier excitation to structural
changes [4, 32, 39, 61, 64], which occur over multiple time scales from picoseconds
to years. To better understand and control the photosensitivity in chalcogenides,
it is important to identify the underlying mechanisms responsible for the kinetics
of the photoinduced processes, in particular on the shorter time scales. The first
step that leads to photoinduced photodarkening and refractive index changes in
chalcogenide glasses is often the photoexcitation and subsequent displacement of

free charge carriers. These phenomena can be observed with high time-resolution
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and over transport lengths of the order of micrometers through purely optical mea-
surements of the refractive index and absorption changes directly caused by the
presence of photocarriers. In addition, free carriers can also be observed (generally
on longer time- and length-scales) in electrical measurements such as time-of-flight
(TOF) experiments. The carriers that dominate TOF experiments in a chalcogenide
glass such as amorphous AssSes (a-AsySes) have been recognized as holes [50, 51, 62],
with a mobility that is characterized by a dispersive behavior over many orders of
magnitude in time [53, 63]. A draw- back with most TOF experiments is that they
do not have the time-resolution or the short transport lenghts necessary to observe
higher mobility carriers. Nevertheless, such carriers are still important because they
would be able to affect the material over distances of the order of micrometers.

In this work we investigate the nanosecond dynamics of photoinduced effects in
annealed a-AssSes pre-illuminated thin films through transient grating experiments
where we detect the photoinduced change of optical polarizability or absorption
that occurs immediately after photo excitation with picosecond pulses. The main
difference between the present work and earlier investigations[2, 57, 67] is that our
annealed samples were exposed to band-gap illumination for a long time until they
were fully photodarkened. As a consequence, we do not observe any permanent
photoinduced change in our pulsed experiments. This choice of samples and the low
pulse energies in our experiments imply reversible, transient changes that are caused

by short-lived excited states, without being affected by slower atomic relaxation.
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3.2 Structure

Chalcogenide glasses are based on the chalcogen elements S, Se and Te. They are
prepared by combining chalcogen with one or more other elements such as Ge, As,
Si,Sb, Pb etc. Chalcogenide glasses are amorphous solids. Unlike crystals they
lack periodicity in their atomic structure. While crystals have long range order
defined by the periodic lattice structure and only interrupted by imperfections or
defects, amorphous glasses have short range order which extends over 3-4 interatomic
distances.

Most notable among these glasses is the binary system A;_,B, (e.g. AssySes,
AsyS3, GeSy, GeSey) that has been extensively studied and often regarded as the
prototype for structural study of chalcogenide glasses. The binary system can be
locally layer-like. Because of the weak van der waal’s bonding between layers the
structural changes can be easily accommodated [16]. Based on the study it was
found that upon exposure to light the chalcogenide glasses can undergo structural
changes with time [45]. However this structural modification and relaxation in the
molecular structure was less apparent in annealed films suggesting that the annealed

structure is more stable over time.

3.3 Determination and Confirmation of Lifetime

and Mobility of Fast Excited State

We exposed fully photodarkened chalcogenide thin films to the interference pattern

of 20 ps long pulses at a wavelength of 532 nm and at a repetition rate of 10 Hz.
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The thickness of the films was in the range of 100-200 nm, corresponding to the
absorption length of the 532 nm radiation. In these samples and at this repetition
rate the transient changes induced by the laser pulses are fully relaxed by the time
the next illumination happens after 100 ms. The laser pulses intersected in the
thin films under various crossing angles that controlled the spatial period of the re-
sulting interference pattern. The resulting sinusoidally modulated photoexcitation
density is proportional to [1 — m cos(K ;- T7)], where where m is a modulation index
that depends on the relative intensities in the two interfering beams and Xg is the
grating wavevector, corresponding to a spatial period A = 27/K, = \/(2sin(d)),
where A = 532 nm is the laser wavelength and 6 is the half-angle between the beams
outside the sample. The average fluence in the interference pattern was of the order

2. The spatially modulated illumination creates a spatially modu-

of ~ 1 mJ/cm
lated excitation that can modify both the absorption and the refractive index of the
material, thus leading to a diffraction grating that we detect by Bragg diffraction
of a continuous wave He-Ne laser at 633 nm. As expected for a local photoexci-
tation process, the observed diffraction efficiency is built up in 20 ps during the
duration of the pulsed exposure, which we confirmed by a pump & probe experi-
ment. The diffraction efficiency and its time dynamics were measured by detecting
the Bragg diffracted He-Ne laser beam with a photomultiplier connected to a digital
oscilloscope. The diffraction efficiency decays exponentially on the sub-microsecond
time-scale, as shown in Fig.3.2. The measured peak diffraction efficiency for a pulse
fluence in the illumination pattern of ~ 1 mJ/cm? implies a refractive index change

of the order of 1072 in a purely refractive grating.

Independently from the exact origin of the photoinduced excitation that creates
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Figure 3.1: Frequency doubled 532nm Nd:YAG 20 ps pulse laser is used as excitation
source. The two intersecting write pulse are made to reach the thin film a-
AsySes sample simultaneously to write optical gratings. The index gratings
are then probed using a 633nm cw HeNe laser.

the diffraction grating, the decay of the Bragg diffracted signal can be caused by
either spatial diffusion, which leads to a decrease in the modulation contrast of
refractive index and/or absorption, or it can be caused by a limited lifetime of
the photoinduced absorption or refractive index changes. The diffraction efficiency
depends on the square of the grating amplitude, and it decays proportionally to

exp(—2t/7) with a decay time 7 given by

—=—+-, (3.1)
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Figure 3.2: Faster exponential relaxation of the photoinduced excitation in the chalco-
genide film as the spatial period of the excitation pattern is changed from
from 1.6, to 1.1, and finally to 0.7 pum.

where 7y is the lifetime of the excitation and

(&

e T 2

D

is the diffusion time, with e the unit charge, p the corresponding mobility, kg
Botlzmann’s constant, and 7" the absolute temperature.

To distinguish the two independent contributions of diffusion and lifetime we
varied the transport length by varying the angle between the interfering beams. The
resulting spatial period of the illumination pattern was changed from A = 0.7um

to A = 25um. We confirmed by varying the energy of the excitation pulses that we
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were avoiding saturation effects and that the decay dynamics remained exponential
for all spatial periods and illumination fluences.

Fig. 3.3 shows the exponential decay time constants that we observed for all
spatial periods we investigated. One can clearly see the transition from a lifetime-
dominated region at grating spacings above ~10 pum, where the grating relaxation
time is given by the lifetime and is independent from the transport length, to a
diffusion dominated region below ~2um, where the decay time is quadratically de-
pendent on the transport length (see also Fig. 3.2). From these data, we obtain a
diffusion constant D = ukpT /e = (1£0.1) x 1073 cm? /s, a mobility x4 = 0.0440.005
em?V~1s71 and a lifetime 7p = 4.4 £ 0.6 ps. This corresponds to a diffusion length

Lp =+7D =0.66 £0.1 pym.

