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Abstract
This thesis is devoted to the optical characterization of Cd1−x Mnx Te [(Cd,Mn)Te]
semiconductor based radiation detectors. In it I present my research on the study
of (Cd,Mn)Te single crystal as both a material for detection of high-energy x rays
as well as for sub-picosecond voltage sensing. The work includes the practical
implementation of (Cd,Mn)Te, its characterization using ultrafast spectroscopy,
and comparative measurements to other competitive materials.
Characterization of the voltage sensitivity of (Cd,Mn)Te is accomplished using time-resolved spectroscopy and sub-picosecond electro-magnetic pulses. My
research shows that the electro-optic (EO) effect of (Cd,Mn)Te is nearly an order
of magnitude greater than previously believed, and accomplishes voltage sensitivities for THz signals greater than traditional EO transducers currently available.
For measurements of low-frequency signals, the results agree with the unexceptionally low textbook value; however, through various experiments studying the EO
dependence on temperature, fabrication technique, and frequency, I show that the
culprit for the low sensitivity at low frequency is free-carrier screening. Furthermore, testing the wavelength dependence shows that the sensitivity is enhanced
for optical probe energies approaching the crystal bandgap, which in of itself, is
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tunable in the visible to near infrared spectrum by changing the manganese concentration. Comparative measurements to LiTaO3 are made showing the same
sub-picosecond temporal resolution, but significantly greater voltage sensitivity
absent of dielectric loading.
I further report on the implementation of (Cd,Mn)Te photoconductive devices
(PCDs) as the diagnostics x-ray detection tool used for conducting inertial confinement fusion (ICF) experiments in the OMEGA Facility at the University of
Rochester’s Laboratory for Laser Energetics, and compare the results to those of
standard diamond PCDs. I present measurements of the (Cd,Mn)Te PCDs, intended to characterize both the temporal and spectral dependence of x-ray emissions from laser-illuminated targets during ICF experiments. The Cd0.95 Mn0.05 Te
single crystals, doped with vanadium and annealed in Cd vapor, exhibit resistivity of ∼ 1010 Ωcm. A 1-mm-long and 2.3-mm-long detector is placed in the same
housing as a 1-mm-long diamond PCD. Each device is preceded by a Be x-ray
filter with 37% x-ray transmission at the 1-keV cutoff energy. The energy of the
incident OMEGA laser pulses vary from 2.3 kJ to 28 kJ. Using targets of empty
plastic shells, we observe two x-ray emission events separated by 1.24 ns: the first
event is caused by heating of the shell that created a hot corona, while the second
event is an x-ray emission from the fully compressed target. ICF experiments of
targets with steel cores enable the analysis of time-resolved relaxation dynamics
of photo-excited carriers in the (Cd,Mn)Te crystals. According to my calculations, the (Cd,Mn)Te material can effectively absorb x rays with energies of up
to 200 keV. Thus, the (Cd,Mn)Te PCDs are likely to complement the diamond
detectors currently used in the laser-confinement fusion experiments.
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Chapter 1
(Cd,Mn)Te: material background
and research incentives
Cd1−x Mnx Te [(Cd,Mn)Te] falls under the classification of diluted magnetic semiconductors (DMSs) (also known as semimagnetic semiconductors), for which magnetic atoms substitute for a significant number of parent atoms in the original
lattice [1]. AII BVI parent semiconductors have achieved attention over the years
primarily due to the capability of merging with very high concentrations of magnetic (3d) atoms: up to x = 0.70 while maintaining the parent lattice. Because
the semiconductor properties are markedly sensitive to impurity atoms and interstitials, there is a large impact on many optical characteristics as the composition
of lattice attains larger fraction of third component x. These ternary materials,
therefore, exhibit several desirable attributes such as extensive tuning of both
their lattice constant and band parameters, and their magnetic properties such as
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a large Zeeman splitting [2, 3]. The combination of these phenomena leads to a
vast field of study to be explored.

1.1

Motivation and scope

The focus of this thesis is on the II-VI DMS (Cd,Mn)Te, which has garnered
intense interest by the scientific community for both its optical and magnetic
properties. As a well-studied semiconductor, the (Cd,Mn)Te compound is used for
numerous applications ranging from magnetic field sensors and Faraday isolators
to solar cells [4, 5], and most recently x-ray detectors [6, 7]. Simultaneously, new
research has been initiated on such (Cd,Mn)Te applications as magneto-optic
and electro-optic sampling (MOS and EOS) [8, 9] and coherent acoustic phonon
(CAP) generation and detection [10, 11, 12].
The motivation of my dissertation is to establish future prospects of (Cd,Mn)Te as a material of interest in two important fields of diagnostics. In the following
pages I present systematic measurements and theory ascertaining (Cd,Mn)Te’s
capabilities as both a highly sensitive electro-optic (EO) transducer as well as
a practical material of choice for next generation x-ray diagnostics for inertial
confinement fusion (ICF) experiments.
The first chapter of this dissertation is dedicated to the brief overview and
general properties of AII MnBVI . In Chapter two I present the configurations and
theories behind the experimental techniques I employ throughout this manuscript.
In Chapter three I present my measurements using the pump-probe spectroscopy
technique by which I investigate the CAPs in (Cd,Mn)Te. Chapter four is fo-
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cused on the EO properties of (Cd,Mn)Te. I detail the methods by which I
establish an absolute measurement of the EO-coefficient, and then discuss comparative measurements made using (Cd,Mn)Te transducers of various Mn content,
resistivity, and configurations. In Chapter five I present the implementation and
measurements of highly resistive (Cd,Mn)Te single crystals as a time-resolving
x-ray calorimeter. In the final chapter I review my conclusions and propose future
work in the field.

1.2
1.2.1

(Cd,Mn)Te background
Crystal structure

The crystal structure for (Cd,Mn)Te is, like many of the other AII MnBVI semiconductors, zinc-blende. Presented in Table 1.1 are the crystal structures and
range of composition for the ternary AII MnBVI family [1]. The Mn chalcogenides
typically have a differing crystal structure from the parent II-VI semiconductors
(which have either cubic zinc-blende or hexagonal wurtzite structures). For example, bulk-grown MnTe has a NiAs type of structure at room temperature;
surprisingly, however, (Cd,Mn)Te and the other Te-based DMSs maintain their
parent structure up to x of 0.77 molar fraction [13].
(Cd,Mn)Te and other AII MnBVI semiconductors have achieved notoriety over
the years primarily for their capability of varying the magnetic atom (Mn) concentration over a very wide range. In comparison, AIII MnBV materials such as
(Ga,Mn)As have a maximum x ≈ 0.08 due to the formation of MnAs during
molecular beam epitaxy (MBE) growth even at low temperatures [14]. Standard
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Table 1.1. Crystal structure and range of AII MnBVI compositions.

Materials
Zn1−x M nx S
Zn1−x M nx Se
Zn1−x M nx T e
Cd1−x M nx S
Cd1−x M nx Se
Cd1−x M nx T e
Hg1−x M nx S
Hg1−x M nx S
Hg1−x M nx S

Crystal structure
zinc blende
wurtzite
zinc blende
wurtzite
zinc blende
wurtzite
wurtzite
zinc blende
zinc blende
zinc blende
zinc blende

Range of composition
0 < x <= 0.10
0.1 < x <= 0.45
0 < x <= 0.30
0.3 < x <= 0.57
0 < x <= 0.86
0 < x <= 0.45
0 < x <= 0.50
0 < x <= 0.77
0 < x <= 0.37
0 < x <= 0.38
0 < x <= 0.75

x-ray diffraction measurements show that for all AII MnBVI alloys and for all x,
the lattice parameter a closely follows Vegard’s law [1]:

a = (1 − x)aAII BIV + x · aMnBIV ,

(1.1)

where aAII BIV and aMnBIV are the lattice constants of the parent II-VI semiconductor and the manganese chalcogenide, respectively. The lattice parameters for
Cd1−x Mnx Te, Hg1−x Mnx Te, and Zn1−x Mnx Te are plotted in Fig. 1.1(a). Notice
that the extrapolation of all three alloys to x = 1 converge to the same value, establishing a lattice constant that agrees extremely well with the epitaxially grown
MnTe crystal in zinc blende phase [15].
Data from extended x-ray absorption fine structures (EXAFS) [16], provide
detailed spatial distributions of the atoms [Fig. 1.1(b)], showing that the characteristic value of cation-anion bond length is preserved. Similarly, the Mn-anion
bond length is held constant, signifying that the cations and anions sub-lattices
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Figure 1.1. (a) Lattice constants as a function of Mn x in telluride family
of DMSs [1]. The solid line indicate zinc blende compositions and the
dotted lines are extrapolations to the zinc blende MnTe value. (b) Actual
Mn-Se and Zn-Se bond lengths as a function of composition, determined
by EXAFS. The space averaged bond length (i.e., that extracted from the
lattice parameter as measured by x-ray diffraction) is also shown. Note
that Zn1 − x Mnx Se transforms from zinc blende to wurtzite at x ∼ 0.3, but
this has no observable effect on either the bond length or the Vegard’s law
behavior of the lattice parameter.

are locally distorted. The results obtained by EXAFS, however, do not contradict
those obtained by standard x-ray diffraction since the standard measurements
obtain the average atomic spacing over a large area. Thus the average lattice
parameter scales linearly with Mn concentration as suggested by Vegard’s law.

1.2.2

Band structure

VI
AII
alloys are direct-gap semiconductors for all x, with the conduction
1−x Mnx B

band minima and valence band maxima found at the Γ-point of the Brillouin
zone. Thus the band structure of the alloy closely resembles that of its parent
(AII BVI ) semiconductor. The transformation between AII BVI to the tetrahedrally
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bonded alloy is smooth and well estimated by the virtual crystal approximation. Thus the bandgap and other bond parameter dependencies on x are well
defined by linear approximations. Similar to the AII MnBVI lattice parameters presented in Fig. 1.1(a), the extrapolation of (Hg,Mn)Te, (Zn,Mn)Te and (Cd,Mn)Te
bandgaps indicate one agreed upon value (2.844 eV) which is in agreement with the
epitaxially-grown zinc-blende MnTe energy gap Eg = 2.92 eV [17]. For (Cd,Mn)Te
the Eg dependence for 300 K and 4.2 K are provided by [1]:

Eg (300 K) = 1.528 + 1.316x eV,

(1.2)

Eg (4.2 K) = 1.606 + 1.592x eV,

(1.3)

where we can conclude that Eg has a significant dependence on temperature as
well. Similar to AII BVI compounds, the AII MnBVI family exhibits an opening
up of the their Eg as temperatures fall. Figure 1.2 shows the Eg dependence
of (Cd,Mn)Te on x for temperatures T at 300 K, 80 K, and 10 K [18]. A linear
fit is a good first order approximation of the temperature dependence for 70 <
T < 300 K; however, better accuracy at lower temperatures is obtained using the
semi-empirical Manoogian-Wooley equation [19]:

y



Eg (T ) = Eg (0) + U T + P θ coth



θ
2T




− 1 eV,

(1.4)

where Eg (0) is the bandgap energy at absolute zero, the second term is the effect
of the lattice dilation, and the last term is the influence of electron-phonon interaction. θ, a value of the order of the Debye temperature θD , corresponds to the
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Figure 1.2.

The Eg and intra-Mn transition as a function of x for
(Cd,Mn)Te taken at T = 300, 80 and 10 K [18].

mean frequency of the entire phonon spectrum. The empirical values of U , y and
P are temperature independent [20].

1.2.3

Magnetic properties of diluted magnetic semiconductors

Beyond changes to the lattice and band structure of the AII BVI parent semiconductor, the Mn component of the ternary alloy provides additional magnetic
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Figure 1.3. (a) Schematic representation of the hole assisted superexchange interaction starting with the transition (A) of a d-electron from
atom m to a hole in the valence band with corresponding spin. Next (B )
the electron jumps to atom m’ forcing an electron with opposite spin to
transition (C )to the valence band and subsequently occupy (D) the vacant
state at atom m. (b) The same process with an additional spin flipping
(D’ ) of the electron in the valence band.

properties. Although magnetic phenomena of (Cd,Mn)Te are not the focus of
this dissertation, a fundamental understanding of magnetic interactions within
the DMS is necessary to draw accurate conclusions from the experimental observations. The underlying sources behind the magnetic properties are the exchange
interactions between Mn2+ ions and the sp-d exchange. The former process, dominated by the superexchange mechanism, is responsible for the complex phase
diagram of the DMS. The latter process, which involves the coupling between s
or p orbital electrons and Mn 3d5 electrons, provides several intriguing optical
properties.
As stated by Hund’s rule, the lowest energy state is given by the electron configuration of an incomplete 3d5 shell which has the highest net electron spin (S = 5/2)
(meaning all unpaired electrons have spins pointing in the same direction). Each
atom with spin 5/2 then has an indirect interaction with its Mn neighbors ex-
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pressed as −2JNN S1 S2 [21]. The interactions between the nearest neighbors (JNN )
are approximately five times greater than that of the next-to-nearest neighbors
(JNNN ) [22]. The superexchange mechanism is an indirect interaction mediated
by two holes in the valence band, for which this anion assisted interaction is typically antiferromagnetic [Fig. 1.3(a)]. Spin-orbit interactions, however, may flip the
electron spin while in the valence band and can produce ferromagnetic behavior
[Fig. 1.3(b)] [21].
The DMS alloy exhibits different magnetic phases, dependent on both x and T .
Figure 1.4 shows the magnetic phase diagram for (Cd,Mn)Te, in which we see that
the room temperature state of the material is paramagnetic, with a susceptibility χ
that follows the Curie-Weiss law. Below some temperature threshold Tg , however,
(Cd,Mn)Te makes a transition to either a spin glass (for x less than ∼ 0.6) or
antiferromagnetic phase (for x greater than ∼ 0.6) [23]. In Fig. 1.5 we see short
range type-III antiferromagnetic domains emerging within the crystal, and as the
temperature decreases, these domains expand up to the point where they collide
(∼ Tg ) and eventually interlock in randomly ordered clusters.
The sp-d exchange interaction is responsible for much of the excitement surrounding AII MnBVI DMS, producing an exceptionally large Zeeman splitting which
gives rise to the Giant Faraday rotations, a first order magneto-optic effect.
Magneto-optic applications for (Cd,Mn)Te include Faraday isolators and circulators [6], and magneto-optic sensing as a radio frequency characterization technique
to complement EOS [9].
Two processes are responsible for sp-d exchange, a ferromagnetic inducing 1/r
potential exchange between the s or p bands and the 3d5 electrons, and an antifer-

11

Type -III AFM
cluster

Cd1-xMnxTe
50
P : Paramagnetic
A : Antiferromagnetic
S : Spin-glass

40

T (K)

30

T >>Tg

1

T > Tg

2

T ≈ Tg

3

T < Tg

4

mixed
crystal
phases

P

20
A
10

S

0
0

0.2

0.4

x

0.6

0.8

1.0

Figure 1.4.
Temperaturecomposition magnetic phase diagram
of (Cd,Mn)Te [23].

