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Project Description

Introduction: semiconductor scintillator. There are two large groups of solid-state
radiation detectors, which dominate the area of ionizing radiation measurements,
scintillation detectors and semiconductor diodes. The scintillators detect high-energy
radiation through generation of light which is subsequently registered by a photo-detector
that converts light into an electrical signal. The main advantage of existing scintillators is
their low cost and large detection volume. Semiconductor diodes employ reverse biased
junctions where the absorbed radiation creates electrons and holes, which are separated by
the junction field thereby producing a direct electrical response. The sensitivity of diode
detectors depends on the length of the field region and requires high-purity materials. At
present, the semiconductor diode is best for the spectral resolution of the ionizing radiation.

As reviewed extensively by Knoll [1], both groups of detectors have their drawbacks,
resulting in a lower than desired signal response and resolution. The diodes typically suffer
from inadequate electron-hole collection, i.e. not every electron-hole pair created by the
radiation results in a current flow in the measurement circuit. The most common
semiconductor materials used for the radiation detectors are Si and Ge p-n junctions, where
the intrinsic carrier concentration can be reduced to a very low level, while the excellent
material properties provide for good electric field uniformity. Both Si and Ge radiation
detectors require relatively high voltages, typically of order kilovolts, to maximize the
collection of electrons and holes and increase their drift velocity. Even at these high
voltages, the response time is larger than 100 ns, limited by the saturated electron and hole
drift velocities at high fields.

In the case of scintillators, the efficiency of converting the high-energy radiation into light
is typically about 10% (12% in Nal). The reason for this is fundamental: the scintillator
material must be transparent to the radiation it produces. To accomplish this, the wide-gap
material (7 eV for Nal) is activated with impurities such as thallium which represent
recombination sites for electrons and holes. Thus produced light has much lower energy (3
eV for TI) than the bandgap of the host crystal, whence the poor absolute efficiency. The
poor efficiency translates into low energy resolution in scintillators. In addition, the
recombination time is several hundreds of nanoseconds (e.g., 230 ns for Nal activated with
T1), which is undesirably long for fast timing or high counting rate applications. Finally, the
high bandgap inherent in all commercially available scintillators implies a relatively high
energy (25 eV for Nal) required per each electron-hole pair created by the ionizing
radiation. This also reduces the detector resolution.

Recently we proposed [2,3] a new scintillation-type semiconductor detector in which high-
energy radiation produces electron-hole pairs in a direct-gap semiconductor material that
subsequently undergo interband recombination, producing infrared light to be registered by
a photo-detector. The key issue is how to make the semiconductor essentially transparent to
its own infrared light, so that photons generated deep inside the semiconductor slab could
reach its surface without tangible attenuation. We proposed a novel way to accomplish this,
based on doping the semiconductor with shallow donors to produce the Burstein shift
between emission and absorption spectra.

The device is contemplated for the implementation in compound semiconductor materials,
such as GaAs or InP, where a mature optoelectronic technology exists. This enables a novel
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system architecture, where each relatively thin semiconductor slab (e.g., standard 0.5 mm-
thick wafer) is supplied with its own, epitaxially grown or grafted on the surface, photo-
detector system. Such systems can then be stacked up without limit, thus increasing the
active detector volume to accommodate large absorption length of high-energy radiation —
without any loss in scintillator yield and speed of response.

The most innovative feature of the proposed detector is that it enables three-dimensional
integration [4] of standard semiconductor wafers, each provided with a pixellated epitaxial
photosensitive layer on its surface as well as amplifying and analog-to-digital electronic
circuits. The information about each ionizing radiation event, comprising simultaneous
response from several three-dimensional (3D) pixels, is converted to digital form, suitable
for rapid analysis. The 3D pixellation of the scintillator response enables both accurate
determination of incident particle energy and high-resolution angular discrimination. This
goes to the heart of the homeland security needs, where accurate spectral characterization is
of the essence to avoid "false alarms". Our proposed technology offers unprecedented
fidelity in isotope discrimination. The integrated device, functionally a monolithic 3D
scintillator array of linear dimensions limited only by the size of a semiconductor wafer,
will have the spectroscopic resolution of best semiconductor diodes and provide an
accurate determination of the direction to source at the same time. Both advantages are to
be realized simultaneously in a compact relatively inexpensive detector manufacturable by
the mature methods of modern microelectronics.