3.4 Results and Discussion

The present results resolve the apparently contradicting results discussed in Refs.
2, 57, 67. The earlier investigations in Ref. 2 and 57 reported a nonmonotonic
relaxation of the photoinduced transient grating that occurred at pulse energies
much larger than those used in our work. There, the diffraction intensity decreased
to zero within a few microseconds only to be followed by a gradual rise for several
tens of microsecond to a metastable level [2, 57]. On the other hand, the transient
grating experiments of Ref. 67, performed at lower pulse energies and at long
transport lengths, delivered a monotonic relaxation after excitation that is consistent
with our own observations. But the measurements in Ref.67 took place at very long

grating spacings and no diffusion effects were observed. Only the fast relaxation
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Figure 3.3: Several measurements of the relaxation time for different periods of the pho-
toinduced illumination pattern (grating spacing). The quadratic growth of
the relaxation time with grating spacing, typical of the diffusion process, is
clearly seen at grating spacings smaller than 2 ym. The solid line is a least
squares fit to the data with Eq. 3.1 and p = 0.04 cm?V~!s7!, 79 = 4.4ps.

component observed in in Ref.2 for times less than 10 us after excitation shows
signs of being a diffusive process like the one we observed, likely originating from
the same physical effect. In fact, the mobility and lifetime that we determined here

1

are consistent with the estimation of 5.4 x 1072 cm?V~!s7! and a lifetime of 10 us

Aoyagi et al. were able to derive from their data [2].
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The mobility and lifetime that we observed (p = 0.0420.005 cm?V~1s7! and 7y =
4.440.6 ps) could be those of diffusing charge carriers. The lifetime is consistent with
the fast decay time of the photoluminescence that has been observed in amorphous
As,S3 and assigned to the recombination of electron-hole pairs trapped at defects
[49]. Our results could then be explained by assuming that the observed mobility
of ;1 =0.04 £ 0.005 cm?V~1s™! corresponds to the more mobile of the two carriers,
which is then trapped after a lifetime of 79 = 4.440.6 us and subsequently radiatively
recombines.

Because the presently observed mobility belongs to charge carriers during the
first few microseconds after photoexcitation, it is much larger by several orders of
magnitude than the drift mobilities observed for a-As;Ses in TOF experiments[51]
(such low mobilities would not lead to any significant change over the sub-microsecond
time-scale that we investigated in the present work). In general, charge transport as
observed in a-AssSes in TOF experiments is caused by drift of holes and it is highly
dispersive over many time scales[51, 52, 63]. The highest mobility that has been
reported in TOF experiments is 4 x 10~% cm?V~!s~! for holes, obtained in 1-10 ym
thick As,Ses films with large electric fields of the order of 3-7x10% V/cm [38]. Tt is
a characteristic of dispersive charge transport that the observed mobilities depend
on the drift-length that is being investigated, with the slower mobilities observed
for the longer transport lengths. It is therefore not surprising that we determined
a high mobility over transport lengths of the order of one micrometer. It is also
interesting to note that the mobility that we see in our experiments does not show
any dispersive behavior within the limited range of transport lengths that we ex-

plored. The observed exponential relaxation of the photoexcited sinusoidal charge
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carrier distribution means that the diffusion time (and therefore the mobility) is
well defined during charge transport on this time scale.

We conclude that the mobility value as determined here over transport lengths of
mi- crometers belongs to charge carriers with microsecond lifetime that are not seen
in TOF experiments performed on thicker samples and longer time scales. Ref.38
has observed holes with a mobility 100 times smaller but with a lifetime comparable
to what we have seen. From this one could argue that the carriers responsible for our
observations are electrons with a mobility 100 times larger than that of holes with
similar lifetime, traveling over similar transport lengths. The observed lifetime can
then be ascribed to electron-hole recombination, consistent with the observations in
49. Further experiments should be considered to confirm this hypothesis.

One final observation comes from the comparison of the mobility-lifetime product
of the short-lived fast carrier that we observed, which is ury = 0.18x 107% cm?/V,
to a range of values of 4.0 x 1078 — 6.0 x 1075 cm?/V that has been assigned to
holes in photoconductivity measurements [1, 69]. Such a comparison is valid because
the influence of interaction with defects on longer time scales affects mobility and
effective lifetime in opposite ways, leaving the mobility-lifetime product invariant
across a range of experiments [10]. This shows that even if the mobile carriers
we have seen in the present experiment have a short (microsecond) lifetime, and
they cannot be observed in standard TOF experiments, they can make a significant
contribution to photoconductivity under continuos wave illumination, where their
large mobility compensates for their short lifetime.

In summary, we have identified an excited state diffusion process in a-As;Ses

that can be described by a mobility x = 0.04 & 0.005 cm?V~1s™!. The observed
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diffusion is probably that of photoinduced charge carriers with negligible dispersive
behavior on the sub-microsecond time-scale. Their mobility is 100 times larger than
the largest mobility reported for holes in TOF experiments, and is in general 5 orders
of magnitude larger than typical TOF mobilities. We have tentatively assigned this
large mobility to fast, short-lived electrons that cannot be seen the long time-scales

and long transport lengths typical of TOF experiments.
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Chapter 4

Carrier Transport Dynamics in

Tin Thiohypodiphosphate

4.1 Introduction

While in the previous chapter we have discussed transport in a chalcogenide glass,
in this chapter we apply a specific transient grating technique developed for the
study of charge transport in electro-optic crystals — Holographic Time of Flight
(HTOF) — to the investigation of charge-carrier mobility in a chalcogenide crystal,
tin thiohypodiphosphate (SPS). Investigation of the free carrier mobility in SPS is
interesting because it allows the study of the interaction of free carriers with the
polar lattice that surrounds them. The electric field of the moving charge polarizes
the lattice in its neighborhood, which in turn creates an effective potential well
that hinders the motion of the charge. The combination of moving charge carriers

and deformed lattice has been called a “polaron”. Depending on the amount of
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polarization, the polaron effect can be very large, causing the charge carrier to self-
trap at a particular lattice site (small polaron), or else it can be weaker, causing a
longer range polarization that only slows down the moving carrier without trapping
it (large polaron). Polaron effects affect the mobility in different ways, and the use of
HTOF gives us the unique opportunity to determine the nature of charge transport
in this new material. In addition, a determination of the photocarrier mobility is
important for the applications for which SPS could be used. But despite the fact
that SPS has been studied for many applications that involve photoconductivity

and charge transport, its free carrier mobility has remained unknown.

4.2 Crystal Structure

SnyP3Se (SPS) is a ferroelectric erystal with monoclinic point group symmetry m at
room temperature [12, 13], which undergoes a second order phase transition at T¢
= 338 °C [12]. Above this temperature the crystal is centrosymmetric paraelectric
with monoclinic point group 2/m. The unit cell is shown in figure 4.1(a) and is
indicated by the dashed line. Using a right handed coordinate system, the x-axis
is chosen parallel to the crystallographic (100) direction along translational vector
a, the y-axis defined along translational vector b (010), is normal to the symmetry
plane, and the z-axis is perpendicular to the x-y plane and deviates by 1.15 ° from
translational vector ¢ (001). Lattice parameters are a = 9.375 A, b = 7.488 A
and ¢ = 6.513 A with ¢ < a, 8 > 90°(= 91.15 °), a = Y = 90°. Spontanteneous
polarization vector (Pg) lies between +x and +z and makes an angle at 15° with

respect to +x [27, 29].
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Figure 4.1: SnyP5Sg crystal structure. The symmetry plane is parallel to the plane of
figure. The unit cell is indicated by the dashed line.