Figure 1.5. An empirical picture
of AFM-III clusters growing with decreasing temperature [1].

romagnetic inclined hybridization of p band electrons to the 3d5 levels [24]. Note
that due to symmetry, the s-d hybridization is not allowed at the Γ- point. Thus
the magnetic tendencies of the valence band electrons (p-like at the Γ- point) are
influenced by both the potential exchange and hybridization interaction, whereas
the s-like conduction band is determined solely by the potential interaction. Finally, the dominating interaction for AII MnBVI DMS is the p-d hybridization,
resulting in the large spin splitting at the band edges, which can provide Faraday
rotation of the order of 0.05 deg/Oe · cm [25].
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Figure 1.6. Schematic diagram of the Vertical Bridgman method.

1.2.4

(Cd,Mn)Te single crystal growth

Very high quality (Cd,Mn)Te single crystals for all our experiments were grown
at the Institute of Physics, of the Polish Academy of Science, Warszawa, Poland,
using a modified vertical Bridgman method [26] (Fig. 1.6). In a standard growth
process, the CdTe and MnTe components of the mixed crystal are synthesized
separately from the very high purity (6N) elements and, subsequently, mixed in
proper amounts to obtain the desired composition of the source material. A seed
crystal is placed at the bottom of the ampoule with desired orientation, and is
kept inside a furnace at 600 ◦ C. Next, the melt of the CdTe + (x mol%) MnTe
mix is placed on top of the seed crystal and kept in the high-temperature section
(1250 ◦ C) of the furnace. As the ampoule is lowered at 1.5 mm/h, the solution crys-
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tallized into Cd1−x Mnx Te in the zinc-blende structure. The resulting single-crystal
rods are approximately 3 cm in diameter and often consisted of just one grain with
twins typically going through its entire volume. Crystals are subsequently, cleaved
mechanically and polished for experiments.
The as-grown crystals are naturally p-type semiconductors due to Cd vacancies (VCd ) (produced when Cd atoms escape during the growth process) acting as
acceptor centers and they can exhibit resistivity as low as 103 Ωcm [27]. Crystal
resistivity can be increased above 109 Ωcm level by several processes, including additional purification of all raw materials, effective compensation of free holes with
a donor element (e.g., vanadium or In), and, finally, annealing the sample in Cd.
The last procedure not only decreases the concentration of native VCd acceptors,
but also improves the overall quality of the crystal. Visible in the before- and
after-annealing IR transmission photos [Figs. 1.7 (a) and (b), respectively] are the
significant reduction of a large number of defects (appearing as large concentric
rings) left by VCd , and the movement of tellurium precipitates (10-20 µm dots)
[27]. However, the process of annealing and doping is a delicate matter, as overcompensation is possible. Figure 1.8 shows the very strong dependence of carrier
concentration on the Cd annealing process in CdTe [28].
One more distinguishing feature of (Cd,Mn)Te lies in its homogeneity. The uniformity of (Cd,Mn)Te crystals is exceptional for two reasons. Firstly, in (Cd,Mn)Te,
Mn exhibits a near-unity segregation coefficient k0 defined as the ratio of an element’s concentration in the crystallized solid over the equilibrium concentration
provided in the melt from which the crystal was formed. The result of Mn k0 ≈ 1
is an even distribution of Mn throughout the entire ingot. Secondly, the strong
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(a)

(b)

100 µm

100 µm

Figure 1.7. IR transmission of the same area of (Cd,Mn)Te crystal before
(left) and after (right) annealing in Cd vapors.

dependence of Eg on the Mn content, which, in other words, means small thirdcomponent concentration levels is sufficient for a large changes in Eg . This is a
significant attribute as the amount of the third component is an important factor
in the overall quality of the crystal. One difficulty encountered in (Cd,Mn)Te,
however, is the high ionicity of bonds resulting in a tendency toward crystallization in a hexagonal structure and promoting twinning in the zinc-blend crystal
[29]. Consequently, to fabricate large volume, twin-free samples for x-ray photoconductive devices (PCDs), x was maintained at 0.05.
Table 1.2 provides a list of samples fabricated for the pump-probe, EOS, and
the x-ray detection experiments. The (Cd,Mn)Te samples for the EOS measurement are as-grown single crystals cut along the (110) plane and then polished and
etched in Br-methanol mixture. The (Cd,Mn)Te crystals that are used as PCDs
for x-ray detection in the OMEGA laser-fusion studies are (111) oriented platelets.
The ideal bandgap for x-ray PCDs corresponds to Mn concentrations near 20 %
[30]; however, the current generation of devices are cut from a Cd0.95 Mn0.05 Te
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Figure 1.8. Dependence of carrier concentration on Cd pressure during
the high temperature annealing process [28].

ingot in order to reduce twinning to zero [7]. These samples are doped with
6 · 1016 cm−3 of vanadium and, subsequently, annealed in Cd, achieving resistivity
of approximately 2 × 109 Ωcm and with a mobility-lifetime µτ product estimated
to be at the 2 to 5 · 10−4 cm2/V level [6].

1.3

Introduction to x-ray diagnostics

Radiation detectors based on semiconductors are very versatile devices, ranging
from single-photon optical counters to γ-ray sensors, with many different optimizations for specific functions. PCDs are volume absorbers implemented to measure the charge of photocarriers generated by the absorption of radiation. The
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Table 1.2. Fabricated samples of (Cd,Mn)Te.

EOS Samples
Fabrication process
CdTe
As-grown
Cd0.99 Mn0.01 Te As-grown
Cd0.95 Mn0.05 Te As-grown
Cd0.95 Mn0.05 Te Cd-annealed
V-doped (6 · 1016 cm−3 )
Cd0.95 Mn0.05 Te Cd-annealed
V-doped (6 · 1016 cm−3 )
Gold transmission lines
Cd0.91 Mn0.09 Te As-grown
Cd0.88 Mn0.12 Te As-grown
Cd0.50 Mn0.50 Te As-grown

Measurements
Pump-probe & EOS
Pump-probe
EOS
X ray
Pump-probe & EOS

Pump-probe & EOS
EOS
EOS

materials-of-choice for room-temperature x-ray PCDs include, but are not limited to, diamond single crystals [31], polycrystalline diamond [32], and (Cd,Zn)Te
[30, 33], with numerous configurations intended to balance trade-offs, such as sensitivity, resolution, and spectral bandwidth. Diamond PCDs are used because
of their high sensitivity to low-energy (soft) x-rays and the large Eg of ∼ 5 eV.
Diamond, however, has a low atomic number Z, and thus its x-ray absorption
spectrum is limited to below 10 keV [31]. The II-VI ternary (Cd,Zn)Te has a large
effective Z, and can therefore achieve a flat absorption spectra for x-ray energies
exceeding 100 keV. Other materials options include group-IV semiconductors; Siand Ge-based x-ray detectors exhibit a very large µτ product (∼ 1 cm2/V), however, their small Eg (< 1.4 eV) and low resistivity require that they be cooled
[34]. In addition, electronic and chemical properties of elemental materials are
“fixed,” opposed to semiconductor compounds that can be readily modified by
bandgap engineering. HgI2 is another material investigated extensively for radiation detector applications. It is a high Z material with excellent stopping power,

17

has an Eg of 2.3 eV, and a resistivity of 1013 Ωcm [34]. However, its polarization
problem prevents its widespread applications. A comprehensive review of various
compound semiconductor radiation detectors has been published by Owens and
Peacock [34].
(Cd,Mn)Te exhibits a wide and highly tunable Eg , high stopping power [practically the same as for (Cd,Zn)Te], and high resistivity for carrier-compensated
samples. Therefore, (Cd,Mn)Te is a good candidate material for radiation detectors. (Cd,Mn)Te single crystals were proposed in 1999 by Burger et al. [35] for
radiation detection and the idea has been actively pursued by several research
groups [27, 36, 37, 38, 39]. Although the µτ product of today’s best (Cd,Mn)Te
crystals is still lower than that of (Cd,Zn)Te, its value (2 · 10−4 cm2/V to 10−3 cm2/V)
is good enough for thin (1 mm to 3 mm) planar detectors. It is also easier to consistently grow large, twin-free crystals of (Cd,Mn)Te, as compared to (Cd,Zn)Te,
since k0 ≈ 1.3 for Zn in CdTe [37, 39], rendering ingots with decreasing Zn content
along the growth axis.

1.3.1

OMEGA laser inertial confinement fusion experiments

The OMEGA laser (see Fig. 1.9) is a unique national facility, dedicated to ICF
experimentation, as well as a central tool for high-energy-density physics investigations of the interaction of intense radiation with matter. OMEGA routinely
achieves high radiation uniformity with flexible pulse shaping by directing 60 ultraviolet (UV) beams (0.1 to 4-ns long). The total incident single-pulse energy, onto
a laser-fusion target, is up to 30 kJ. The targets are typically 860-µm-diameter
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Figure 1.9. 60 beam OMEGA laser located at the Laboratory for Laser
Energetics.

plastic shells, which for high-neutron-yield experiments are filled with either deuterium or a mixture of deuterium and tritium and are suspended in the target
chamber by spider silk. For test runs, empty-shell targets, or ones containing
a stainless steel hard centers are used as well. The OMEGA laser has a short
45-minute shot cycle. The direct-drive ICF process involves heating and compressing the target by intense OMEGA beams. As the UV light shines directly
onto the target, it creates a corona of ablated-shell material, resulting in x-rays
being emitted from the hot corona. Material from the target shell implodes the
target and compresses the fuel. This heats the gas in the shell to thermonuclear
temperatures. A nuclear fusion process occurs by which the hydrogen isotopes
join and form helium atoms. At this phase, x-rays are emitted again but this time
from the compressed core.
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Time-resolved x-ray spectroscopy is one of the most important diagnostic tools
for comprehensive characterization of plasma throughout the ICF process. Radiation from both the hot corona and the compressed core are expected to range from
soft x-rays to Γ-rays of hundreds of keV [40]. The OMEGA laser is a single-shot
system with nanosecond pulse duration. To record the x-ray emissions accurately,
the radiation detectors, therefore, need to exhibit both sufficient spectral sensitivity as well as high temporal resolution.
There is a variety of time dependent x-ray detectors on the OMEGA target
chamber. X-ray diodes (XRDs) measure the time dependent emission from 0.1 to
3.0 keV, but they are surface emitters and need recalibration at frequent intervals.
Fast photomultipliers and plastic scintillators are used to measure the x-rays with
energies greater than 20 keV, but in their case, the time dependence is determined
by differentiating the signal and is limited by the signal-to-noise ratio (SNR) of
the recorded output. Finally, diamond PCDs are implemented since they are
easy to operate, their calibration is more stable than the XRD calibration, and
they have a very fast response to x rays. The 1-mm-long, natural, single-crystal
diamond devices have approximately 0.3-ns time resolution limited only by the
resistance-capacitance RC time constant, allowing one to resolve in real time different emission events (from the hot corona and burning core) occurring during
the individual ICF shot [40, 41]. However, as we mentioned before, their spectral
sensitivity is restricted to the soft (< 10 keV) x rays; thus, they are not useful for
tracing the dynamics of medium-to-high energy x-ray emissions.
There is a very strong, palpable interest in the OMEGA x-ray diagnostics development to design and implement a new solid-state detector for the single-shot
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(time-domain) spectral characterization of x-ray emissions in the energy range
between 10 and 100 keV. Through my research, I intend to demonstrate that
(Cd,Mn)Te PCDs are a viable option that will allow accurate, temporal characterization of x-ray transients generated during the ICF events, especially at a
medium-to- high spectral range. Successful development of such detectors is even
more critical for the perceived diagnostic needs of the National Ignition Facility
laser, currently undergoing start-up tests at the Lawrence Livermore National
Laboratory.
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Chapter 2
Experimental approach
In this chapter I describe the various experimental methods implemented to characterize (Cd,Mn)Te. As the central mechanism in the optical-domain spectroscopy
measurements, I start with a brief introduction to the Ti:sapphire femto-second
laser system. This is then followed by the theory and implementation behind the
pump-probe, EOS, and MOS systems. The final section describes the (Cd,Mn)Te
PCD based x-ray diagnostics setup.

2.1

A mode-locked femtosecond laser

All optical-domain spectroscopy systems designed and implemented for this dissertation are built upon the very popular self-modelocked femtosecond Ti:sapphire
laser (MIRA, Coherent). The Ti:sapphire laser typically generates 1.8 W when
pumped by a 10 W continuous wave (CW) green (532 nm) laser (Verdi, Coherent). The highlights of the Ti:Sapphire lasers, in terms of ultrafast spectroscopy,
are the ∼ 100-fs pulse widths and the broadly tunable wavelength. The absorp-
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Figure 2.1. Ti:sapphire absorption and emission spectra.

tion and emission spectra for the gain medium, Ti:Al2 O3 , are shown in Fig.2.1. A
very broad emission spectrum is evident, extending below 700 nm and approaching 1,050 nm. This is the result of bandsplitting due to distortion in the lattice
by Ti+3 substitution of Al+3 in the sapphire lattice [1]. Combined with the broad
spectrum optics, the tuning range is typically between 720 nm and 1,000 nm.
Modelocking is achieved using the Kerr lens modelocking technique. A simple,
passive configuration by which high intensity phase-matched modes are better
focused than low intensity CW background lasing. The unwanted CW emission
is then physically blocked by an adjustable slit as shown in Fig. 2.2. The Ti:sapphire laser system implements a pair of adjustable prisms introducing negative
dispersion to compensate for group velocity dispersion. This then results in the
compressed pulses roughly 80- to 150-fs-wide for the spectrum between 720 nm
and 1000 nm.
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Figure 2.2. Passive modelocking achieved using a Kerr lens and slit.