1. Physical principle: Scintillator based on Burstein shiftt When semiconductor is
heavily doped, the edge of absorption is blue-shifted relative to the emission edge by the
carrier Fermi energy. This quantum effect, illustrated in Fig. 1, is called the Burstein shift.
It underlies operation of all semiconductor lasers. The absorption mean free
path A = A, exp(E, / kT) increases exponentially with the Fermi level E,. (where A, is the

absorption mean free path in the undoped material, 4, =  pm in InP).

Figure 1. lllustration of Burstein shift

Absorption of photons Av, emitted by

hV \ / recombining electrons and hole in the
/ \ semiconductor, is largely suppressed by

the absence of vacant electron states in the

¢ conduction band under the Fermi level in

EV QB heavily doped semiconductor.

Besides making the semiconductor transparent to its own emitted photons, the heavy
doping shortens the radiative recombination time 7 of minority carriers, according to 7
=1/BNp, where B=10"" cm’/s is the radiative recombination coefficient. For the donor
concentration Np = 10" cm™ in InP, one has 7~ 10”s. The non-radiative time in this range
of concentrations is limited by Auger recombination and is of order ~10”s. Therefore, the
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ratio § of the radiative and non-radiative recombination time is §~0.01. Thus, the device
experiences practically no losses through the non-radiative channels of recombination.

For Np =10" cm?, the ratio Ex/kT ~ 8 in InP at room temperature, thus yielding the
absorption mean free path A ~3mm. Further increase of the doping, desirable for the
increase of the FEy/kT ratio, becomes impractical due to the rise of the free-carrier
absorption (FCA), limiting A to about | mm at room temperature, which is still larger than
the standard thickness of an InP wafer. The FCA coefficient in semiconductors is not a
universal parameter because absorption of photons by free electrons is forbidden by the
conservation of momentum and energy and thus essentially depends on a third agent,
impurity or phonon. The FCA in InP was studied by Dumke and coworkers [5]. It turns out
that for photon energies below but near the fundamental bandgap (the region we are
interested in) the dominant absorption process is due to free-carrier transitions to higher-
lying conduction-band valleys. For the free-carrier concentration of 10" ¢cm™ in InP, the
absorption coefficient is about 7 to 10 cm™, corresponding to A2 ~ 1 mm. The measured
free-carrier absorption coefficient scales rather accurately with the carrier concentration.
Recent accurate study of FCA in GaAs and InGaAsP on InP was reported by Reinhart [6].

It is clear that to operate our detector we must keep the device thickness below the free-
carrier absorption length. We are planning, therefore, to use standard InP wafers of
thickness under 0.5 mm and doping approaching 10'"° cm™. One of our important initial
tasks is to find the optimum doping concentration to ensure the highest optical output in the
wavelength range corresponding to the InP fundamental emission spectrum. In our
preliminary optical experiments with InP doped with S to Np =~ 6x10'® cm™, the integrated
luminescence intensity measured in the transmission geometry — in response to
photoexcitation from one side of the wafer — was about 50% of that measured in the
reflection geometry at room temperature and over 70% at 77K. This indicates that the
doped wafer is indeed largely transparent to its own interband radiation.

In the context of the present proposal, we shall study the Burstein shift in InP and GaAs, as
functions of temperature and the concentration of different shallow impurities. Although
the effect is supposed to be universal, its effectiveness depends on the material quality.