SnyPySg belongs to a large family of MoPoXg crystals (M=Sn, Cu, In, Pb....... X=S,
Se) with layered or three-dimensional crystal structure. The arrangement of crystal
structure and their different dipole ordering is dictated by the PyXg group with
their varying dipole behavior in accommodating the different metal cations [68, 71].
SnyPoSg has a three dimensional layered structure, and its ferroelectric phase at
room temperature is attributed to the valence electron pair of Sn** cation [17, 56].

SnyP,Se is an ionic crystal with Sn?t cations and (PySg)?~ anion group. As
shown in figure ?7, inside the anion group phosphorous combines with three sul-
phur atoms to form two trigonal PS; pyramids structures which are connected by
a largely covalent phosphorous-phosphorous bond [40]. The electronic states that
determine the bandgap edges in SnyPySg are formed mainly by sp?-hybridized or-

bitals of S and P [58]. The sulphur has the higher electron affinity compared to
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Figure 4.2: sp? hybridized orbitals of Sulfur and Phosphorous.

phosphorous and is negatively charged. The anion structure is held together by the
ionic interaction between negatively charged S?~ and positively charged Sn**. The
absorption edge is expected to be sensitive to the variation in S sub-lattice [15, 17].
In the immediate neighborhood of the Sn atom there are eight sulphur atoms. The
Sn atom is highly affected by thermal vibration. As the temperature is increased,
the Sn atom encounters the large movement in lone pair electrons that affects the

sulphur atoms in the neighborhood.

4.3 Optical Properties

Figure 4.3 is the plot of refractive indices along crystallographic axes of anisotropic
SnyPsSg in the wavelength range of 550-1000 nm. The plot is generated by using
two term Sellmeier oscillator model [28].

SnyPySq is a low symmetry ferroelectric crystal with only one mirror plane per-
pendicular to the the crystallographic y-axis of the crystal (in figure 4.1 the sym-

metry plane is along the plane of the figure). Because of the low symmetry of the
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Figure 4.3: Refractive indices of anisotropic SnoP2Sg along crystallographic x,y,z axes

[28].

crystal, the third rank electro-optic tensor has 10 independent components after

taking into account the inherent Klienman symmetry (r;;,=r;ix)

r111
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All the reported EO tensor components for SnyPsSg in the literature were obtained
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by applying an electric field parallel to the crystallographic 1-axis (i.e. ;1) [26, 30].
The electro-optic tensor obtained in this geometry has the highest values because
of the near parallel orientation of spontaneous polarization along the 1-axis of the
crystal. Four values of calmped and unclamped EO tensors in SnyP5Sg crystal are

listed in table 4.1.

Table 4.1: Linear electro-optic coefficients of SnyPsSg at room temperature and at A =
633nm [26, 30]

ri, | 174 £ 10
riy | 92+ 8
Unclamped EO coefficients [pm/V] | ri,, | 114+18

rL | 25415

S, | 50+5

rooy | 1143
Unclamped EO coefficients [pm/V]
T35 | 42+10

réy | 1148

SnyPoSg is also known for having a large transparency window. It is transparent
in 0.53pm to 8um spectral region with bandgap of 2.3 eV[13]. Although technically
considered to be a wide bandgap semiconductor, SnyP2Sg has a narrower bandgap
compared to usual oxide ferroelectrics and exhibits fast photrefractive response in

the red and near infrared regions [34, 36] .
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4.4 Carrier Photoexcitation in Sny,P,Sg

In SnyPySg, charge carrier photoexcitation may occur either from band to band
transition or from midgap impurity levels. An investigation on light induced charge
transfer in SnyP2Sg by means of optical absorption and Electron Paramagnetic Res-
onance (EPR) spectroscopy revealed holes to be the dominant carrier in photoexci-
tation [59].

The evidence that holes are the dominant photocarriers in photoexcitation from
a state within the bandgap of SnyP5Sg was also confirmed by the two wave mixing
experiment conducted at 780 nm [35]. A separate two wave mixing experiment
at the wavelength 514 nm for direct band excitation also identified holes as the
dominant charge carrier for the direct band to band photoexcitaion [48].

In figure 4.4 we created log plots of the absorption constants (close and open
circles) as a function of photon energy. Absorption plots are obtained by using
polarized white light as a source of all visible spectrum. The absorption spectrum of
the crystal was collected using ocean optics spectrometer. The absorption constant
(6) was then calculated using formula

(A—T?)

where A is the absorbance, d is the thickness of the crystal and

2

is the loss due to reflection from each surface of the crystal. Refractive indices (n;
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Figure 4.4: Log plot of absorption constant versus photon energy. Data with closed
circle and open circle are the measurements of absorption constants obtained
for light polarized along crystallographic x-axis (E||X) and y-axis (E|Y)
respectively for 1.5 mm thick z-cut SnaP2Sg sample (photo of crystal shown
in inset). Solid and dashed curves are the respective Urbach exponential fits
of absorption constants for x- and y-polarized lights. Square plots (open and
closed) are the data obtained from reference [47].

where i = x,y) of the crystal are obtained by using two term Sellmeier oscillator
model [28].
The (solid and dashed) curves in the figure 4.4 represent the Urbach exponential

fits given by the expression

B0 = foexp | 22 (43
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where w is the energy width of the exponential absorption edge, F, and j, are
the experimental parameters. The Urbach behavior of absorption edge in SnyPySg
has been previously reported in literature [47, 48, 60, 66]. Exponential dependence
of absorption constant on photon energy indicates that the electronic transition in
SnyPoSg occurs from the valence band to conduction band, i.e. electron-hole ex-
citation. We also estimated the different energy widths of exponential absorption
edge for E||X and E||Y polarized lights. This anisotropic behavior of the Urbach
absorption edge in SPS is also reported in literature [47, 66] . The square (open and
closed) plots in the figure are the experimental values for absorption constant at
516 nm and 488 nm wavlength reported in reference [47] which agree well with the
extrapolated Urbach fits of our measured absorption constants. In our experiment
we used a 532 nm frequency doubled Nd:YAG pulsed laser for interband excitation.
At 532 nm the absorption constant is 21 1/cm. This wavelength still has an ab-
sorption length of 0.5 mm, but it allows Degenerate Four Wave Mixing (DFWM)
in 1.5 mm thick crystal while providing excitations of both the electrons and holes.
Interband excitations ensures high density excitation without saturation, and allows
us to study the relative mobility of the photoexcited electrons and holes as long as

the mobilities of electrons and holes differ from each other [46] *.

'If by chance the mobilities of both the types of carriers are similar, the diffraction efficiency
initially goes up and then goes down. In such scenario one will fail to see the constant exponen-
tial buildup of diffraction effeciency because of the competing emergence of equally mobile but
oppositely charged carriers.