2.2
2.2.1

Optical-domain characterization methods
Ultrafast spectroscopy setup

For our experiments, the optical spectroscopy systems relies on several of the features of the Coherent MIRA laser. The ultrafast 100-fs-wide pulses generated
by the Ti:Sapphire laser afford high temporal resolution, and the 76-MHz repetition rate of the laser provides a high sampling rate allowing for a large number
of averages over the data acquisition time. Finally, the tunable wavelength between 720 nm and 1000 nm accommodates a large number of experiments that
necessitate near or far Eg exploration.
For the spectroscopy systems, the laser beam is split by a 70/30 beam splitter
into two beams: the excitation (pump) beam and sampling (probe) beam. By
using the same laser to both perturb the crystal and measure the response, we are
able to avoid any noise related to the jitter of the laser. The signal measured by
photodetectors, however, is typically very small, and the 1/f noise due to fluctuations in laser intensity is overwhelming. A lock-in detection technique is therefore
employed to greatly increase the sensitivity of the measurement. To minimize

29

the noise inherent to Ti:Sapphire lasers [2], the excitation beam is modulated by
an acousto-optic modulator operating at a reference frequency fref = 256 kHz.
Measuring the device under test (DUT) this modulation is picked up by the sampling beam. The lock-in amplifier then measures the amplitude of the 256 kHzsinusoidal component of the detected sampling beam.
The lock-in amplifier uses phase-sensitive-detection to detect the signal having
both the same frequency as the reference and a fixed relative phase. The input
signal of the lock-in first undergoes ac-gain before being multiplied by a sine
wave with frequency = fref and zero relative phase. Next, the signal (now at
f = 0) is isolated by a low-pass filter, and input noise at frequencies other than
the reference frequency are rejected. The signal is finally amplified by a lowfrequency amplifier. To increase the SNR, each data point is averaged over the
integration time constant set by the lock-in amplifier.
The above describes the measurement of a single instance using the excitation
and sampling beams. Collecting data on the evolution of the entire transient
requires a systematic change in the synchronization between the two beams. This
is achieved by a computer controlled delay stage in the path of the sampling beam.
As the sampling path lengthens, the ultrafast sampling pulse is delayed in time
with respect to the incidence of the ultrafast excitation pulse. The delay stage
has a 10-cm propagation distance with a minimum step size of 1 µm. Because
the stage is fitted with a retroflector the round-trip spatial delay translates to a
666-ps temporal window with a minimum sampling interval of 6.66 fs. Although
the high precision of the delay stage suggests a temporal resolution of < 10 fs, the
resolution of the spectroscopy system is limited by the laser’s 100-fs wide pulses.
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Depending on the measurement, other considerations also need to be accounted
for when calculating the system resolution.
Two-color spectroscopy allows for a greater range of measurements as well as
higher SNR. For the two-color spectroscopy, the excitation beam is up-converted to
blue light via a β-BaB2 O4 (BBO) crystal. BBO is a non-linear crystal transparent
in the visible to near-infrared (NIR) and is frequently used for type-1 second
harmonic generation. After up-conversion and before the DUT, an optical red
filter blocks the remaining IR light. Following the DUT, a blue filter removes
the excitation beam and its scatterings entirely, thereby eliminating pump-noise
prior to detection by the analyzer. To remove unwanted beam scattering from
the excitation pulse, implementing optical filters rather than polarizers produces
superior SNR, but is only available in two-color spectroscopy.
Finally, cryogenic measurements are performed using a liquid helium continuous-flow cryostat with UV to IR transparent optical windows. With a programmable temperature controller, measurements can range from as low as 8 K to
room temperature. Typical measurements have temperature fluctuations of less
than 1 K; however, day long measurement are subject larger variations in temperature (up to 5 K) as the liquid-He flow increases due to pressure buildup in the
He tank.

2.2.2

Pump-probe spectroscopy

Optical pump-probe spectroscopy is a well known and powerful tool designed to
characterize carrier dynamics of a material by monitoring the transitory change
in reflectivity (transmissivity) after the absorption of an intense optical pulse. We
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Figure 2.3. Configuration for both one-color and two-color pump-probe
spectroscopy.

use both single- and two-color configurations of pump-probe spectroscopy (Fig.
2.3) to perform systematic measurements on carrier and phonon dynamics within
in the DMS (Cd,Mn)Te for several Mn concentrations. What makes pump-probe
spectroscopy so intriguing is the variety of effects and combinations thereof that
can contribute to the change in optical properties.
Tuning the energy of the laser near or above the (Cd,Mn)Te bandgap, the
pump beam excites electrons in the valence band across the Eg , inducing a temporary change in the optical properties of the crystal. Measurement of this perturbation are achieved by the detection of the differential transient reflectivity
change (∆R/R) of the probe (sampling) using a PIN photodetector. R is the measured reflection and ∆R is the differential change in reflection correlating to the
modulation frequency. This photo-induced optical property change is usually very
small, such that

∆R/R

is typically on the order of 10−5 ∼ 10−4 .
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For a typical pump-probe measurement, the pump pulse has a fluence of
0.4 µJ/cm2 /pulse and is focused at a normal incidence to the plane of the crystal.
The probe pulse, at a 45 ◦ incidence to the crystal plane, has a non-invasive fluence
of no more than 0.04 µJ/cm2 /pulse. The reflected beam from the sample to be
tested is then collected by a single 125-MHz photodetector whose output is fed
to a lock-in amplifier tuned to the AO modulation frequency. For the single-color
spectroscopy, the pump and probe beams are cross-polarized and an analyzer is
placed before the detector to block the scattered pump light. Because signals are
very small, minimizing scattered light is essential to the reduction or elimination
of coherent artifacts [3] and background noise.

2.2.3

Electro-optics background

EOS hinges on the discovery by Friedrich Pockels in 1893 that an applied electric
field modifies the birefringence of some crystals, thus these crystals behave as
tunable optic wave plates [4]. From the Pockels effect we obtain a convenient
means of converting high speed voltage signals into optic signals. This process is
easily reversed by implementing a polarizer to first change the beam’s modulated
polarization into modulated intensity, and then using photodetection to produce
an electrical signal.
The ultrafast EOS measurements are performed using the transmission (Fig.
2.4) rather than the more common reflection configuration because many measurements are performed at or near Eg . This is possible because the DUTs [i.e.
free-standing photoconductive switches (PCSs) incorporated into coplanar strip
(CPS) transmission lines [5]] are deposited on transparent MgO substrates. The
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Figure 2.4. Ultrafast electro-optic sampling setup.

PCSs fabricated at the Institute of Bio- and Nanosystems in Jülich, Germany
are produced from low-temperature grown (200-300 ◦ C) GaAs (LT-GaAs) rapidly
post-annealed at 600 ◦ C. The 25 µm × 25 µm LT-GaAs chips are removed from
their native substrates, and placed into pre-etched 500-nm-deep wells in the MgO
substrate [6]. Next, a Ti/Au CPS line is deposited above the switch sides, securing
it between 20-µm-wide signal and ground lines with a separation of 20 µm. There
are a number of advantages to the free-standing switch as opposed to traditional
“as-grown” structures, such as much lower (100×) dark currents, ability to withstand high applied electric fields and optical powers, and lastly, transparency at
visible wavelengths [5].
Thus the excitation of the LT-GaAs PCSs with sub-picosecond relaxation times
provides the ultrafast voltage transients to be measured by the EOS system. The

34

3m - LiTaO3
0
0
0
0
r51
-r22

-r22
r22
0
r51
0
0

r13
r13
r33
0
0
0

43m - (Cd,Mn)Te
0
0
0
r41
0
0

0
0
0
0
r41
0

0
0
0
0
0
r41
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sampling beam, one the other hand, traverses a computer controlled delay line,
half wave plate, polarizer, and then a microscope objective that focuses the beam
upon the EO transducer [(Cd,Mn)Te or LiTaO3 ]. The external transducer is
mechanically clipped into place above the transmission line of the DUT where it
is most sensitive to the voltage signal.
In the presence of an electrical field transient, the EO transducer acts as an
optical intensity modulator for the transmitted sampling beam pulses. The sampling beam is then directed to a polarizing beam splitter, and a pair of low noise
photodetectors connected to a lock-in amplifier synchronized to the AO modulation frequency of the excitation beam. The quarter- and half-wave retarders act
as a compensator before the polarizing beam splitter, fixing the operation point of
the EO modulator at λ/2. The EO-tensor r, which describes the orientational dependence of the Pockels effect, is determined by the crystallographic point group
of the material (3m and 4̄3m for LiTaO3 and (Cd,Mn)Te respectively). Figure 2.5
presents the tensors for both LiTaO3 and (Cd,Mn)Te.
In the case of LiTaO3 , the largest EO coefficients of r, are r13 (7.5 pm/V) and r33
(33 pm/V) [4]. The literature value for (Cd,Mn)Te EO coefficient, r41 , is approximately 3.5 pm/V for x = 0.25 [7], and 4.5 pm/V for pure CdTe [4]. Our experiments
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(Chapter 4), however, reveal that previous values of r41 are inaccurately small due
the low frequency carrier screening within the sample.
The Pockels effect induces an optical retardation Γ of the polarized probe beam
which is measured by the analyzer and lock-in amplifier of the EOS system. The
system measures the change in probe intensity (∆V as measured by the photodetectors) at each position along the optical delay path, for which the differential
transfer function is:
1
πV
∆V
= sin(πV /Vπ ) ≈
,
V0
2
2Vπ

(2.1)

where V is the pulse as measured by the transducer, V0 is the DC component
(31.5 mV/µW times the probe power), and Vπ is defined as the voltage required to
retard the polarized probe by π.
EO transducers are able to resolve THz pulses by converting the electric field
into a retardation (Γ) of the sampling beam’s polarization. For x-cut LiTaO3 , Γ
is given by:

ΓLTO =

2π(ne − no )L1 π(n3e r33 − n3o r13 )L2
−
VLTO ,
λ
λd

(2.2)

where the anisotropic LiTaO3 has an extra-ordinary and ordinary refractive index,
ne and no , respectively. The gap between transmission lines is d, the crystal
thickness is L1 , the interaction length between crystal and electric field is L2 ,
and VLTO is the voltage transient propagating beneath the LiTaO3 crystal. It is
important to note that this transient is affected by the dielectric of the measuring
transducer. The first half of ΓLTO is the intrinsic birefringence independent of the
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electric field, which is negated by a second perpendicular crystal of equal L1 . The
second half of the equation is the Pockels induced birefringence.
Two possible configurations for the isotropic (Cd,Mn)Te transducer are shown
in Fig. 2.6 [8]. In the EOS setup the electric field is applied along the [001]
direction, the sampling beam, incident parallel to the [110] direction, is polarized
to 45 ◦ with respect to the electric field, and thus the retardation of the (Cd,Mn)Te
transducer is:
ΓCMT =

π(n3o r41 )L2
VCMT ,
λd

(2.3)

where VCMT is the (Cd,Mn)Te counterpart to VLTO , and the only non-zero components of the EO tensor are r41 = r52 = r63 . Literature for CdTe gives r41 = 4.5 pm/V
[4], which is based on measurements taken at λ = 1 µm and for frequencies lower
than 20 kHz. Provided that the LiTaO3 refractive indices and EO-coefficients for
LiTaO3 [9] are constant in the 633- to 800-nm spectrum, calculations show that
ΓCMT is less than ΓLTO .
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Figure 2.7 (a) shows the general configuration of an external EOS setup, where
a standalone EO transducer is placed above the transmission lines integrated
with the DUT. As the signal propagates along the transmission line the electric
field penetrates the EO crystal modulating the crystal birefringence, which is
subsequently measured by the sampling beam.
Throughout this process a number of sources for dispersion are present that
lower the temporal resolution of the time resolved spectroscopy system. One
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source is the dispersion of the signal along the transmission line, as the sampling
beam is anywhere from 50 to 500 µm from the PCS. Another considerable reduction in resolution is due to the spot-size of the probe beam (typically 10 - 20 µm).
The time the signal takes to propagate across the focal point (100 - 200 fs) needs
to be considered. Finally, the finite duration the light takes to propagate in the
active portion of the crystal is non-negligible in relation to the ultrafast pulse
width. Therefore, the interaction time between the sampling beam and the EO
crystal must be taken into account
A second configuration is the internal EOS system [Fig. 2.7(b)] where the
substrate is both photoconductive and electro-optic, such that it is capable of generating the EM pulse as well as detecting the transient voltage signal. Deposited
CPS transmission lines confine the EM signal and also provide the necessary bias
to the PCS (which now accounts for the entire length of the transmission line).
The internal EO configuration has the same considerations as the external EOS
system; however, there are some advantages and disadvantages.
The most notable advantage of internal EOS is the direct contact between
transmission lines and the EO medium. Typically, in the external configuration,
one must take care to minimize the air gap between EO transducer and substrate. Rough estimates as to the quality of contact is made by visibly noting the
diffraction pattern. Under ideal circumstances (achieved primarily by trial and error), the distance between diffraction lines is greater than the crystal dimensions.
However, for (Cd,Mn)Te, this is rarely the case, as samples are mechanically and
chemically polished after being cut to dimensions of a few mm. This results in
convex surfaces and dense diffraction patterns when clipped to the MgO substrate
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of the DUT. Evidence of degradation of EO coupling as a function of air-gap is
readily seen as one probes the signal at various points along the transmission line.
Furthermore, due to the fragile nature of the LT-GaAs adhesion to the CPS, attempts to clean the surface of the substrate too often resulted in lost PCSs. These
difficulties are all avoided in the internal EOS configuration.
Because the Pockels effect is a bulk rather than surface effect, transmission
of the probe light through the transducer is paramount. Conversely, absorption
rather than transmission, is necessary for operation of the PCS. Therefore, the
optimal configuration is the two-color schematic, in which the pump light, after
modulation, undergoes second harmonic generation.
Finally, one concern in the implementation of internal EOS is that the CPS
transmission line must be aligned with the proper crystal axis (Fig. 2.6). Otherwise, any change to the relation between electric field and crystallographic orientation can result in drastic changes to the coupling between electric field and
transducer.

2.2.4

Faraday effect in (Cd,Mn)Te

MOS provides a second, minimally intrusive, method of characterizing electromagnetic (EM) pulses [10, 11, 12]. The experimental setup for MOS is identical
to that of EOS (Fig. 2.4), with differences only in the rotation of the waveplates in
the optical paths. Consequently, the optical response of the Faraday effect can be
difficult to distinguish from that of the Pockels effect and can cause some difficulty
in the interpretation of ultrafast sampling data. The mechanisms behind the MO
effect, however, is very different.
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As the Pockels effect induces a change in crystal birefringence with a linear
dependence on applied electric field E, the Faraday effect brings about a circular
birefringence proportional to an applied magnetic field H. Circular birefringence
is the product of differences in the refractive indices n+ and n− for right- and
left-circular polarizations respectively. In MO crystals this is brought about by
the separation of degenerate states in the energy band diagram, for which there
are two methods of implementation.
The first method, using a similar configuration to pump-probe spectroscopy,
is called the photo-induced Faraday effect, in which the crystal is illuminated by
a right- (left-) circularly polarized pump pulse. This pump predominantly excites
electrons of only

+1/2

(−1/2) spins, creating an imbalance of available states before

the linearly (or rather equally left and right) polarized probe beam arrives. This
asymmetry in available states leads to unequal n+ and n− , prompting a rotation
in the probe beam.
The second approach to the Faraday effect (see Fig. 2.8) is achieved using
an applied H, to induce a Zeeman splitting of the exciton near Eg . Alignment
of Mn spins in Cd1−x Mnx Te due to the applied field leads to a large Zeeman
splitting of the excitonic energy levels through the strong sp-d exchange interaction
between the Mn spins and carriers [13]. During the application of H, a splitting of
degenerated states in the conduction band forms, with the energy of the spin level
parallel to H decreased to closer proximity with the hν of the linearly polarized
sampling beam. Because the excitations of spins

±1/2

electrons are bound to

left- and right-circular polarizations, a circular birefringence is formed from the
absorption imbalance, leading to a rotation of the linear polarization angle [14]:
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magnetic field and optical probe in the direct Faraday configuration.