2. Epitaxial photoreceiver and stacking of InP slabs. 1t is clear that the thickness of an InP
scintillator slab must be less than the attenuation length of the scintillating radiation. As
discussed in the preceding section, this attenuation length is limited by the lesser of the
mean free paths of scintillating photons against (a) interband absorption and (b) the free-
carrier absorption. At room temperature, the expected attenuation length is 1 mm and
therefore the wafer thickness of 0.5 mm (standard in optoelectronics) is acceptable. The

bandgap of undoped InP at 300K is E, =1.35eV. In heavily doped semiconductors the

gap is known to shrink a little and one of our tasks is to quantify this shrinkage accurately.
This is to be accomplished by measuring the luminescence spectrum in our samples. The
next step is to design the appropriate photoreceiver material, to be grown epitaxially on
InP. The photoreceiver bandgap must be lower than that of doped InP, so that the entire
luminescence spectrum is absorbed. On the other hand, it should not be narrower than
necessary, because for narrower gaps, the photoreceiver noise increases due to thermal
leakage current. From our experience, the first design will shoot for the photoreceiver
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bandgap E" =1.24eV . The epitaxial photoreceiver will be implemented as a quaternary
In, Ga As P, alloy lattice-matched to InP. The lattice-matched heterostructure is

important because otherwise dislocations will have a detrimental effect on the
photoreceiver performance. For lattice-matched compositions (x=0.454y) the alloy

bandgap is given by [7] E,(y)=1.35-0.72y+0.12)>, so that the desired value is achieved
with x=0.07, y=0.16. The epitaxial structure is illustrated in Fig. 2.

A
p InGaAsP, 0.1 pm Figure 2. Schematic diagram of the proposed

epitaxial pin photodetector lattice-matched to InP.

InGaAsP, Eg=1.24 eV

2 um. undoped The critical region is the nominally undoped 2um

thick active region of the diode. It must be
n" InP, 0.1 um sufficiently pure for the entire region to be depleted
by an applied bias of less than 5 V.

The structure will be grown by MBE and MOCVD
on a commercial basis.

n" InP substrate

Once the InP scintillator slabs are endowed with an efficient epitaxial photodetector, they
can be stacked, essentially without limit. Each layer in the stack is a pixel in z direction.
Pixellation in xy direction is accomplished by processing the epitaxial layer into a
photodiode array. Electrical signals from each individual detector slab are electronically
processed in each slab and converted to a digital information. In this case, every slab in the
stack represents an opto-electronic chip, delivering the information in a digital, noise-free
format. We emphasize that each integrated chip reports not a short analog pulse, but a
digital signal carrying the required information — where in the stack the photo-
multiplication occurred, the time of the event, its amplitude, and the lateral coordinates of
the event. Such an integrated system offers enormous advantages for definite error-free
identification and characterization of high-energy radiation, as well as accurate
determination of the direction to source.

The lateral dimension of a pixel must be larger than the slab thickness, so that light
produced by each individual interaction event is registered by one pixel only. The number
of pixels mxn in each slab is therefore about 100 per cm” and for large chip area (several
square inches) we should be concerned that the number of data lines and data converters
scale as m+n, not as mxn. Having in mind this scaling consideration, we shall design the
photo detection matrix with the requisite mixed-signal ASIC’s (application-specific
integrated circuits) and have the latter fabricated commercially at a silicon foundry. The
design is rather non-trivial because of the large capacitance associated with an individual
pixel and the short duration of the current pulse associated with a single interaction event.

3. InP versus GaAs. Different considerations favor either of these two semiconductors. The
most important consideration is cost: GaAs is cheaper and is associated with a relatively
more mature electronics technology. The fact that indium has a relatively high atomic
number (Z=49) favors InP from the standpoint of photoelectric absorption, but Compton
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scattering processes in InP and GaAs are similar because both materials have the same total
Z per unit cell of the crystal. GaAs has a lower effective electron mass and therefore lower
effective density of states in the conduction band (4.7-10" versus 5.7-10" cm™in InP).
This means that the same Burstein shift and interband absorption suppression can be
obtained in GaAs with lower doping and hence lower free-carrier absorption. Another
advantage of GaAs is its higher ratio of radiative to nonradiative recombination.
Furthermore, the most important advantage of GaAs from the technical standpoint, is that
GaAs has a higher bandgap than InP (£, =1.42 eV versus 1.35eV ). This translates into the

potential for higher photodetector bandgap (E." =1.32eV versus 1.24eVin Fig. 2) and
therefore lower dark current at room temperature.