57



4.5 Time Resolved Technique for Investigating
Carrier Mobility and Transport

SnyPoSg has a large linear electro-optic coefficient along its crystallographic 1-axis
with unclamped EO coefficent 77, at room temperature reaching 174 + 10 pmV !
at A = 633nm [26, 30]. This aids in the sensitive detection of charge transport in the
Holographic TOF measurement[7, 8]. Detailed theory is presented in section 2.3.
Here we will summarize the relevant physics for investigating transport processes.
The transient gratings technique uses short light pulses to optically excite the
charge carriers in the polar non-centrosymmetric crystal, SnyPSg. As shown in
figure 4.5(a), two pulses are directed to the crystal with an intersecting angle, which
creates an interference pattern inside the crystal. The inhomogeneous illumination
from the interference pattern modulates the distribution of photoexcited carriers,
ultimately creating inhomogeneous charge distribution inside the crystal through
free carrier diffusion. Redistribution of charges in space gives rise to a space charge
electric field. The space charge field, in turn, induces changes in the refractive index
through the linear electro-optic effect. Figure 4.5(b) shows the diffracted probe pulse
from the index grating caused by the diffusion of the photoinduced free carrier. The
charge carrier distribution, modulated by the interfering pulses inside the crystal, is

expressed in the plane wave approximation by the following equation:
n(x,t) = fpe”'7[1 + mue ™ cos(K,x)] (4.4)

where K = 27 /) is the grating wave vector and A is the excitation wavelength , 7,
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Figure 4.5: (a) Writing of photoinduced grating in the SnyP2Sg crystal with the grat-
ing wave vector along the crystallographic 1-axis. (b) The detection of the
photoinduced index grating through the diffraction of a probe pulse.

is the initial density of the carrier, m, is the modulation index, 7 is the lifetime of
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free carriers and 7p is the diffusion lifetime of the carriers given by

e

KA T (4.5)

™D —

Here p is the carrier mobility, kg is Boltzmann’s constant, e is the electron charge, A
is the grating spacing, and 7" is the temperature in Kelvin. For low photoexcitation
density of free carriers and for one type of charge carrier (holes in SnaPSg), the time
dependence of the space charge field amplitude has the exponential form (1—e(=%/™))
where 73 is a build up time given by

A "

D T

As the above equation shows, the build up time depends on both the lifetime and
the diffusion time of the free charge carriers. When the grating spacing is short,
charge carriers diffuse until the distribution of charge carriers is uniform. Therefore,
for short grating spacings, the free charge carrier lifetime is limited by the diffusion
time. At longer grating spacing the charge carriers diffuse until they recombine. So

the build up time in this case is limited by the lifetime of the carriers.

4.6 Carrier Mobility and Free Carrier Lifetime

The experimental configuration for the holographic time of flight method is shown
in figure 2.10. A Nd:YAG 20 ps pulsed laser with second harmonic generation at
532 nm is used as the excitation source at a repetition rate of 10Hz. As illustrated

in figure 4.5 this setup has the write pulse p-polarized along the 1 -axis with the
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grating wave vector along the crystallographic 1-axis. The dielectric constant is the
highest along the l-axis: e;;= 230 [23]. A large dielectric constant corresponds to
the case of a quadratic increase in the modulation of the index gratings (see section
2.1.4 for further details). The index grating ( i.e.Anq;) is detected by diffracting
the probe pulse also p-polarized along the 1-axis of the crystal. In this way all three
pulses are p-polarized along the crystallographic 1-axis to capitalize on the highest

linear electro-optic coefficient (7117) present in SnyPoSg [26].

Figure 4.6: CW laser is used as a background grating erasure. The background grating
can arise from incomplete relaxation of the gratings written 100 ms earlier
(the experiment is performed at 10 Hz repetition rate).

The grating build up is detected by diffracting a picosecond probe pulse. The
lower time limit of the detection is equal to the pulse length of 20 picoseconds. In

this detection time the build up of the photoinduced grating in SnyP5S¢ is mainly
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caused by the fast diffusion of holes. We also observed the residual grating caused
by the not completely relaxed carriers. The accumulation of such gratings over the
measurement period create a sufficiently large background noise that affects the
measurement of the grating build up caused by the diffusion of holes in SnyPsSg.
We erase this background grating by illuminating the crystal with a cw laser (figure
4.6). The number of carriers excited by the cw laser is many orders of magnitude
than the amount of carriers created by the pulsed exposure and therefore will not

affect the grating build up.
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Figure 4.7: Characteristic nanosecond build up observed at 0.38 pm with all three beams
polarized along the crystallographic 1 axis of SnoP2Sg

We used 532 nm as excitation wavelength which corresponds to 2.33 eV, and pre-

dominantly gives rise to interband photoexcitation in SPS (see section 4.4). Charge
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carriers are created by interband transitions and diffuse after photoexcitation. Fig-
ure 4.7 shows the exponential build up of the diffraction efficiency that is caused by
the diffusion of the photoexcited carriers, inside a grating pattern with a 0.38 pum
spatial period, after they have been photoexcited with a picosecond pulse. Correctly
characterizing mobility also requires the writing pulses to have a low enough energy
so that no saturation effect incurs during photoexcitation [8]. Build up curves with
several different amplitudes in figure 4.7 is obtained by varying the intensity of the
pulses and shows that the build up dynamics is invariant of the different excitation

energies in the low pulse energy limit. In figure 4.8 we plot build up time (solid cir-
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Figure 4.8: Plots show the grating build up time (solid circles) and amplitude of grating
(open circles) versus the write pulse fluence. The solid line shows the linear
relation between the amplitude of grating and fluence in the region below
the saturation limit.

cles) and grating amplitude (open circles) as a function of beam fluence. The plot of
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buildup time versus writing pulses fluence shows that the energy of the pulse beam
is proportional to the amplitude of the grating being recorded for fluences upto 5
mJ/cm?. This result is further verified by the bottom plot where the build up time
of the grating is reduced in the regime where the saturation effect starts to appear.?

2 and therefore meet

In this experiment, the measurements were taken at 3 mJ/cm
the low fluence requirement for the writing pulses.

Measuring the build up time at different grating spacings allowed us to deter-
mine both the lifetime and the mobility of the photocarriers. In figure 4.9, the
short grating spacing region shows the build up time growing as the diffusion time
increases (quadratically with the grating spacing). The long grating spacing region
shows a saturation towards a constant build up time that then corresponds to the
free carrier lifetime. The mobility along the crystallographic 1-axis of SnyPySg was
found to be 2.5 +0.8 cm?V~!s~! while the free carrier lifetime is 2.55+0.5 ns. The
mobility-lifetime product of the carrier we observed, ur, ~ 1 x 1078cm?/V, is of
the same order of magnitude to 6.5x1078cm?/V measured for holes in two beam
coupling experiment [65]. This confirms that the hole is the dominant carrier during
photoexcitation processes.