φF =

ω
(n+ − n− )L2 = VF HL2 ,
2c

(2.4)

where ω is the optical angular frequency, VF is the Verdet constant, and once
again L2 is the interaction length of the field and transducer. The VF increases as
the probe energy approaches Eg as the effect of the Zeeman splitting is greatest
when hν is greater than one degenerated state but not the other.
MO coupling measurements can be performed in an analogous manner to EO
coupling. Applying an AC signal directly to the transmission line, foregoing the
PCS, and shorting the other end of the CPS. The voltage along the 50 Ω transmission line supplies a modulated H. The lock-in detection setup is then sensitive
to the polarization modulation at the same AC frequency.
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2.3

X-ray diagnostics configuration and simulations

2.3.1

Background on radiation detection

X-ray detection in semiconductors via absorbed radiation drift is a fundamental
concept in practice. The PCD package [Fig. 2.9(a)] is little more than a biased
metal-semiconductor-metal sandwich connected to a fast oscilloscope. The internal process can be simplified to: 1) deposition of energy by photon; 2) generated
carriers of charge q drifting toward the contacts; 3) induced charge Q on the contacts; 4) and finally the output signal to the oscilloscope. Although the process is
straight forward, a significant amount of thought and compromise are necessary
when determining the material of choice for ones detector.
Before looking at the various semiconductors for this application a more comprehensive understanding of the physics is beneficial. Energy from an x-ray is
transferred to the crystal by three processes. The first is the photoelectric effect,
in which total absorption of the x ray is achieved by an atomic electron. This
is the dominant process for photons energy of few eV . hν . 200 keV. The
Compton scattering, a second process by which only a portion of the energy is
transferred from the x-ray to an electron, dominates up to hν . few MeV. Finally,
for greater energies, electron-positron pair production occurs through high energy
interactions with the nucleus. The energy limits for each of these phenomena are
very much decided by the semiconductor and its Z [15].
When x rays undergo one or more of these processes, the carrier generation rate
g(t) is proportional to the deposited energy Ex (t) divided by the pair-creation-
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energy W of the semiconductor. W is typically estimated to be 3 × Eg [16], and
for Cd0.95 Mn0.05 Te that is roughly 4.8 eV. The rate of change in charge density
nc (t) is provided by:
nc (t)
dnc (t)
= g(t) −
,
dt
τc

(2.5)

where τc is the charge collection lifetime of the carrier limited either by the
material’s τ or device geometry.

The charge propagation distance d is then

d = vτ = µEτ where v is the effective charge velocity. The collection efficiency
is then determined by crystal dimension L1 . If d ≥ L1 , then efficiency is 100 %,
however, for d < L1 , only a fraction of the charge is collected. Therefore, one can
quickly see the importance of the µτ -product in selecting an appropriate semiconductor for x-ray detection.
A simplified equation relating the change of induced charge at the electrode as
a function of weighting potential ϕ0 is derived from the Shockley-Ramo theorem
[17]:
Z

xf

qE · dx = −q[ϕ0 (xf ) − ϕ0 (xi )],

∆Q =

(2.6)

xi

where xi and xf are the initial and final position of charge, and the ϕ0 is a unitless weighting defined as zero at the cathode and one at the anode. For the
conventional metal-semiconductor-metal device (ignoring space charge regions)
the slope of ϕ0 is constant [Fig. 2.9(b)]. Furthermore, we see that ∆Q is directly
proportional to q.
In typical semiconductors, the situation is complicated because the µτ for
electrons and holes are rarely equal. In fact, hole mobility µp is frequently a
magnitude lower than the electron mobility µe . Therefore, for detectors with L1
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comparable to the electron drift distance, Q at the electrode is reduced by nearly
half. Figure 2.9(b) shows the respective electron and hole contributions of Q
under the condition that both reach their corresponding electrodes. In such a
case, Q is proportional to number of generated carriers (Ex/W ), independent of
the proximity of interaction to either electrode [17]. For a monochromatic source,
all detection peaks will have equal amplitude [Fig. 2.9(c)]. However, when the
distance of propagation for holes is negligible, the point of absorption is critical.
The traveled distance for an electron (limited by the device geometry) will vary
from L1 when xi is at the cathode to zero when the electron is generated at the
anode. Therefore, for homogeneous illumination across the PCD, the detection
event amplitudes will also be evenly distributed, and the average ∆Q will be half.
A more detailed explanation of charge collection can be found in a review of the
Shockley-Ramo theorem by Zhong He [17].

2.3.2

Detector preparation and experimental setup

As we stated in section 1.2.4, our (Cd,Mn)Te crystals are grown using a vertical Bridgman method [18]. All the crystals are (111) oriented platelets cut out
of the Cd0.95 Mn0.05 Te ingot, doped with 5 · 1016 cm−3 of vanadium and, subsequently, annealed in Cd vapor in order to assure the highest possible resistivity
of the specimens. For x-ray detectors, metallic contacts are produced by chemical
deposition of Au from suspension. Figure 2.10 demonstrates the mounting of a
(Cd,Mn)Te crystal onto a modified sub-miniature type A (SMA) connector using
copper contacts and a hardened silver epoxy. The crystal’s main dimensions are
1-mm × 3-mm with a length along x-ray propagation varying between 1.0, 1.5,
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Figure 2.10. A (Cd,Mn)Te PCD fabricated using a modified SMA connector and silver epoxied copper contacts separated by a Teflon spacer.

and 2.3 mm. Gold ohmic contacts are on the top and bottom surfaces to facilitate
electrical contacts, separated by 1 mm, and a protective wax is placed on the four
(inactive) side surfaces. All the produced detectors are characterized by measuring both the V -I (voltage-current) characteristics and capacitance. Figure 2.11
shows the V -I curve of the actual 1-mm-long Cd0.95 Mn0.05 Te PCD. We note that
in this case the experimental resistivity of the (Cd,Mn)Te detector in its housing
is 1.9 · 109 Ωcm. In general, our specimens exhibit at least 109 Ωcm resistivity and
the carrier µτ product is estimated to be 2 − 5 · 10−4 cm2/V [18]. The capacitance of
mounted detectors, determined from the S11 scattering parameter measurements
using a 5-GHz network analyzer, is in all cases, equal to ∼ 2 pF. Since the calculated capacitance even for the largest mounted (Cd,Mn)Te crystal is only 200 fF,
we can conclude that the measured C value is that of the detector’s SMA housing, leading to the overall detector RC time constant of ∼ 100 ps (the R value
corresponds to the 50-Ω transmission line connecting the detector).
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Figure 2.11. Ohmic voltage-current characteristics of the 1-mm-long
Cd0.95 Mn0.05 Te PCD with chemically deposited Au contacts. Resulting
resistivity is 1.9 · 109 Ωcm.

A set of six PCDs (one 0.5-mm-long and two 1-mm-long diamond samples and
three (Cd,Mn)Te samples of different length) was mounted to a collar and holder
containing six individual Be filters. The entire PCD array is affixed to a special
vacuum interface, isolated from the target chamber to facilitate changes to the
PCDs and filters. The Be filters cut the low-energy threshold of x-ray sensitivity
for each detector and provided an aperture to limit the detector’s solid angle. In
our case, the filters are selected for the soft x-rays, blocking photons of energies
less than 1 keV, to ensure a fair comparison between the diamond and (Cd,Mn)Te

500-V
dc bias
source
Filtered PCDs

Timing fiducial
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Figure 2.12. X-ray detection apparatus and data-acquisition setup. Cable
length from diamond PCDs to oscilloscope is 15 ft, and (Cd,Mn)Te PCDs
have an added 30-ft-delay.

detectors. A series of apertures are also placed in front of the PCDs to further
limit their field of view to x-rays emitted from the target.
Figure 2.12 presents our experimental and data-collection setup. The (Cd,Mn)Te and diamond PCDs are coupled in pairs and channeled to a Tektronix
694C digital oscilloscope, characterized by a 3-GHz bandwidth. Thus, the time
resolution of our experimental setup is about 120 ps (the SMA housing RC time
constant combined with the oscilloscope bandwidth). The PCDs are biased with
5000 V/cm using a set of bias-tees. The output signals from the (Cd,Mn)Te devices
are delayed by 45 ns (30-feet-long broadband coaxial cables) with respect to the
output of a complimentary diamond PCD. The first channel of the oscilloscope
is used as a timing reference signal, generated by a laser synchronized to the
OMEGA laser. The remaining three channels record signals from tested PCDs.
The complementary PCDs are multiplexed by using a high-bandwidth passive
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adder, after which the subsequent signal is subjected to an attenuator to decrease
its amplitude so as not to saturate the oscilloscope.
A configuration such as this allows for six independent measurements performed on a single shot. With identical PCDs, filters of varying thicknesses and
materials can define the x-ray spectral sensitivity. Through spectral un-folding
[19] it is possible to then obtain the temporal and spectral component of the x-ray
emissions from the OMEGA laser induced fusion measurements.

2.3.3

Absorption simulation of x-rays in semiconducting
solids

Since our main experimental interest lies in the spectral range of x-rays between
1 keV and < 200 keV, the photoelectric effect is expected to be the dominant
photoresponse mechanism our solid-state detectors, with some contribution from
the Compton effect for the highest energy photons. Thus, absorption of x-rays
along the length of the PCDs can be described by the standard equation:

1−

I
= 1 − exp(−µmat ρ · l)
I0

(2.7)

where I0 is the initial radiation intensity, I is the intensity after the length l,
µmat is the material total mass absorption coefficient for either the photoelectric
or Compton effect, and ρ is the crystal density. For diamond ρ = 3.5 g/cm3 , while
for (Cd,Mn)Te, ρ is defined by a linear fit ρ(x) = 5.866 − 1.078x through the
data collected by Maheswaranathan et al. [20]. The values of the mass absorption coefficients for C, Cd, Mn, and Te (constituting of µmat ) are obtained from
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the European Synchrotron Radiation Facility’s database for x-ray applications
(DABAX).
Figures 2.13(a) and 2.13(b) show the diamond and (Cd,Mn)Te total absorption
as a function of the incident photon energy, respectively, calculated using (2.7). I
also add the transmission spectrum of a 7.6-µm-thick Be foil, which is used in our
experiments as a high-energy pass filter. Figure 2.13(a) shows the spectra (the
photoelectric effect only) for the 1-mm- and 10-mm-long diamond PCDs, where
we see that the response of the diamond detector is limited to only low-energy
x-rays. Even a detector as long as 1 cm (unavailable in practice) has its absorption
extended only to ∼ 20 keV (1/e absorption drop occurs at 18.4 keV), well below the
range needed for comprehensive diagnostics of the OMEGA ICF shots. On the
other hand, Fig. 2.13(b) indicates that the photoelectric-effect absorption of the
2.3-mm-long Cd0.95 Mn0.05 Te PCD extends up to almost 150 keV (1/e absorption
drop occurs at 126 keV). Even the 1-mm-long sample exhibits essentially perfect
100 % absorption for x-ray energies up to 100 keV (1/e absorption drop occurs
at 94.2 keV). Note also that the 1-mm-long (Cd,Mn)Te samples with varying x
have indistinguishable absorption characteristics. The latter is due to both of
these specimens containing the same amount of Te, which dominates the material
absorption characteristics because it is the highest Z component in (Cd,Mn)Te.
Therefore, Cd0.95 Mn0.05 Te is the material of choice for the measurements presented
in this dissertation, as this composition assures the best crystalline quality of
fabricated samples (ability to effectively grow large single crystals with the lowest
occurrence of twins). Finally, Fig. 2.13(b) also shows that in our (Cd,Mn)Te
PCDs, the Compton effect becomes non-negligible at photon energies well above
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10 keV and reaches a maximum near 100 keV. However, given that the absorption
due to Compton scattering never reaches 0.1 for the 1-mm-long (Cd,Mn)Te, only
in the case of the 2.3-mm-long detector is Compton scattering likely to have a
measurable impact.
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Chapter 3
Spectroscopic pump-probe
analysis of (Cd,Mn)Te
In this chapter, I present my measurements using pump-probe spectroscopy of
(Cd,Mn)Te to unravel the CAP dynamics of the (Cd,Mn)Te system. I preform
an analysis of the pump-probe data to help determine the influence that different growth processes may have on the semiconductors optical properties. These
evaluations are important for the proper analysis of (Cd,Mn)Te as both an EO
transducer (Chapter 4) and as a PCD for x-ray detection (Chapter 5).
As-grown (Cd,Mn)Te crystals of ∼0.7-mm-width with x = 0.00, 0.01, 0.05,
and 0.09 are fabricated as well as a highly resistive sample of Cd0.95 Mn0.05 Te. The
as-grown samples are subsequently polished on the front and back surfaces and
then etched in a Br-ethanol mixture for five minutes. Our setup allows for room
temperature probing from just above Eg , to 0.3 - 0.4 eV below Eg , and a cryostat
is employed for temperature dependent CAP measurements.
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3.1

Generation and detection of coherent acoustic phonons

Coherent acoustic phonons are propagating strain pulses, and have recently undergone numerous studies in semiconductors such as GaN [1, 2] and GaAs [3, 4],
as well as in various thin-films [5], and superlattices [6]. Possible applications of
long-lived CAPs include ultrasonic imaging [2] and high frequency acoustic-optic
modulation [4]. Using pump-probe spectroscopy to both generate and then detect a propagating strain pulse in (Cd,Mn)Te provides a means of verifying the
dispersion model relating n to probe λ, and its dependence on Eg and T .

3.1.1

Theory behind propagating strain pulses

Coherent acoustic phonons are stress pulses (either electronic or thermal) generated in pump-probe spectroscopy by the absorption of the 100-fs-wide pump
pulse that propagate in the direction orthogonal to the sample surface. Probe
light reflects off of the strain pulse due to altered optical properties induced by
the lattice mismatch. Figure 3.1 demonstrates how this reflection undergoes constructive and deconstructive interference with the surface reflection, as the CAP
pulse propagates further into the crystal. The equation that describes the time
evolution of CAP induced normalized differential reflectivity is:
∆R
= A sin(2πfosc t − φ) exp(−t/τd ),
R

(3.1)
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Figure 3.1. Diagram of coherent phonon generation and detection.

where A is the pump-photon energy dependent amplitude, fosc is the CAP frequency , and φ is the phase of the oscillations. The experimental decay time of
the oscillations τd is a combination of the intrinsic CAP decay time τphonon and
the probe light finite penetration depth ξ, and is given by:
1
1
1
=
+
,
τd
τphonon ξ/vs

(3.2)

where vs is the velocity of sound of the (Cd,Mn)Te crystal. Since the oscillations
are governed by the optical self-interference of the probe light reflected from the
sample surface and propagating strain pulse, the equation modeling the oscillations is [7]:

fosc =

2n(λ) · vs
n(λ) · vs
cos[θ(n)] =
kprobe cos[θ(n)],
λprobe
π

(3.3)
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where λprobe and kprobe are the wavelength and wave number of the probe, respectively, n(λ) is the wavelength dependent index of refraction, and θ(n) is the
incident angle of the probe to the normal of the sample surface dependent on n.

3.1.2

CAP analysis in (Cd,Mn)Te

To analyze the CAPs, the experimental pump-probe response (Fig. 3.2 inset)
is first prepared by truncating the initial electronic contribution to

∆R/R,

and

subsequently subtracting the exponential electron-hole recombination decay. The
result shown in Fig. 3.2 is the CAP oscillation (dots) and can be very well fitted
by (3.1) (solid line Fig. 3.2).
In two-color spectroscopy the strength of electronic stress induced CAP should
be near constant for pump energies far above Eg [8]. Figure 3.3, however, shows
that the oscillation amplitude peaks as the energy of probe photons approaches
Eg .
We see in the dispersion curve (Fig. 3.4) and in (3.3) the slope of fosc with
respect to kprobe is directly proportional to the n(λ)vs cos[θ(n)] product. For
hνprobe  Eg , n is a constant and the slope of

fosc/k

probe

is linear. However, for the

probe energies near Eg , the n(λ) form must be used. At room-temperature, we
use the Schubert et al. [9] n(λ) dispersion model for (Cd,Mn)Te:

n(λ)2 = A +

BE 2
, forE < C,
1 − (E/C)2

(3.4)

where A and C are x dependent parameters and B is a constant. For lowtemperature measurements, however, it is better to use the four oscillators Sell-
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Figure 3.2.
CAP oscillation measured by
the single-color pump-probe spectroscopy in
Cd0.91 Mn0.09 Te. Solid line is a numerical, damped
sinusoidal fit. Inset shows the full experimental
∆R/R photoresponse.
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meier’s formula for CdTe described by Hlı́dek et al. [10]:

2

n (λ) = a +

4
X

g(T )
,
2
− hνprobe

E(T )2i
i=1

(3.5)

where a is a constant, and terms for i = 1 are contributions from the optical
transition near Eg , terms for i = 2 and 3 are higher transitions, and the term
i = 4 denotes lattice vibrations [10].
I obtain accurate fits for vs from our room-temperature dispersion curves by
substituting (3.4) into (3.3). A tabulation of our x dependent results is provided
in Table 3.1. Although definitive conclusions regarding x dependence cannot be
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made from Table 3.1, we note that the fastest sound velocities are obtained in
CdTe and Cd0.91 Mn0.09 Te, which are both cut along the (111) surface plane.
Table 3.1. CAP measurements on (Cd,Mn)Te parameters for several x.

Crystal

surface
plane

Eg (x)
[eV]

λg
vs [m/s]
[nm]

CdTe
Cd0.99 Mn0.01 Te
Cd0.95 Mn0.05 Te
Cd0.91 Mn0.09 Te

(111)
(011)
unknown
(111)

1.528
1.541
1.594
1.646

811
805
778
753

α [cm−1 ]
(at 0.97Eg )

3591 ± 3 7574 ± 478
3477 ± 6 7046 ± 1320
3478 ± 3 5305 ± 437
3621 ± 2 4907 ± 207

Using (3.2) and the fact that at the wavelengths near Eg , τphonon  ξ/vs , we
can determine α by a reduced relation of 1/τd = αvs . Figure 3.5 shows the inverse dependence of α on x, which warrants further investigation. The α values
are provided in Table 3.1, and are calculated at hνprobe = 0.97 · Eg , where I use
(1.2) to calculate Eg . The inset in Fig. 3.5 shows the dependence on the probe
wavelength for CdTe measured using the single-color pump-probe spectroscopy.
We note that CAP generation still occurs while pumping even below Eg . This is
indicative of both the dominant electronic stress (as opposed to thermal) in generation of CAPs and the existence of extended band-tail-states in (Cd,Mn)Te [11].
Furthermore, Wang et al. [11] calculated, the electronic-to-thermal stress ratio
for Cd0.91 Mn0.09 Te, and found that for pump wavelengths near Eg , it was approximately 300:1. Finally, note that our two-color measurements (where hprobe  Eg ),
α approaches zero as the oscillations do not show any measurable decay within
the 400-ps-window of our spectroscopy setup. This leads to the conclusion that
τphonon must be at least in the nanosecond range.
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Figure 3.5. Absorption coefficient measured using single-color pumpprobe spectroscopy at 0.97Eg for various x. The inset shows the wavelength
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guide to the eye. The dotted line indicates Eg = 1.65 eV (λg = 753 nm).

3.1.3

Cryogenic analysis of CAPs in CdTe

In a similar manner as above, we substitute 3.5 into 3.3 to obtain a vs fit for
the temperature dependence. All cryogenic measurements are made using the
two-color pump-probe method. Table 3.2 shows the results of the fitting where
the Eg (T ) is calculated using the Manoogian-Wooley equation for CdTe given by
Fonthal et al. [12]. Figure 3.4 shows fittings using both the Schubert (red line),
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and the Sellmeier (blue line) n(λ) model. A comparison of both fittings shows a
slight, essentially negligible, variation in vs (∼ 76 m/s or ∼ 2 %).
Table 3.2. Temperature measurements of CAPs in CdTe fitted using the
Sellmeier equation for n(λ).

Temperature (K)
293.0 ± 0.1
200 ± 3
115 ± 4
26 ± 1

3.1.4

Eg (T ) [eV] λg [nm]
1.516
818
1.553
799
1.583
783
1.605
772

vs [m/s]
3515 ± 3
3529 ± 3
3557 ± 11
3583 ± 5

CAPs in compensated (Cd,Mn)Te

The entire 600-ps ∆R/R transient is depicted in Fig. 3.6 for both as-grown (red) and
highly resistive (black) Cd0.95 Mn0.05 Te crystals, in which the electronic processes
(Fig. 3.6 inset) are nearly identical. Visible in the transient tails of the two curves
are clear oscillations similar in frequency and phase. The visible difference in
oscillation amplitudes is likely not due to any change in the growth process, but
rather the quality of the surface. Because of other experimental considerations
at the time of the pump-probe measurements, the compensated crystal’s surface
could not be chemically or mechanically cleaned. The as-grown crystal, however,
was polished and etched for optimal CAP generation.
Figure 3.7 compares the dispersion curves for both crystals. Taking into account that the compensated crystal was measured with a θ(n) = 0 ◦ , I calculate
only a slight change in the crystal vs from 3,478 m/s in the as-grown crystal to
3,443 m/s in the compensated sample.
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3.2

Summary of pump-probe analysis

The pump-probe spectroscopy measurements revealed several interesting attributes such as CAP lifetimes of at least tens-of-nanoseconds, with a direct dependence on x. More pertinent, however, the CAP measurements confirmed that the
Schubert and Sellmeier equations for n(λ) fit the dispersion curves precisely for
both x- and T -relevant data, respectively. These index models are necessary in
the analysis of EO measurements of Chapter 4.

67

Bibliography
[1] S. Wu, P. Geiser, J. Jun, J. Karpinski, D. Wang, and R. Sobolewski,
“Time-resolved intervalley transitions in GaN single crystals,” Journal of
Applied Physics 101(4), 043701 (2007).
[2] K.-H. Lin, C.-T. Yu, S.-Z. Sun, H.-P. Chen, C.-C. Pan, J.-I. Chyi,
S.-W. Huang, P.-C. Li, and C.-K. Sun, “Two-dimensional nanoultrasonic
imaging by using acoustic nanowaves,” Applied Physics Letters 89, 043106
–043106–3 (jul. 2006).
[3] J. K. Miller, J. Qi, Y. Xu, Y.-J. Cho, X. Liu, J. K. Furdyna, I. Perakis, T. V. Shahbazyan, and N. Tolk, “Near-bandgap wavelength dependence of long-lived traveling coherent longitudinal acoustic phonons in
GaSb-GaAs heterostructures,” Physical Review B 74, 113313 (Sep 2006).
[4] O. Matsuda, T. Tachizaki, T. Fukui, J. J. Baumberg, and O. B.
Wright, “Acoustic phonon generation and detection in GaAs?Al0.3 Ga0.7 As
quantum wells with picosecond laser pulses,” Physical Review B 71, 115330
(Mar 2005).
[5] Y.-K. Huang, G.-W. Chern, C.-K. Sun, Y. Smorchkova, S. Keller,
U. Mishra, and S. P. DenBaars, “Generation of coherent acoustic
phonons in strained GaN thin films,” Applied Physics Letters 79(20), 3361–
3363 (2001).
[6] B. A. Glavin, V. A. Kochelap, and T. L. Linnik, “Generation of highfrequency coherent acoustic phonons in a weakly coupled superlattice,” Applied Physics Letters 74(23), 3525–3527 (1999).
[7] C. Thomsen, H. T. Grahn, H. J. Maris, and J. Tauc, “Surface generation and detection of phonons by picosecond light pulses,” Physical Review
B 34, 4129–4138 (Sep 1986).

68

[8] S. Wu, P. Geiser, J. Jun, J. Karpinski, and R. Sobolewski, “Femtosecond optical generation and detection of coherent acoustic phonons in
GaN single crystals,” Physical Review B 76, 085210 (Aug 2007).
[9] D. W. Schubert, M. M. Kraus, R. Kenklies, C. R. Becker, and
R. N. Bicknell-Tassius, “Composition and wavelength dependence of
the refractive index in Cd1−x Mnx Te epitaxial layers,” Applied Physics Letters 60(18), 2192–2194 (1992).
[10] P. Hlidek, J. Bok, J. Franc, and R. Grill, “Refractive index of CdTe:
Spectral and temperature dependence,” Journal of Applied Physics 90(3),
1672–1674 (2001).
[11] D. Wang, A. Cross, G. Guarino, S. Wu, R. Sobolewski, and A. Mycielski, “Time-resolved dynamics of coherent acoustic phonons in CdMnTe
diluted-magnetic single crystals,” Applied Physics Letters 90(21), 211905
(2007).
[12] G. Fonthal, L. Tirado-Mejı́a, J. Marı́n-Hurtado, H. ArizaCaldern, and J. Mendoza-Alvarez, “Temperature dependence of the
band gap energy of crystalline CdTe,” Journal of Physics and Chemistry of
Solids 61(4), 579 – 583 (2000).

69

Chapter 4
Examining the electro-optic
characterization of (Cd,Mn)Te
The EO effect is a widely studied phenomenon because it provides a very fast
and efficient method of converting from the regime of electronics to the regime of
optics. In the simplest implementation, EO materials are used as optical modulators with bandwidths extending into the 10’s of GHz range, and even achieving
110 GHz [1]. Optical modulators and other EO applications such as laser Qswitching [2] and electronic testing [3, 4] all require high voltage sensitivity from
the EO medium.
There are a number of nonlinear optic (NLO) materials which have their own
advantages and disadvantages. For electronics, LiTaO3 and LiNbO3 crystals are
popular choices, whereas ZnTe is typically used for THz free-space EOS. One
very promising organic crystal is diethylaminosulfur trifluoride (DAST), exhibiting
the largest EO coefficient of any material [5]. Research into the EO capabilities
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of CdTe, the II-VI semiconductor parent of Cd(Mn,Te), have been performed
[6], but the results are unexceptional as they are based on low-frequency EO
characterization.
In this chapter I present the ultrafast characterization of (Cd,Mn)Te using the
EOS technique, a powerful tool for the minimally invasive characterization of highspeed electronics such as ultrafast transistors, photodetectors, and transmission
lines. Due to the time domain nature and high measurement bandwidth of the
EOS system, nonlinear effects and ultrafast pulses are successfully resolved. As
discussed in Chapter 2, femtosecond optical pulses control the timing of both
the generation and measurement of electronic events, and can thus achieve subpicosecond temporal resolution.
The initial experiments make use of an external EO transducer fashioned from
(Cd,Mn)Te, and calibrated using the well known LiTaO3 EO crystal. This calibration shows that the (Cd,Mn)Te EO-coefficient, r41 , for these transducers is ten
times the values presented by Yariv [7], Chen et al. [8], and the low-frequency
value I measured. I present a thorough analysis of the discrepancies between
the multiple r41 values, and evidence that the origin is carrier screening at low
frequencies.
Following the calibration and analysis of the EO capabilities of (Cd,Mn)Te,
measurements and comparisons are made on highly resistive samples and on an
internal (Cd,Mn)Te EO transducer. As mentioned in Chapter 2, in internal EOS,
the substrate acts as both the photoconductive switch and EO transducer providing another method of studying the recombination process within (Cd,Mn)Te.
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4.1

Discerning the dominant effect in ultrafast
sampling

As previously discussed in Chapter 2, the sampling technique cannot distinguish
the difference between the EO Pockels effect and the MO Faraday effect. Therefore, before analyzing the EO effect in (Cd,Mn)Te, it is important to eliminate
the possibility that the retardation measured is a response to the magnetic field of
the propagating pulse. (Cd,Mn)Te is a semi-magnetic semiconductor well known
for its large Faraday effect [9] and an example of (Cd,Mn)Te’s duality as both an
electric and magnetic transducer can be found in works by Chen et al. [8].
One fundamental difference between the two phenomena that can be taken
advantage of, is their dependence on crystal orientation. Because the Faraday
effect is due to circular birefringence (in which linearly polarized light is decomposed into opposite circularly polarized rays propagating at different speeds), the
magnitude and polarity of the MOS signal does not depend on the orientation
of the crystal. The Pockels effect, however, is highly dependent on crystal orientation with respect to the orientations of the electric field, light propagation,
and the optical polarization (see Chapter 2). Therefore, one effective method of
determining the dominating phenomenon is simply to rotate the crystal in place
and record the change in amplitude for the sampling measurements. For MOS,
the signal is expected to remain constant, whereas EOS will exhibit a periodic
dependence according to its crystal structure. In such measurements variations in
the signal amplitude are evident as the crystal is rotated in place; however, it is