The fact that the build up is perfectly described by a single-exponential function
of the form ~ (1 — exp(—t/7)) means that on this time scale only one of the two
types of carriers is diffusing. Earlier studies of photoexcitation have shown that

holes are the carriers with higher mobility [48]. We therefore assign the observed

grating dynamics to the diffusion of holes with a lifetime of ~2.5 ns. In order for

2Tt is possible that in the saturation regime the intensity pattern created by the interfering
short pulses is no more sinusoidal but is more like a block wave with shortened darker regions.
This reduces the transport length and hence the diffusion time of the carrier.
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Figure 4.9: A data fit with build up time 7y vsA that gave carrier mobility p = 2.5+ 0.8
em?V~1s~! and carrier lifetime 7 = 2.554 0.2 ns.

diffusing electrons not to contribute to the observed dynamics within the first 2.5

ns, their mobility must be smaller than ~0.4 cm?V s~

4.7 Limitation of Band Transport Model

In the band transport model, electrons move through the crystal lattices by scatter-
ing upon collisions with defects, contaminants, and phonons. The mean free path
between collisions, [, is much longer than the typical carrier Bloch wavelength, thus

the carriers have very broad wavefunctions extending over many lattice units, i.e.,
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[ > a. In this limit the mobility of the carrier is obtained from the Boltzmann
equation: p ~ et /mx*, where 7 is the relaxation time, e is the electron charge, and
mx is the effective mass of the carrier. Taking into account 7 = [ /v, where v is the
thermal velocity of the carriers, one can obtain the mean free path [ ~ m x pv/e.
The observed mobility of the carriers in SnyP5Sg is 2.54+0.8 ecm?V~!s~!. From
the independent collision model described above, we used the Boltzmann transport
equation to estimate the mean free path of the carriers in the SnyPySg crystal. We
found that [ ~ 0.15 nm which is much smaller than the lattice constant a = 0.9
nm. Because of the low mobility of SnyPsSg, the transport dynamics cannot be
studied in the framework of band transport model. Such a low mobility of the
material could be caused by strong electron-phonon interactions, and therefore the
transport of the carriers could be thermally activated. This inspired us to investigate
the temperature response on the mobility of the SnyP5Sg crystal. Depending on
the interaction strength, the transport dynamics can be analyzed using different

transport models [19, 21, 33].

4.8 Temperature Dependent Mobility

Our ability to control the temperature of the SnyP5Sg sample inside an optical
cryostat made it possible for us to measure the temperature dependence on the
mobility in SnyP2Sg. We conducted this experiment down to 150 Kelvin by mounting
the sample on a cold finger cooled using liquid Nitrogen as shown in figure 4.10.
We chose 0.38 pm because at this grating spacing the build-up time is dominated

by the diffusion time at room temperature, as shown in figure 4.9. We obtained the
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Figure 4.10: SnyP»Sg sample mounted inside the cold finger of the cryostat with optical
window.

build up time of the photoinduced grating at the various temperatures in this short
grating limit. The measurements show that the charge-carrier mobility decreases
with decreasing temperature. As shown in figure 4.11 we also observed that the free
carrier lifetime does not decrease with decreasing temperature, because the build up
time cannot exceed the lifetime, and at 150 K the build up time has been observed
to be equal to 2 ns. The currently available data does not allow to determine if the
lifetime remains constant while lowering the temperature, or if it increases. In order
to include this uncertainty in the free carrier lifetime, we created two data sets
for carrier mobility using equations 4.5 and 4.6, and plotted them in figure 4.12.
The Data set represented by open circles are based on the assumption that the free

carrier lifetime is much larger than build up time at all temperature and the data
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Figure 4.11: Temperature response to diffusion build up in SnaPsSg .

set with the solid circles based on the assumption that the carrier lifetime of 2.5 ns,
which we obtained from room temperature measurement, remains constant and does
not change with further decrease in temperature. The solid and dashed curves in
figure 4.12 shows that charge-carrier mobility increases exponentially as a function
of temperature i.e. exp(—FE,/kgT) where E, is the hopping activation energy of 20
meV (dashed curve) and 50 meV(solid curve). Charge-transport is revealed to be
carried out by thermally activated jumps of the carrier from site to site[3, 33].

The hopping transport occurs in a material where the charge carriers are spatially
localized. In a polar crystal such as SPS the localization is caused by the ionic
nature of the crystal. After photoexcitation the electric field of the moving electron
polarizes the lattice in its neighborhood, which in turn creates an effective potential
well that hinders the motion of the electron. This will distort the lattice around it,

and the electron forms a polaron.
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Figure 4.12: Plot shows mobility vs inverse of temperature. Solid cirle plot represent
the mobility calculated by assuming the constant lifetime of 2.55 ns and
open circle plot represent the mobility by assuming infinite lifetime. The
solid curve and dashed curve are exponential fits with activation energies
of 50 meV and 20 meV.
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Chapter 5

Short Pulse Photoexcitation for

Characterizing Electron Donor

Distribution in KNbOQO;

The short pulse pump and probe technique allows us to study carrier photoexcita-
tion and diffusion down to a time resolution only limited by the pulse length of the
laser. We used this technique to study the reduction state of doped KNbOj using a
picosecond pulsed laser. The theoretical treatment for the evaluation of photorefrac-
tive gratings created using short light pulses is covered in section 2.3. In this chapter
we will show how the amplitude of the observed photorefractive buildup can be used
to estimate the concentration of donors in reduced KNbOj crystals. We will develop
the quantitative relation between the space-charge field and the diffraction efficiency
build-up caused by the diffusion of electrons. Then we will characterize the donor

density levels in reduced KNbOj3. In doing so, we also developed a technique that
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correctly identifies the photorefractive electron donor center (Fe?" valence state) in
Fe: KNbOj3. This identification technique is particularly relevant because the other
successfully used detection technique to study the concentration of ionic donors is
the Electron Paramagnetic Resonance (EPR) technique. This technique only de-
tects the ionic donors with unpaired electrons and cannot be used for the direct

detection of the ionic donor with paired electrons (that have zero spin).

5.1 Properties of KNbQOj;

KNbOj is a ferroelectric oxide and has a perovskite structure. At room temperature
the point group of this crystal is orthorhombic mm2 [31]. It belongs to a large class
of oxygen octahedra ferroelectric materials that are known for their electro-optic
and nonlinear-optic properties [43]. The large value of the spontaneous polarization
and the high packing density of oxygen octahedra are the primary reasons that this
crystal has such a large electro-optic coefficient [22, 24, 25] and a high nonlinear
optical susceptibility [5, 9]. Because of the favorable electro-optic properties of this
crystal, extensive research has been done to enhance it’s photosensitive property
primarily for photorefractive applications. KNbOj3 has a band gap of 3.3 eV at
room temperature [72], so that direct band photoexcitation of an electron-hole pair
is possible with ultraviolet wavelengths. Charge carriers can be photoexcited in the

visible and infrared range by introducing impurities in the band gap.
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Figure 5.1: Photoexcitation in the unreduced crystal generates holes in the valence band
(a), while electrons in the conduction band are generated in the reduced
crystal (b).