Signal response
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Time (5 ps/div)

E
Figure 4.1. Experimental setup disassociating the Pockels effect from
Faraday effect. For the crystal placed above and below the PCS the electric
field is held constant, whereas the magnetic field is reversed. Experimental
results on the left show no change in the sampling measurement’s polarity.

not possible to take into account any unintentional variation in the gap between
transducer and transmission line as sample is rotated.
Actually, we have performed a far more conclusive experiment by placing the
(Cd,Mn)Te crystal on the other side of the PCS (while maintaining the same
crystal orientation) (Fig. 4.1). This method provides a constant E but flips the
H polarity. Figure 4.1 also presents the EOS waveforms, and shows a consistent
polarity and amplitude rather than a change in sign: verifying that the Pockels
effect is dominant in the sampling of the ultrafast signal generated by the LT-GaAs
PCS.
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4.2

Calibration of (Cd,Mn)Te’s electro-optic effect

Calibration is performed using direct, comparative measurements of the EO effect
for both LiTaO3 and (Cd,Mn)Te. This is accomplished using the external EOS
technique (see section 2.2.3) in which the EO transducer is mechanically placed
in contact with transmission lines carrying the EM signal. Using the same transmission line and the same LT-GaAs switch, the only substitution to make is that
of the EO transducer.
Reference [8] indicates that (Cd,Mn)Te exhibits a relatively small Pockels effect. The calculated retardation from (2.1) and (2.3) shows that the voltage
sensitivity should be less than that of a LiTaO3 transducer. Surprisingly, however, comparisons of ultrafast EOS measurements under identical conditions show
that Cd0.88 Mn0.12 Te [Fig. 4.2(a)] has a greater response in amplitude over LiTaO3
[Fig. 4.2(b)] by nearly five times. The following pages are dedicated toward establishing the EO-coefficient based on the ultrafast measurement, and determining
the origin of the contradiction with literature.
Unfortunately, it is not possible to determine the magnitude of r41 directly
from the (Cd,Mn)Te EOS response due to the unknown magnitude of the signal
at the sampling point and the penetration depth of the electric field into the
(Cd,Mn)Te crystal [namely variables: VCM T and L2 from (2.3)]. Therefore, it
is necessary to first determine the coupling between transducer and transmission
line using LiTaO3 . Coupling measurements are easily accomplished by directly
applying a 1-V peak-to-peak low-frequency 256-kHz sinusoid, bypassing the PCS
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Figure 4.2. (a)Ultrafast EOS response with Cd0.88 Mn0.12 Te transducer. (b) Ultrafast EOS response with
LiTaO3 transducer.
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entirely. Knowing the EO coefficients r13 and r33 for LiTaO3 at both high and low
frequencies [7], VLT O and L2 are calculated from the coupling and sampling data
using (2.1) and (2.2) by setting ΓLT O to π and thereby reducing VLT O to Vπ .
For my calibration, VLT O is determined to be ∼ 1.1 V when the PCS is biased
by 20 V and illuminated by a 4-mW excitation beam, and due to the condition of
the substrate, the transmission line has a low L2 of 1.18 ± 0.26 µm. The limited
interaction between E and the crystal is understood by taking into account the
large air gap (24 µm) between transmission line and crystal. The air gap is calculated according to the impedance of coplanar strip lines in multilayer substrates [1]
using the LiTaO3 /air-gap/MgO effective dielectric constant (eff = (c/v)2 = 9.2).
The eff is calculated from the velocity v of the pulse measured using the temporal
delay of the EOS response taken at two spots along the transmission line with a
known spatial separation (Fig. 4.3).
The eff also determines the reflection of the pulse at the crystal interface along
the transmission line. Prior to the EO crystal, the characteristic impedance (Z0 )
of the line is 99 Ω, whereas under the transducer Z0 is 75 Ω, resulting in a 14 %
reflection of the generated pulse at the crystal interface. The original signal of the
PCS is then determined to be ∼ 1.3 V. Using the same air gap for (Cd,Mn)Te,
Z0 = 93 Ω, resulting in a smaller (3.5 %) reflection, showing VCM T is 1.12 × VLT O .
Using no = 2.94 for λ = 800 nm [10] in (2.1) and (2.3), then the Cd0.88 Mn0.12 Te
low-frequency r41 is 4.62 ± 1.33 pm/V. This is in close approximation to the CdTe
r41 value (4.5

pm/V)

presented by Yariv [7] and the Cd0.75 Mn0.25 Te value (r41 =

3.5 ± 0.2 pm/V) calculated by Chen et al. [8]. It is also much too small to account
for the large signal found in Fig. 4.2.
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Figure 4.3. Two EOS measurements with LiTaO3 transducer in which
the probe position is shifted 415 µm (inset).

Table 4.1 summarizes the calibrated measurements of Vπ · L2/d for the various
(Cd,Mn)Te measurements and presents comparative values found in literature
for (Cd,Mn)Te and other common EO materials. In the ultrafast measurements,
the response of Cd0.88 Mn0.12 Te is five times greater (∆V = 504 µV) than that
of LiTaO3 (∆V = 95 µV). Taking into account the previous coupling factors, I
calculate r41 at high (THz) frequency to be 28.3 ± 5.9 pm/V, an order of magnitude
greater than the low-frequency value. Ultimately, Vπ · L2/d for Cd0.88 Mn0.12 Te is
651 V at high-frequency, significantly more sensitive than the widely used indi-
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Table 4.1. EO measurements and properties of various crystals.

λ
(nm)
CdTe
855
CdTe [7]
1000
Cd0.91 Mn0.09 Te
855
Cd0.88 Mn0.12 Te
800
Cd0.88 Mn0.12 Te
800
Cd0.75 Mn0.25 Te [8] 800
Cd0.50 Mn0.50 Te
855
LiTaO3 [7]
800

f

n

r (pm/V)

THz
kHz
THz
THz
kHz
GHz
THz
THz

r41 = 30.2 ± 2.9
r41 = 4.5
r41 = 24.7 ± 1.2
r41 = 28.3 ± 5.9
r41 = 2.7 ± 0.8
r41 = 3.5 ± 0.5
r41 = 25.3 ± 1.2
r33/13 = 33/7.5

ZnTe [6]
DAST [5]

THz
THz

no = 2.91
no = 2.84
no = 2.76
no = 2.79
no = 2.79
no = 2.64
no = 2.52
ne/o =
2.180/2.176
no = 3.24
na/b =
2.46/1.68

Vπ · L2/d
(V)
572
3880
821
651
6825
4735
1059
3022

r41 = 4.04
r11/21 = 77/42

2911
790

Crystal

800
810

rect EO crystal: LiTaO3 (Vπ · L2/d = 3022 V), or the typical free-space THz EO
transducer: ZnTe (Vπ · L2/d = 2911 V).

4.3

Optimizing (Cd,Mn)Te’s electro-optic effect

The objective of this work is to maximize the EO effect in (Cd,Mn)Te. Further testing of the carrier screening hypothesis using highly resistive (Cd,Mn)Te
samples and temperature dependence shows that the high voltage sensitivity observed in EOS measurements can be accomplished at much lower frequencies by
increasing the sample resistivity and lowering the temperature of the (Cd,Mn)Te
transducer. Measurements ascertaining the r41 dependence on Mn content and
optical wavelength will offer two methods of optimizing the EO effect. Finally,
samples of (Cd,Mn)Te with transmission lines deposited directly on the crystal
surface will provide the first internal (Cd,Mn)Te EOS measurements.
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4.3.1

Optimization of ultrafast electro-optic sampling

Manipulation of x and λprobe are two very convenient methods of optimizing the
(Cd,Mn)Te voltage sensitivity. From (2.3) we see Γ is directly proportional to n3o ,
and therefore, a slight change in no results in a large difference in EO effect. It is
evident from the previously studied dispersion model for (Cd,Mn)Te (3.4), that
no is greatest near Eg . Consequently, it is optimal to set the sampling wavelength
near Eg . If the optical source is not tunable, however, the Cd1−x Mnx Te crystal can
be Eg engineered by manipulating Mn x to match some predetermined wavelength
between 600 nm and 825 nm.
EOS measurements for various wavelengths are performed using a Cd0.91 Mn0.09 Te crystal at room temperature [Fig. 4.4(a)] and Cd0.88 Mn0.12 Te [Fig. 4.4(b)]
at T = 10 K. Both figures show a dramatic increase when approaching Eg . The
EOS amplitude dependence on wavelength is fit using (2.1), (2.3) and (3.4), fixing
x = 0.09 and 0.12 for parameters A(x) and Eg (x) and plotted as a solid line in
Figs. 4.4(a) and 4.4(b). The fitted Eg of the (Cd,Mn)Te samples is defined as the
asymptote of the fitting, and agrees well with the Eg equations (1.2) and (1.3)
provided by Lee et al. [11]. The fitted Eg at x = 0.09 is 1.623 eV (764 nm),
slightly lower than the Eg (300 K) = 1.646 eV (753 nm) calculated from (1.2). The
Eg fitting at x = 0.12 is 1.772 eV (700 nm), and is again slightly lower than the
Eg (4.2 K) = 1.797 eV (690 nm) calculated from (1.3).
The difference between the calculated and fitted Eg is expected as there is
some variation in formulas for Eg (x, T ) [11, 12, 13]. The most significant source
of discrepancy is the variety in approach for determining Eg (x, T ). Kim et al.
[12] describes three methods performed over the last two decades for obtaining
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the (Cd,Mn)Te Eg (x, T ). My fitted values for Eg agree exceptionally well (within
0.003 eV) with the room-temperature Cd0.91 Mn0.09 Te value provided by Kim et
al. [12] and for the 10-K Cd0.88 Mn0.12 Te value provided by Kullendorf et al. [13].
Correspondingly, if the source of the sampling beam cannot be tuned, one can
achieve the same effect by bandgap engineering. Altering the concentration of
Mn produces a dramatic change in Eg (Fig. 1.2), or the operating λ at > 812 nm
for x = 0 to > 605 nm for 0.4 < x < 0.7 (limited by Mn+2 spin transitions at
2.05 eV). An example of this methodology is provided in Table 4.1, where for three
measurements at λ = 855 nm we see a decrease in Vπ · L2/d (increased sensitivity):
1059 V for x = 0.5, 821 V for x = 0.09, and 572 V for x = 0.

4.3.2

Optimization of low-frequency measurements

My repeated EOS measurements for Cd0.88 Mn0.12 Te at room temperature for
λ = 800 nm, show a consistent response five times greater than that of the LiTaO3
transducer. Furthermore, calculations of the (Cd,Mn)Te r41 coefficient at THz
frequency show in the GHz range [8] an order of magnitude increase over measurements performed at the kHz value [7]. I propose that at frequencies below
the THz regime, free-carrier screening within the (Cd,Mn)Te transducer reduce
the effective electric field penetration, thereby limiting the overall Pockels effect.
Because of the large free hole concentration p0 in (Cd,Mn)Te, for external fields,
at low frequencies the material exhibits a conducting nature, in which the electric
field is effectively screened by the flow of holes. Subsequently, for increased signal
frequencies, it becomes more difficult for the carrier to screen out the electric-field.
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Assuming that the applied field’s wavelength is large in comparison to the
electronic mean free path, the homogeneous wave equation takes the form:
ω2
−∇ E = 2 (ω)E,
c
2

(4.1)

where the complex dielectric (ω) is a function of the frequency-dependent conductivity [14]. However, for signal frequencies fsig = ω/2π far larger than the inverse of
the carrier relaxation time τ (such that ωτ  1), the reduced complex dielectric
is:

(ω) = 1 +

ωp2
,
ω2

(4.2)

in which the plasma frequency fp is:
ωp
1
fp =
=
2π
2π

r

4πp0 e2
,
m∗

(4.3)

where e is the elementary charge, the effective mass m∗ in Cd0.95 Mn0.05 Te is 0.13×
m0 [15], and p0 is calculated from the crystal’s resistivity (1/ρ = p0 eµ) where µ for
holes in (Cd,Mn)Te is taken as ∼ 40 cm2/V · s [16].
From (4.2) we see that when ω < ωp , (ω) is real and negative. Therefore the
solutions to (4.1) decay exponentially in space, and no radiation can propagate:
effectively screening the electric field, reducing the EO-effect. However, when (ω)
is positive (ω > ωp ) the solutions to the wave equation become oscillatory with an
negligible absorption term: allowing the field to penetrate, such that the effective
field is equal to the applied field.
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There are two methods to verify that carrier screening is indeed responsible for
the discrepancy between the low- and high-frequency EO effects. Measurements
were performed on as-grown Cd0.88 Mn0.12 Te samples with high concentration of
holes. With resistivity around 103 Ωcm and µ ≈ 40 cm2/V, p0 is ∼ 2 × 1014 cm−3 ,
the necessary condition ωp τ  1 is satisfied, and the corresponding fp is estimated
to be 320 GHz. The low-frequency EO-coupling setup presented earlier has the
capability of modulating the frequency up to a maximum of 2 MHz (limited by
lock-in amplifier), five orders of magnitude below fp . This explains the suppressed
response of the 256-kHz signal (fsig  fp ) using the EO-coupling measurement.
On the other hand the EOS technique measures electrical transients with the THz
bandwidth, fsig & fp , and as a result, we observed the large EO response.
As discussed in Sec. 1.2.4, the resistivity of (Cd,Mn)Te is increased to 1.9 ×
109 Ωcm by carefully doping the crystals with vanadium and subsequently annealing the samples in Cd vapor. The reduced concentration of free-carriers
(∼ 108 cm−3 ) corresponds to fp as low as 230 MHz, resulting in ωp τ ≈ 10 for
the compensated (Cd,Mn)Te sample. As such, the necessary condition is only
satisfied for fsig much greater than fp = 230 MHz. Therefore, we can conclude
that the EOS measurements are unaffected by carrier screening because fsig for
our ultrafast PCS is a few orders of magnitude greater than 250 MHz. For frequencies far below fp , the electrostatic field in a semiconductor is not entirely
screened as in a metal, but rather reduced by the

1
r

factor [17]. Thus, in the

case of (Cd,Mn)Te (r ≈ 10), we expect an order of magnitude decrease in the
EO-effect for signal frequencies far below fp .
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Figure 4.5. Frequency sweeps of 20 V peak-to-peak EO coupling measurements on as-grown (Cd,Mn)Te (red squares) and highly resistive (Cd,Mn)Te (black squares.

Frequency sweeps while measuring the EO coupling of both transducers [asgrown (Cd,Mn)Te, and compensated (Cd,Mn)Te] verified that indeed carrier screening was the cause of discrepancy between the high- and low-frequency measurements. Figure 4.5 clearly demonstrates the dramatic difference in EO frequency
dependence for fsig = 500 kHz and below. Note first the as-grown (Cd,Mn)Te
(red squares) transducer has a flat dependence with small EO-response to the
20 V peak-to-peak AC signal. Because the maximum frequency is nearly six orders of magnitude below fp , the effective field is likely reduced to one tenth the
applied field for all measured frequencies.
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The highly resistive Cd0.95 Mn0.05 Te (black squares) shows a much more dramatic response to the change in frequency, since fp = 230 kHz due to the low
carrier concentrations in the compensated crystal. Figure 4.5 shows a portion of
frequencies for which the resistive sample transitions from a maximally screened
state (fsig < 1 kHz) to a minimally screened state (fsig  500 kHz). The dependencies for both samples are expected to increase drastically in the very-high (e.g.,
GHz) frequency range (not measured in Fig. 4.5.
A second series of measurements was performed on the compensated (Cd,Mn)Te
sample in the temperature range between 7.8 K and 300 K (at roughly 50 K increments). The EO coupling measurements of a 256-kHz signal are plotted as a
dependence on temperature in Fig. 4.6 along side the ultrafast EOS amplitudes.
At very low temperatures, the carriers are immobilized by deep level traps reducing p0 so that 256 kHz  fp . As the temperature rises and the carriers are
released, the plasma frequency increases such that 256 kHz  fp resulting in a
drop in EO voltage sensitivity. The drop in EO-amplitude is approximately an
order of magnitude, in good agreement with the 1/r drop. The latter supports the
theory that the Pockels effect at room-temperature is suppressed by free-carrier
screening of the electric field. In comparison, the ultrafast EOS has a flat response
as expected since fsig  fp for all temperatures.

4.3.3

(Cd,Mn)Te crystals with deposited transmission lines

Up to this point, all (Cd,Mn)Te EOS measurements were performed using the
external EOS method in which a (Cd,Mn)Te transducer, independent from the
DUT, was mechanically fastened to the sampling point along the transmission
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Figure 4.6. Direct EO response of Cd0.95 Mn0.05 Te with respect to temperature. The solid black squares are ultrafast EOS measurements taken
far above fp . The empty red triangles are EO coupling measurements taken
at fsig = 256 kHz. The dotted black line and the dashed red line are guides
for the eye indicating expected temperature trend.

line. Much of the previous section involved calibrations of external EO probes,
where the dielectric constant r of the transducer caused time delays, reflections,
and possible oscillations from dielectric loading. Furthermore, the air-gap between
EO crystal and transmission line had significant influence on the measured electric
field, thus reducing the overall EO effect. Although (Cd,Mn)Te features a low r
(∼ 10) in comparison to LiTaO3 , an even less invasive method, internal EOS, is
proposed and the first measurements on (Cd,Mn)Te are discussed. Internal EOS

86

eliminates back reflection due to discontinuities of eff along the transmission line,
and places the EO medium in direct contact with the CPS transmission lines,
eliminating the potential air gaps and maximizing L2 .
Internal EOS, however, has several requirements. The first and foremost being
that the photoconductive material must have high resistivity to reduce dark current. Therefore experimentation is only available using the highly compensated
(Cd,Mn)Te crystals. Secondly, for optimal data acquisition, the (Cd,Mn)Te crystal must be prepared with a top surface along the (110) plane and the electric field
must align with the proper crystallographic orientation (Fig. 2.6). For all direct
EO measurements, 200-nm-thick Au transmission lines are deposited on a (110)
surface of a Cd-annealed and vanadium-doped Cd1−x Mnx Te crystal [Fig. 4.7(a)].
The CPS transmission lines are fabricated along the crystal’s < 001 > direction
such that E is in the < 110 > direction. The resistivity of the crystal is measured to be 1.9 × 109 Ωcm. The V -I measurement describing the resistivity for an
identically fabricated crystal is presented in Chapter 2.
Another consideration, previously discussed in section 2.2.3, is the requirement for a two-color configuration, in which the sampling beam is able to propagate through the (Cd,Mn)Te crystal while the excitation beam is absorbed and
converted to an EM pulse by the very same crystal. The transmission curve
taken using a UV/Visible/NIR spectrophotometer for Cd0.95 Mn0.05 Te presented
in Fig. 4.7(b) provides the proper wavelength for the sampling beam. With the
Ti:sapphire laser tuned to λ = 840 nm where the transmissivity of Cd0.95 Mn0.05 Te
is large. A BBO crystal then up-converts the excitation beam to 420 nm blue light
where the photon energy is far above the band-gap.
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Figure 4.7. (a) Gold transmission lines deposited on highly resistive
Cd0.95 Mn0.05 Te (Cd-annealed and doped with vanadium (6 · 1016 cm−3 ).
(b) Normalized transmissivity of Cd0.95 Mn0.05 Te.

The two-color internal EOS measurement of highly resistive Cd1−x Mnx Te is
shown in Fig. 4.8. The measured signal is more distorted than anticipated with
pulse width (FWHM = 6.24 ps) wider than the pump-probe measurements performed on the same crystal (FWHM = 1.75 ps). The broadening of the (Cd,Mn)Te
response might be explained by the configuration of the two-color setup. Because
the objective lens used was designed for the NIR spectrum only, re-alignment of
the blue excitation beam through an independent lens was necessary. The focal
diameter of the excitation beam was & 50 µm: a significant increase over the previous 20 µm. This change in focal diameter was a factor in the broadening of the
signal pulse-width as the photoconductive region was no longer confined to the
physically predetermined dimensions of the free-standing PCS.
Another source of broadening was the increased distance between the sampling and excitation positions along the transmission line. A necessary precaution
because overlapping of the beams would have resulted in interference noise. I
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Figure 4.8. Two-color internal EOS on Cd0.95 Mn0.05 Te

was able to separate the focal points by 100 to 1, 000 µm, using the independent
optics for both beams. Typically, this is very difficult to accomplish when both
beams propagate through the same objective lens. The added distance along the
transmission line successfully eliminated pump-probe noise, however, it also added
significant dispersion to the signal. Measurements varying the separation distance
between the two beams shows dispersion of ∼ 9 fs/µm, accounting for a broadening
of ∼ 2.5 ps in Fig. 4.8. The remaining source of broadening of the signal (∼ 1.5 ps)
is currently unknown, as only ∼4.75 ps can been accounted for thus far.
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4.4

Summary of electro-optic characterization

In this chapter, a successful characterization of the Pockels effect in (Cd,Mn)Te
was presented. I began by determining that the dominant process in the sampling response was EO, and followed with a thorough calibration using LiTaO3 . I
showed that in comparison to several popular transducers currently in use, CdTe
has the greatest ultrafast voltage sensitivity for ∼ 800 nm sampling. Section 4.3
was dedicated toward maximizing the EO effect, demonstrating optimization using wavelength tuning and bandgap engineering. Furthermore a study of carrier
screening showed how to achieve higher sensitivity by increasing the resistivity
using careful compensation techniques and by lowering the temperature. Finally,
first internal EO measurements were studied and analyzed.
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Chapter 5
OMEGA x-ray detection
performance of (Cd,Mn)Te PCDs
The experiments involve OMEGA-laser pulses 1-ns-long with total incident UV
energies ranging from 2.3 kJ to 28 kJ. The test targets consist of either plastic
shells containing a stainless steel core or an empty void, as shown in Figs. 5.1(a)
and 5.1(b), respectively. The x-ray diagnostic PCD array is configured into three
pairs of detectors, each composed of one diamond and one (Cd,Mn)Te detector.
Table 5.1 lists the detectors placed in the OMEGA chamber. Unfortunately, during the tests, the third, 1.5-mm-long (Cd,Mn)Te detector was damaged (silver
epoxy used to mount the detector failed), and no data could be collected. Therefore, the analysis focuses on the three detectors in positions B2, C1, and C2.
These three devices are preceded with identical 7.6 µm Be filters, and devices B2
and C1 have the same dimensions for comparative performance analysis.
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Figure 5.1. Pie cross-sections of spherical OMEGA targets for (a) plastic
shell target containing a stainless steel core and (b) empty plastic shell
target.

5.1

Shell targets with stainless steel core

For targets with the stainless steel core [Fig. 5.1(a)], the laser-induced implosion
cannot compress the rigid core and, as a result, there is only a single peak in
the x-ray emission from the corona, allowing a direct comparison of (Cd,Mn)Te
and diamond PCD responses. The experimental photoresponse transients of our
detectors for x-rays with energies above 1-keV (above the 7.6-µm thick Be filter
transmission threshold) are presented in Fig. 5.2. First, we note that the 10 %to-90 % rise times of all transients shown in Fig. 5.2 are exactly the same and
Table 5.1. X-ray diagnostics detector array

Position
A1
A2
B1
B2
C1
C2

material
diamond
(Cd,Mn)Te
diamond
(Cd,Mn)Te
diamond
(Cd,Mn)Te

dimension
1.0-mm-long
1.5-mm-long
0.5-mm-long
1.0-mm-long
1.0-mm-long
2.3-mm-long

Be filter
63.5 µm
63.5 µm
7.6 µm
7.6 µm
7.6 µm
7.6 µm

1-mm diamond PCD

Voltage (V)

0.6

2.3-mm CMT PCD
0.3

Normalized response
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1-mm CMT PCD

1-mm CMT
2.3-mm CMT
Time (2.5 ns/div)

0.0

E17519J1

Time (5 ns/div)

Figure 5.2. Time-resolved x-ray photoresponse transients for OMEGA
shot 50594, with laser energy of 27.2 kJ per pulse incident on a target with
a stainless steel core. The signals are collected using our 1- and 2.3-mm-long
(Cd,Mn)Te PCDs (solid and dotted lines, respectively), and the 1-mm-long
diamond PCD (dashed line).Signals are fitted using a Gaussian-excitation
and double-decay fit (solid lines). The inset shows the normalized response
fittings for the 1- and 2.3-mm-long (Cd,Mn)Te PCDs.

equal to 1.0 ns, corresponding directly to the width of the OMEGA-laser optical
excitation. The diamond PCD resolution time is ∼ 200 ps [1, 2, 3], and accurately
represents the transient x-ray emission. I fit all PCD responses using a Gaussianprofile excitation convolved with a bi-exponential relaxation decay (solid lines in
Fig. 5.2):
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where H is the amplitude, σ is the Gaussian width, and the decay times consist
of an initial fast τf and the subsequent slower τs fall times with a weighting factor
k1 . The diamond photoresponse transient, which looks almost like a symmetrical
pulse, is best fitted as a Gaussian pulse with a FWHM equal to 1.3 ns and a subsequent tail (τs = 2.5±0.1 ns), which represents the electron-hole recombination.
The fitted τf and τs values for our (Cd,Mn)Te PCDs are significantly longer, as is
shown in inset of Fig. 5.2, where the fitted, normalized photoresponses for both detectors are presented. The 1-mm- and 2.3-mm-long (Cd,Mn)Te detectors exhibit
τf = 1.6±0.1 ns and 1.8±0.3 ns, and τs = 10.0±0.5 ns and 5.1±0.5 ns, respectively.
We observe that the τf values for both (Cd,Mn)Te PCDs are the same within the
fitting error. This is expected, as τf from the photoresponse relaxation model corresponds to the initial thermalization/cooling of very hot, photo-excited electrons
via the electron-optical-phonon relaxation process. On the other hand, the τs values are markedly different. The τs relaxation process must be a combination of
the direct, across Eg , electron-hole recombination, the carrier trapping effect, and
the electron-acoustic-phonon interaction. We expect that the electron trapping
process dominates in our (Cd,Mn)Te material, as our samples are strongly doped
with deep-level vanadium impurities. The latter is also an apparent reason for the
relatively low value of the µτ product in our (Cd,Mn)Te samples.
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Among the compared detectors, the diamond detector waveform exhibits the
largest peak amplitude, which is a measure of the initial rate of absorption of
x-rays by the PCD. The comparably large peak is expected since diamond is
characterized by the large µτ product and exhibits high absorption efficiently of
soft x-rays, just above the threshold of our Be filter (Fig. 2.13). As compared to
the diamond PCD, our 1-mm-long and 2.3-mm-long (Cd,Mn)Te PCDs are almost
of a factor of two less efficient in terms of the peak amplitude, which must be
related to their inferior responsivity due to the lower µτ . However, the total areas
under their photoresponse transients in Fig. 5.2 are respectively, 1.6 and 1.7 times
larger than that of the diamond PCD. The area under the transient indicates the
total charge collected of the deposited energy Ex from the x-ray burst (see section
2.3). Diamond and (Cd,Mn)Te have different collection efficiencies related to their
respective µτ -products of both electrons and holes, and therefore, the relative
energy deposited in diamond and (Cd,Mn)Te cannot be directly compared in Fig.
5.2. Even so, it is evident that the (Cd,Mn)Te devices collect greater quantities
of charge despite lower µτ , which is attributed to both greater pair production W
and greater spectral sensitivity. Electron-hole pair production per x ray is nearly
three times greater in (Cd,Mn)Te (W ∼ 4.8 eV) than diamond (W = 13 eV [4]).
Additionally, section 2.3.3 described in detailed the superior spectral sensitivity
of (Cd,Mn)Te for x-ray energies above 10 keV.
A comparison of the area beneath the 1- and 2.3-mm-long (Cd,Mn)Te PCD
responses in Fig. 5.2 demonstrates an increase in deposited energy if we assume
both crystals have identical µτ . The conclusion, is therefore, that the added length
in the incident direction increases the absorption of x-ray photons with energies
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extending well into the mid- and high-energy (∼ 100 keV) range. Simply put, the
2.3-mm-long (Cd,Mn)Te detector has a larger stopping volume, thus, it collects
the greater fraction of the spectrum of x rays emitted during the ICF shot. The
above observation agrees well with the x-ray absorption characteristics shown in
Fig. 2.13(b).
The most interesting and not fully understood conclusion coming from Fig. 5.2
is, however, that the overall performance of the 2.3-mm-long (Cd,Mn)Te PCD is
superior as compared to the 1-mm-long device. 2.3-mm-long (Cd,Mn)Te PCD exhibits a peak amplitude 48 % larger (Fig. 5.2) and its τs value is two times shorter
(inset in Fig. 5.2). The simplest explanation is to assume that the crystalline
and electrical characteristics of the 2.3-mm-long specimen are better; however,
all our detectors were cut from the same (Cd,Mn)Te ingot and the V -I curves
(resistivity) of both specimens are practically the same (see Fig. 2.11). Although
this does not guarantee that µτ are equivalent for both detectors, another possible (physical) explanation is that the measured performance difference is a result
of the additional absorption mechanism, namely, the Compton process, which
is most pronounced in our 2.3-mm-long samples Fig. 2.13(b). More research is
clearly needed in order to obtain a full understanding of the x-ray induced carrier dynamics within (Cd,Mn)Te single crystals and the actual role the Compton
scattering effect may have.