5.1.1 Doped KNbOj;

Impurities with an ionization energy smaller than the band gap energy of the crystal
provide the charge carrier centers for photoexcitation. Energy levels of iron are
spread in the band gap energy of the KNbOj3. A detailed discussion of the energy
level variation in the band gap of KNbOjs produced by iron impurities is found in
reference [73]. In the simplest model, iron appears in two valance states Fe*™ and
Fe?*. In the most likely scenario, the Fe3* ion is introduced as a dominant valence
state in the crystal lattice of KNbO3 by substituting for a niobium ion (Nb°")
[44, 54]. As the Fe* ion replaces the Nb®* ion, two extra electrons are created at
the lattice site of this ionic crystal. The oxygen atom, which needs two electrons to
complete its valence shell, captures these extra electrons. As a result, this creates

an oxygen vacancy V2T near the Fe?' ion, forming a defect complex Fe3*-V2T [14].
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5.1.2 Electron Photoexcitation in Reduced KNbO;

The charge carriers can be photoexcited directly from the valence band to the con-
duction band or they can be photoexcited from the impurity levels. The direct band
photoexcitation in KNbOj3 can be done with near ultraviolet wavelengths. From the
application point of view it would be preferable to have the photoexcitation process
occur at visible or near infrared wavelengths. This is possible by photoexciting the
carriers from the impurity levels. The electron can be photoexcited from the valence
band to an impurity level which leads to the creation of a hole in the valence band
(VB) or the electron can be simply photoexcited from the impurity level to the con-
duction band (CB) leaving the immobile photoionized donors. Depending on their
valence state, the dopant can mediate as a donor or an acceptor for the carriers.
As shown in the figure 5.1 when the doped KNbOj is grown, the large fraction of
impurities are found in Fe*™ /Fel™ valence states which contribute to making holes
the dominant carrier. When most of the doped impurities are reduced by one unit
charge to the Fe?t /Fe3™ valence state, this results in making electrons the domi-
nant carrier. The reduced crystal seems to exhibit a remarkable improvement in

photorefractive sensitivity [22, 70].
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Figure 5.2: The height of the build up curve is the amplitude of the space charge field
after the photorefractive build up is completed. The signal is calibrated to
obtain the diffraction efficiency(n).

5.2 Optical Characterization of Electron donor
Density

in doped KNbQOj;

In an electro-optic crystal with good photoconductivity like KNbOg, the refractive
index change is induced by the modulated space charge field created through the
impulsive photoexcitation and redistribution of electric charges.

For a low pulse energy, the charge carriers (electrons and photoionized donors)
are photoexcited and are sinusoidally modulated in such a way that initially mirrors
the interference field of the intersecting pulses (equation 2.43). Since electrons are
the dominant charge carriers in the reduced KNbOj3, the photoexcitation process

releases the electrons from their bound energy sates to the conduction level where
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they are free to diffuse and recombine. The process also creates the immobile pho-
toionized donors. Electrons diffuse over time, and the maximum value of the space
charge field that can be obtained is ultimately limited to the number of photoion-
ized donors. The contribution of the free electron grating to the space charge field is
completely averaged out because of the diffusion of the electrons that occurs before
the electrons can recombine (illustrated in Figure 2.6). The grating amplitude of
the immobile photoionized donors that limits the maximum of the space charge field

and is given by

enyMy
Eph = Keeffea (51)

where m, is the modulation depth, n, is the initial average distribution of photoex-
cited electrons immediately after the light pulse illumination, e is the unit charge,
€ is the permittivity of the vacuum, €%/ is the effective dielectric constant for a
sinusoidaly modulated electric field, and n,m, = Ny, is the number density of pho-

toionized donors. The values for n, and m, are

ne = SeND(Fl + FQ) (52)
21 F5 cos 6

= —————— 5.3

" Fy + Fy (5:3)

Both m, and the n, depend on the write pulse fluence (F; + F3). In addition,

n, depends on the number of available donors (Np) and the rate coefficient of
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electron photoexcitation (s.). Note that the equation for m, has cos  for p-polarized
writing pulses where # is the angle between the intersecting pulses. However, this
factor should be removed for s-polarized writing pulses. P-polarized is the preferred
direction of polarization for the writing pulses used in the experiment, because in
this geometry, one can capitalize on the highest electro-optic coefficient present in
the KNbOj crystal.

The amplitude of the space charge grating during the photorefractive grating
buildup is further curtailed from the maximum value due to the recombination
of the electrons, which reduces their initial number density, and also due to the
diffusion of the electrons, which smears (decreases) the modulation depth. When
the photorefractive build-up is complete, the amplitude of the space charge field
(Esc) becomes less than the maximum value (Epy),

E(A) = B, <% + Aﬁo) (5.4)

where

Ao = 27/ utkpT/e. (5.5)

Ay is the grating spacing where the buildup time equals the lifetime. It depends on
the free carrier lifetime (7) and the mobility (u) of the electrons.

In summary, thanks to the large electro-optic coefficient of the KNbOj3 crystal,
the space charge grating is easily detected by diffracting the probe pulse from the
crystal with a Bragg geometry. The diffracted pulse is then calibrated to get the

diffraction efficiency. Figure 5.2 shows the diffraction efficiency(n) obtained from the
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time controlled diffraction scan of the probe pulse during the photorefractive grating
buildup in the KNbOj crystal. From the diffraction efficiency one can calculate the
space charge field that has a square-root dependence on the diffraction efficiency
(details are given in section 2.3). The evolution of the space-charge grating is caused
by the redistribution of photoexcited electrons and the build-up of the space charge
grating reaches its maximum when the electrons are completely averaged out by the
diffusion. Thus, the initial distribution of photoexcited free electrons is calculated
for the maximum space-charge grating through equations 5.4 and 5.1. During the
photoexcitation process, the number of photoexcited electrons ultimately depends
on the density of the available donors in the region. The electron donor concentration
is then calculated from the initial distribution of photoexcited electrons in the region
using equation 5.2.

In this way the diffraction efficiency is related to the number of photoexcited free
electrons through the space-charge field. The number of carriers, in turn, is related

to the density of the donors in the region where the photocarriers are excited.

5.2.1 Response in Reduced and Unreduced

Samples of Fe doped KNbO;

In this section we present our experimental results obtained in the KNbOj3 crystals
that received different doping treatments. This research was conducted in collab-
oration with the Air Force laboratory. We characterized the concentration of the
reduced Fe?* donor state in these crystals. The main objective for the characteriza-

tion of the reduction state in these KNbOj crystals lies in our effort to develop and
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Figure 5.3: Experimental setup: Probe beam is anti-parallel to one of the writing beam.
In this geometry diffracted beam retraces the path of other writing beam.

perfect a controlled doping technique that creates higher concentrations of photore-
fractive donors while maintaining the homogeneity of these donor concentrations
throughout the crystal. We performed an experiment to measure the amplitude
of the grating build-ups that give us the concentration of donors in the region of
photoexcitation. This measurement allowed us to characterize the level of reduction
treatment that these samples have undergone during crystal growth.

Figure 5.3 is the setup used for this experiment. The probe pulse is set anti-
parallel to one of the writing pulses. The writing pulses intersect inside the crystal
at an angle which corresponds to the grating spacing (A) of 1.9 ym. The symmetry
of the setup forces the probe pulse to meet the Bragg condition for diffraction in
such a way that the diffracted probe pulse retraces the path of the other writing
pulse. The probe pulse reaching the crystal at a variable time allow us to perform
the time controlled diffraction scan of the photorefractive gratings buildup.

Figure 5.4 shows the plots of the diffraction build-up in the two differently doped
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Figure 5.4: Plot on the left shows diffraction buildup seen in the darker reduced region
of the earlier grown crystal. Plot on the right shows the weak diffraction

buildup in a new crystal. Both measurements were were carried out using
the same grating spacing of 1.9 pum.

KNbOj crystals. Pictures of the corresponding crystals are shown inset. The y-axis
in the plot is the calibrated diffracted signal which factors in the sensitivity of
the detector and the attenuation strength of the filter used. The x-axis represents
the time delay of the diffracted probe pulse (to reach the crystal) with respect
to the write pulses. The plot represents the evolution of the diffraction gratings.
As discussed in the preceding section 5.2, the amplitude of the diffraction grating
when the photorefractive build-up is complete is related to the number of diffused
electrons. The concentration of the photoexcited electrons in reduced KNbOj crystal
is directly related to the number of available electron donors (Fe?") in that region.

A very pronounced photorefractive build-up caused by the photoinduced elec-
trons from the Fe?* donor concentration is seen in figure 5.4(a). The characteristic

PR build-up is almost absent in 5.4(b). It is important to note that the plot in figure
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5.4(a) was obtained from the old crystal (also known as the Hand crystal because of
the dark coloration region in the crystal which resembles a human hand) while the
plot in figure 5.4(b) is obtained from the new grown sample K63A2-B2. The high
reduction state achieved in the hand crystal therefore is not replicated in the new
grown crystal.

It may be that the treatment, to which this new sample has been subjected,
failed to tilt the balance in the valence state of the iron dopants decisively towards
the Fe?T state. In its unreduced state, KNbQOj is populated with Fe?™ valence
state ions in the energy bandgap. The Fe?" valence states act as electron acceptors
during the photoexcitation process. The unreduced sample therefore has holes as
the dominant charge carrier, with a relatively low mobility, and thus the diffusion
buildup caused by the holes is slow and won’t be observed in our detection limit of a
few nanoseconds. In the newly grown sample we may be still photoexciting a large
number of Fe3* states. This is confirmed from the slow signal response observed in
the CCD camera. While the fast diffusing electrons create the index grating that is
immediately erased after one of the write pulses is blocked, the index grating caused
by the slow diffusing holes can be seen for a few seconds after the write pulse is
blocked.

On the other hand, the higher degree of reduction achieved in the Hand crystal
is hardly a success story considering the lack of spatial homogeneity in the reduction
state. This will be the topic of discussion for the next section. For now, it is sufficient
to say that the doping treatment that the Hand crystal received was unable to create
a homogenous reduction state as illustrated by the photorefractive grating response

obtained in two different regions of the hand crystal shown in figure 5.5. The
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figure also shows the correlation between the dark colored region and the higher
concentration of donor state in this region (this is also verified through a donor
density map of the crystal shown later in figure 5.9 and discussed in the next section).
On the other hand, the sample K63A2-B2 seems to have a better doping homogeneity
which can be confirmed visually from the crystal’s homogenous coloring. However,
the doping homogeneity might have been caused by the lack of reduction state which
further confirms our observation that the new sample is largely unreduced and is

still populated by the Fe3* valence state.

5.2.2  Spatial Detection of Fe?" Electron donor Concentra-
tion
in Inhomogeneously reduced KNbQOj;

We are able to detect the signature diffraction buildup caused by the diffusion of
the photoexcited electron in some regions of the Hand crystal, while in the other
regions we fail to detect this signature buildup. Figure 5.5 shows the variation in the
amplitude of diffraction buildup in two different regions of the crystal. Figure 5.6
shows the pictures of different facet of hand crystal with dimensions: 8.5 x 7.0 x
4.3 mm? (ax cxb). In both the facets we see dark colored regions that are dispersed
throughout the crystal. From this initial observation we believe that this crystal is
uncharacteristic in its non-uniform reduction treatment with varying concerntration
of the electron donors in the bulk of the crystal.

As illustrated in 5.1, the Fe:KNbOgs, in its reduced state, has electron as a

dominant charge carrier. Electrons are photoexcited from the Fe?* donor centers
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Figure 5.5: Signature of diffusing electrons in the region with larger concentration of
Fe?" (indicated by bottom left plot) compared to the absence of any fast
diffusion effect in a region with low concentration of Fe?" (indicated by top
left plot).

in the bandgap of the crystal. Reduced KNbOj crystals are reported to have fast
photorefractive response [22, 70]. While in its unreduced state, KNbOj3 is populated
with Fe3* valence states in the energy bandgap which act as the electron acceptor
from the valance band thereby making holes the dominant carrier. The hole has a
relatively low mobility and the diffraction buildup caused by the less mobile holes
won’t be observed within our detection limit of a few nanoseconds. The reduced
crystal (or area in the crystal) has a large concentration of Fe?* which is also an
electron donor. The signature diffraction buildup caused by the diffusion of highly

mobile electrons with a lifetime of a few nanoseconds can be detected with the short
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writing pulse probe pulse

Figure 5.6: Pictures of the Hand crystal. The picture on the left shows the ac plane and
picture on the right shows the ab plane of the crystal. All the measurements
were obtained with write pulses incident on the above shown ac facet with
probe pulse incident on the opposite facet of the crystal. Dark coloration
are seen in different regions along both the ac and ab plane of the crystal.
Probe and writing pulses propagated close to b direction of the crystal.

pulse pump and probe technique. This crystal therefore has provided us with a
unique opportunity to test our short pulse pump and probe technique as a tool for
selective detection of Fe?t donor concentration in KNbQOj. The fact that we are
using the same crystal for the detection of Fe?* center concentration in the various
regions of the crystal greatly improves the accountability of our detection technique
as it conveniently simplifies the error associated with the variation in experimental
and material parameters in using the different samples.

As shown in figure 5.3, our experimental setup has the probe pulse counter-
propagating to one of the writing pulses. All three pulses were p-polarized along
the c-axis of the crystal and the grating wave vector (I?g) is pointing along the

c-axis of the crystal. In this configuration, the relationship between the magnitude
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of the measured signal and the corresponding space charge field inside the crystal is

obtained from the Egs, 2.30 and 2.31:

2\ n
rLndrelf cos(20;) \ T(6:)

Ey = (56)

where \ is the vacuum wavelength of the readout beam, L is the thickness of the
grating, n is the refractive index of the crystal along the c-axis at A , rgf 7 is the
effective electro optic tensor, 6; is the internal angle between the p-polarized readout
beam and the normal to the surface of the sample, T is the loss due to reflections
and 7 is the diffraction efficiency of the measured diffracted signal. The amplitude
of the space charge grating inside the crystal is proportional to the square root of
7. Because the other parameters in the equation remain fixed throughout the ex-

periment: FE,c = C\/n, where C' = W]’W(l/m Here, A=532 nm, L
=1 mm, n=2.2, 1/ =54.3 pm/V, ,=7.3°, T=0.8, and therefore C=6.6x10 V/m.
As shown in figure 5.2, n = n(c0) — n(0) is obtained by measuring the amplitude of
build up curve n(co) and the background grating 1(0) caused by the residual index
grating of earlier writing pulses. Note that the intensity grating written by the write

pulses is only 1mm thick which is less than one-fourth of the thickness of the crystal

(figure 5.6).