0.20
(a)
Δt = 1.24 ns
CMT PCD response (V)

0.15

Diamond PCD
response (V)
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Figure 5.3. Time-resolved x-ray photoresponse transients for OMEGA
shot 50597, with laser energy of 16.2 kJ per pulse incident on an empty shell
target. The signals are collected using our 1-mm-long (Cd,Mn)Te PCD and
fitted using a double-excitation and double-decay fit (solid line). The time
separation between the two x-ray emissions τf = 1.24 ns is calculated from
the fitting (dashed lines are a guide for the eye). For comparison, the inset
shows the signal from 1-mm-long diamond PCD for the same OMEGA
shot.

5.2

Empty shell targets

In the second series of the OMEGA shots, the targets were empty plastic shells
[Fig. 5.1(b)], and the resulting x-ray emissions exhibited two bursts: one from the
ablation of the plastic shell and creation of the hot corona (as in the case of the
targets with stainless steel cores), and a subsequent emission from the imploded
and compressed shell with a temporal delay of ∆t. In Fig. 5.3 two separate x-
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ray emission signals recorded using the 1-mm-long (Cd,Mn)Te PCD are clearly
distinguished; however, due to the (Cd,Mn)Te’s relatively slow decay time, the
first peak is somewhat suppressed and only its rising shoulder is visible. The
measured ∆t is 1.24 ns and is consistent with the result from the diamond PCD
(Fig. 5.3 inset).
The empty-plastic-target shots are performed for laser pulse energies varying from 2.3 kJ to 28 kJ per pulse, and in each case, the detectors collect the
double-peak x-ray emission bursts. In general, the transients are very similar and
reproducible with the amplitudes of the first peak scaling linearly with OMEGA
shot energy per pulse, as shown in Fig. 5.4. Both the τf and τs , (not shown)
are very close to the respective values recorded during the single x-ray emission
measurements (Fig. 5.2) and are within the experimental error, independent of
the laser pulse energy.

5.3

Shell implosion velocity

In ICF implosions, absorbed laser energy is converted to kinetic energy of the
target shell. Shell kinetic energy is then converted to thermal energy of a stagnant
core when a target is imploded. The initial shell radius divided by the separation
time ∆t gives an average shell implosion velocity. This average velocity is related
to, and should be proportional to the square root of the specific energy (defined
as the laser kinetic energy divided by the shell mass). Values for ∆t are extracted
for both the 1-mm and 2.3-mm long (Cd,Mn)Te PCDs at various laser pulse
energies (e.g., Fig. 5.3) and results are presented in Fig. 5.5, where I have plotted
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Figure 5.4. Energy dependence of PCD response for 1-mm-long diamond
and (Cd,Mn)Te PCD, and 2.3-mm-long (Cd,Mn)Te PCD. The dashed
straight line is a guide for the eye through the origin.

the shell radius divided by ∆t as a function of the square root of the specific
energy. Figure 5.5 also presents the data for the reference 1-mm diamond sample.
Due to the already discussed limited time resolution of our (Cd,Mn)Te detectors,
the experimental data is scattered and suffers from large errors for large specific
energies. However, the linear best fit (the solid green line is a weighted fit of both
CMT detectors crossing the origin) has a nearly identical slope as the same fit
(red) based on the ∆t values measured simultaneously by the diamond detector
(see inset in Fig. 5.3). The latter confirms that the (Cd,Mn)Te devices can
correctly measure the target implosion velocity in ICF experiments.
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Figure 5.5. The target shell radius divided by the double-peak separation
time ∆t (see Fig. 5.3) as a function of the square root of the specific energy,
calculated for a given OMEGA shot. The data are plotted for the 1-mm
(black squares) and 2.3-mm (open circles) (Cd,Mn)Te PCDs and the 1mm diamond PCD (blue triangles). The solid lines are weighted linear fits
crossing through the origin for the diamond (red) and (Cd,Mn)Te detectors
(green).

5.4

Summary of (Cd,Mn)Te PCD performance

I presented our measurements of (Cd,Mn)Te photoconductive detectors (PCDs),
intended to characterize both the temporal and spectral dependence of x-ray
emissions from laser-illuminated targets during inertial confinement fusion experiments. Our Cd1−x Mnx Te (x = 0.05) single crystals, doped with vanadium,
were grown using a vertical Bridgman method and, subsequently, annealed in Cd
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vapor for the highest resistivity (∼ 109 Ωcm) and a good µτ product (several
10−4 cm2/V). The 1-mm-deep and 2.3-mm-long (Cd,Mn)Te detectors were placed
in the same housing as two 1-mm-long diamond PCDs. Each device was preceded
by a 7.6-µm-thick Be x-ray filter with 37 % x-ray transmission at 1-keV cutoff
energy. The incident beam illumination from the OMEGA laser were 1-ns-long,
square-shaped pulses with total energies ranging from 2.3 kJ to 22.6 kJ, and the
PCDs were biased with 5000 V/cm.
I showed that while the response amplitudes and rise times of the (Cd,Mn)Te
PCDs were comparable with the diamond detectors performance, the decay times
were an order of magnitude longer (in the 5- to 10-ns range). More importantly, however, the I showed that there is an increase in charge collection in
the (Cd,Mn)Te PCDs partially due to the increased spectral sensitivity.
Using targets with the stainless steel central core, we observed two x-ray emission events separated by 1.24 ns: The first event was caused by heating of the
target that created a hot corona, while the second event was an x-ray emission
from the resulting compressed plastic shell. For comparison purposes, our testing
was performed using x-ray photons with energies above 1 keV, optimal for the
diamond PCD. According to simulations for 1-mm-thick crystals at x-ray energies
> 10 keV, diamond absorption efficiency drops to 50 %. For (Cd,Mn)Te, however,
the same absorption drop occurs at ∼ 100 keV, and one can observe a near-perfect,
100 % absorption, up to 50 keV.
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Chapter 6
Conclusion
6.1

Thesis summary

As an active topic of research for many decades, interest in (Cd,Mn)Te has
spanned several fields within optoelectronics, spintronics, and, in general, solidstate physics. In this thesis, I have focused on (Cd,Mn)Te as a material of choice
for radiation detection (specifically the detection of x-rays and ultrafast EM transients). I began with the characterization of (Cd,Mn)Te using ultrafast pumpprobe spectroscopy, and the analysis of CAPs. The pump-probe measurements
were performed on numerous (Cd,Mn)Te crystals of varying Mn x, and fabrication
techniques. I compared the initial photoresponses of both as-grown and highly
compensated crystals, and showed that the fast electronic relaxation processes
were nearly indistinguishable. The subsequent dispersion data obtained from the
accompanying generation and detection of CAPs also showed no significant deviation in n nor its spectral dependence.
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Studies of the EO capabilities of (Cd,Mn)Te were presented in Chapter 4. I
ascertained that the r-coefficient is nearly an order of magnitude greater than
previously accepted values [1, 2, 3], and postulated that carrier screening was responsible for the contradictory measurements of ultrafast EOS and low-frequency
coupling. Measuring the dependence of the coupling response with respect to frequency, I showed a slow yet indisputable transition as the oscillations outpaced the
screening effect. This was further affirmed by temperature dependence measurements on highly resistive samples, where freezing of free electrons by deep level
traps also showed significant gains in the EO response. Furthermore, two added
degrees of manipulating voltage sensitivity in (Cd,Mn)Te were demonstrated by
tuning the probe wavelength and Mn x. Both methods achieved higher signals
by operating where no (and consequently Vπ ∝ n3o r41 ) is maximized. Finally the
first internal EOS measurements were performed on large resistive (Cd,Mn)Te
platelets with deposited transmission lines.
The successful implementation of (Cd,Mn)Te PCDs for characterizations of
x-rays emitted during the OMEGA laser ICF experiments was then presented,
constituting the first step toward the demonstration of (Cd,Mn)Te as a viable upgrade to diamond PCDs currently used in the OMEGA target chamber. Depending on the implosion target used in our experiments, the detectors time resolved
both a single-peak and two separate (double-peak) x-ray emissions, originating
from either the target plastic shell hot corona or the combined coronal emission
and the fully compressed shell events. In the latter case, I have directly measured
the separation time between the two x-ray bursts and related it to the target
implosion velocity. The single-peak photoresponse data allow the study of the
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carrier relaxation dynamics in (Cd,Mn)Te upon the x-ray absorption. The main
mechanism identified was the photoelectric effect, but in our 2.3-mm-long specimen we observed an absorption enhancement, which is possibly related to the
non-negligible Compton scattering.

6.2

Future generation of (Cd,Mn)Te x-ray diagnostic tools

The experimental runs on (Cd,Mn)Te based detectors were a complete success, in
which the first implementation of (Cd,Mn)Te PCDs for the characterizations of
soft x rays emitted during the OMEGA laser ICF test shot were presented. The
future objective for (Cd,Mn)Te based x-ray detection, however, is the construction
and implementation of a PCD array that measures and determines the spectral
characteristics of higher energy x-ray emissions from OMEGA ICF targets. I
stress that these first-step measurements in this dissertation were performed in an
experimental setup optimized for diamond PCDs and not for (Cd,Mn)Te.
The eventual (Cd,Mn)Te x-ray diagnostic tool will be an implementation of
six calibrated PCDs in parallel with a variety of individual x-ray filters, and will
characterize both the time-domain and energy-resolved dynamics of medium-tohard (20-100 keV) x-ray emissions from the OMEGA ICF shots. The output
will be deconstructed to provide the spectral cross-section of the target x-ray
emissions. However, before such meaningful measurements can be performed,
there are a number of necessary optimizations and calibrations.
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The next experimental step ought to be the calibration of the (Cd,Mn)Te
PCDs for the medium-to-hard (>10-keV) x rays. According to the absorption
calculations of section 2.3.3, the (Cd,Mn)Te PCDs maintain their near-100 % absorption efficiency in the 20-100 keV range of x-ray energies. Whereas diamond
PCDs are, for all intents and purposes, transparent and insensitive. The optimal
length appears to be 2.3 mm for the (Cd,Mn)Te PCD, which allows efficient detection of x-ray photons with energies up to 126 keV. Diamond PCDs should still
be included in the diagnostic array for comparative means, and a re-evaluation of
the dependence of (Cd,Mn)Te thickness will be enlightening.
Although the temporal resolution of (Cd,Mn)Te PCDs is presently lower than
that of the diamond PCDs, modifications to the (Cd,Mn)Te crystal growth and
the PCD design can improve response times. Specifically, adding more impurities
(e.g., doubling the vanadium doping concentration to 2 · 1017 cm−3 ) or introducing controlled defects in our (Cd,Mn)Te crystals may improve the (Cd,Mn)Te
detector’s temporal resolution by decreasing carrier lifetimes. The compensation
model for (Cd,Mn)Te fabrication is a topic of great interest, as there is a delicate
dichotomy between high resistivity and large µτ -product.
To increase resistivity beyond that of simply annealing in Cd vapors, dopants
are introduced to compensate free carriers (holes) provided by remaining VCd
(∼ 1015 cm−3 ) acting as shallow acceptors [4]. Shallow donors such as In are not
optimal because overcompensation, where the crystal is converted from p-type
to n-type, can occur [5]. Furthermore, segregation of shallow donors prevents
uniform doping, producing an inhomogeneous concentration of several orders of
magnitude [6]. Alternatively, vanadium is a transition metal that acts as a deep

108

Cd1-xMnxTe

x = 0.05 T = 300 K

As-grown
Conduction band

Annealed in Cd vapour
Conduction band

~1.6 eV

~1.6 eV
~600 meV

A(0/-1) Acceptor level

A(0/-1)

(3d3/3d4)
~300 meV

D(0/+1)

D(0/+1) Donor level
(3d3/3d2)
~700 meV

Acceptors - 1017 cm-3
mainly Cd vacancies
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Figure 6.1. Effect of annealing in the Cd-vapors upon the vanadium-compensated (Cd,Mn)Te crystal. Large concentration of Cd-vacancy-related
acceptors vanishes, only residual acceptors remain and become compensated by vanadium acting as donors [4].

level dopant (Fig. 6.1), for which the ionization energies are close to the middle of
the bandgap and can act as both donor and acceptor. This significantly lessens the
sensitivity of doping concentrations, and ultimately allows for higher resistivity.
Although a small τ may increase the temporal resolution of the device, there
are some undesirable consequences resulting from decreasing carrier lifetimes that
should be considered when fabricating crystals for x-ray detection. As discussed
in section 2.3.1, the µτ -product defines the sensitivity of the detector, and one
side-effect of deep donors is a decrease in µτ stemming from deep-level states
becoming traps for charge carriers [6]. By measuring various dopant levels, an
appropriate balance between sensitivity and resolution can be achieved. Other
possible methods of manipulating carrier lifetimes include passivating the surface
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of crystals using (NH4 )2 S (preventing a conductive Te oxide layer from forming),
and changing the geometrical distribution of Te precipitates [7]. Passivation of
(Cd,Mn)Te crystals decreases surface conduction (leakage current) and increase
carrier lifetimes for soft x-ray absorptions near the sample’s veneer. Alternatively, devices may be fabricated from the ingot’s heel in which Te inclusions have
a different spatial configuration, and decreased lifetimes. For OMEGA ICF diagnostics, however, sensitivity is of secondary concern to temporal resolution due to
the very large x-ray flux from the implosion process. A current limitation of the
setup sensitivity is the oscilloscope (which requires an attenuator to reduce the
PCD output to operating levels).
Another concern to manipulating τ is the polarization effect. Excessive charge
trapping within the device may cause a temporary degradation in device sensitivity [8]. A study was performed characterizing the space charge regions within
(Cd,Zn)Te [9], in which the Pockels EO effect was used to measure the internal
electric field distribution to analyze the degradation of carrier transport properties
after high intensity x-ray absorption. Even though repetition times for OMEGA
shots are 45 minutes or more, similar measurements in (Cd,Mn)Te would be beneficial since the polarization effect may distort multi-event measurements.
In a longer perspective, I believe that with continuing research and development of (Cd,Mn)Te x-ray detectors these devices will complement diamond PCDs
as a diagnostic toolkit of choice for both the OMEGA laser at the University
of Rochester and the National Ignition Facility laser at the Lawrence Livermore
National Laboratory.
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