Using F1=0.56 mJ, F»=0.19 mJ, Ap=1.1 pm, A=4.18 pum in equations 5.1, 5.4,
and 5.2, the concentration of total available donors is calculated for the specified local
regions. Ag is estimated using the mobility (4 =3.00 cm?*V~!s71) and the lifetime

(1,=1.3 ns) obtained from the separate carrier transport experiment conducted for
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Figure 5.7: On the right is the picture of the Hand crystal. Figure on the left shows the
plots of the different absorption regions in the hand crystal. The plot with
the solid line corresponds to the dark region (indicated by open square) in

the hand

crystal. The plot with the dashed line corresponds to the clear

region (indicated by open circles) in the hand crystal. In the dark region an
additional absorption band is observed at around 2.5 eV (below the funda-
mental absorption edge of 3.0 eV of KNbOg3). Arrow on the plot indicates
the excitation wavelength (532 nm) used for the measurement.

this crystal. Since the photoexcitation cross section depends only on the types of

impurities, we used 90 cm?/J as the value for the rate coefficient of photoexcitation

obtained from literature [18].

We measured the transmission at 532 nm using a frequency doubled diode

pumped YAG laser.

With the beam diameter of 1.5 mm and the grid distance

of 2.5 mm we created a contour plot of the transmission image shown in figure

5.8(b). The color variations seen in figure 5.8(a) of the Hand crystal closely follow

the transmission image of the crystal ( 5.8(b)). These color variations are therefore
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Figure 5.8: (a) Picture of the Hand crystal. (b) Contour plot of the transmission image
that corresponds to the region indicated inside the block frame of the Hand
crystal. The contour plot was created by measuring the transmitted intensity
of the green (532 nm) cw laser.

real and are caused by the change in the absorption properties of the crystal (Figure
5.7). The dark regions and the bright regions in the photo of the crystal 5.8(a) are
respectively the less transparent regions and the more transparent regions in the
contour plot of the transmission measured with the 532 nm beam incident perpen-
dicular to the crystal surface (figure 5.8(b)). Although not exclusively, the central
area of the crystal is concentrated with the high absorption regions. These high
absorption centers are also prominent near to the right hand side of the crystal.
The contour plot in figure 5.9(a) is the transmission plot of the Hand crystal
and 5.9(b) shows the spatial variation in the Fe?*™ donor density that corresponds

to this region in the transmission plot. Electron donor concentration is obtained by
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Figure 5.9: (a) Contour plot of the transmission image of the Hand crystal. (b) Contour
plot of the donor density that corresponds to the same region. The plot is
created using 110 measurements with an evenly spaced interval of 6.25 mm
and with the beam spot of 0.6 mm.

measuring the amplitude of the observed nanosecond buildup caused by the diffusion
of photoexcited electrons in the region. The plot consists of 110 measurements with
an evenly spaced interval of 6.25 mm. The beam waists of each write pulse were
0.25 mm. To confine the photoexcitation process to a small area, the writing pulses
are made to intersect at a small angle (#=16°). The photoinduced grating was
detected by diffracting a collimated probe pulse with a beam diameter of 0.6 mm.
The Fe?* donor concentrations vary between 1x10' cm™2 and 1.4x10' ¢cm™2 with
the highest donor concentration being more than 10 times larger than the lowest
detected concentrations.

The region probed by the transient grating experiment is approximately 1.5 mm

long and 0.3 mm wide, and is positioned in the middle between the two polished
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Figure 5.10: Sketch of the crystal from the top. The writing beams overlap in the middle
of the crystal. Here we considered the non-divergent beams with 0.25 mm
diameter and the interaction dimensions defined by the overlapping regions
of maximum length 1.5 mm and width of 0.3 mm.

faces of the crystal as shown in figure 5.10. While the transmission contour plot
depends on the integrated absorption over the 4.3 mm thickness of the crystal, the
transient grating probes the central region of the crystal. Any inhomogeneity of
donor distribution with depth (as shown in Fig. 5.8) could cause a discrepancy
between the contour plots in Fig. 5.9.

In fact, what we have shown here is that the transient grating methods provide
a good way to accurately characterize donor-density in three dimensions inside the
crystal, something that cannot be done with linear transmission measurements.

Appropriately choosing the beam diameter and crossing angle would allow to get
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an accurate 3D map of donor density in the bulk of a sample.
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Chapter 6

Overall Conclusion

In this work we investigated charge transport and excited state dynamics in amor-
phous chalcogenide glass and ferroelectric crystals using the transient grating meth-
ods. By controlling the photoexcitation process in time and in space through the
use of short pulses and holographic techniques we selectively addressed and observed
photoinduced charge transport and excited state diffusion. In chapter 3 we identi-
fied an excited state diffusion process in a-As;Ses thin film characterized by a well
defined mobility of 0.0440.005 cm?V~1s™! that is tentatively assigned to a fast dif-
fusion process. The mobility value that we have observed over transport lengths of
micrometers belongs to charge carriers with microsecond lifetimes and that are not
seen in the TOF experiment performed on a thicker sample and longer timescale.
The mobility we observed in our experiment is caused by the diffusion of fast moving
carrier which is 100 times faster than the drift mobility (with applied field of 3-7x10°
V/em) of holes with similar lifetimes, traveling over similar transport lengths [38].

In chapter 4 we investigated the carrier transport dynamics in chalcogenide based
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electro-optic crystals, SnaPsSg. The hole is identified as the dominant carrier for
photoexcitation [48, 59]. The mobility of holes that we observed along the crystallo-

1s=1 which, as expected,

graphic 1-axis of this anisotropic crystal was 2.540.8 cm?V~
is large compared to the value in glass that we reported in chapter 3 but is very low
compared to conventional semiconductors. Such low mobility cannot be understood
in the framework of the band transport model. Since it is known that polar crystals
have strong optical phonon modes and the movement of charge is strongly coupled
with lattice phonons, we conducted some temperature dependent measurements to
study the thermal response on mobility. Our preliminary results indicates that the
mobility increases with temperature in a manner that can be described by an ac-
tivation energy between 20 and 50 meV. This is suggestive of transport triggered
by thermally activated jumps of the carrier from site to site [3, 33]. Again there
is a need for more experimental data to correctly predict the temperature response
of mobility and lifetime of the carrier, particularly in the lower temperature limit.
In chapter 5 we discussed our measurements of the Fe?" donor concentration by
directly detecting the number of displaced electrons from the donor state during
photoexcitation in Fe:KNbO3. This work is part of a collaborative effort with the
U.S. Air Force Laboratory where these crystals were grown. Our main goal for the
characterization of the reduction state in these KNbO3 crystals was to contribute
to the development of a controlled doping technique that creates higher concen-

trations of photocarrier donors while maintaining the homogeneity of these donor

concentrations throughout the crystal.
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