Still, we regard GaAs approach as substantially higher risk. The problem lies in the absence
of a proven epitaxial detector material. Standard heterostructures lattice-matched to GaAs
(notably Al Ga, As) have a higher bandgap, whereas we need lower. We propose a high-
risk approach based on dilute nitride technology [8]. Due to its high electronegativity and
small size, nitrogen dramatically reduces the bandgap of III-V compound semiconductors
when added in small amount (atomic percent). It also shrinks the lattice constant and so to
remain lattice-matched to GaAs one needs to compensate for the strain by incorporating
some indium. The exact lattice-matched composition of In Ga, As-N, that will provide

E' =1.32eV, needs special research and whether or not the material can be made pure

enough (background less than 10'® cm™) is unknown. This approach will be investigated in
collaboration with Rachel Goldman of the University of Michigan, who has demonstrated
[9] record electronic quality dilute-nitride GaAs-N layers by MBE. The epitaxial detector
structure will be similar to that in Fig. 2 with GaAs instead of InP and with the dilute-
nitride InGaAs-N (E, =1.32eV ) replacing the quaternary active detector layers. The risk

is mitigated by the parallel track of proven InGaAsP technology lattice-matched to InP.

4. Advantages of 3D pixellation. Breaking down the ionizing interaction into events,
resolved both in space and in energy, is well known to offer a dramatically higher
information content, compared to measuring only the total energy deposited by the ionizing
particle[10]. A large body of research exists to use this enhanced information in the so-
called Compton telescopes, see e.g. Kurfess et al.[11], and Boggs and Jean[12].

An incident y photon of energy E, and direction 7, undergoes Compton scattering at an
angle 6, and deposits an energy L, in the electronic system at the position 7 within the
detector. The scattered photon travels in the direction #,, suffers another Compton
scattering at 7,, depositing there an energy L,, and so on until it is eventually
photoabsorbed. A 3D pixellated detector such as ours measures a cluster of several points
{Fi,Li} for each incident photon. All points in the cluster appear essentially simultaneously
upon the arrival of a » photon. Nevertheless, there exist powerful techniques to assign a

correct order to the cluster points. These techniques, originated by Aprile et al. [13], are
primarily based on the kinematics of Compton scattering, expressed by the following
equation (where all energies are expressed in units of the electron rest energy,

m,c’ =511keV):
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L=E_ -E

With three points {’7;:L,-} (i=1,2,3) measured and identified in the correct order, one
knows 6, and has four equations in 4 unknowns: 6, E,, E,, E,. This means that one can
determine the incident energy E, irrespectively of whether the cluster comprises all
deposited energies, cf. Fig. 3.

Figure 3. Illustration of the Compton telescope concept.
With first three interactions identified in the correct order,
equations (1) yield the energy E, of the incident photon in

terms of the measured energies of two interactions, L; and
L, , and the direction cos &, of the second Compton scatter:

E, =1L, P L e
2 2 1—coséb,

The order of interactions is determined probabilistically,
based on the scattering cross-section (2) and additional
kinematic information from the position of L.

One also finds some information about the direction to the source, namely the angle 6,
about the measured direction 7, , viz. cosé, =1+ E,' —E,'. The point source is thus placed
on a cone. After two y photons are received, the direction is uniquely specified.

The technique works to the extent that one can order the events. Measurement of a fourth
point {174,L4} in the cluster adds two equations and only one unknown and therefore can be

used to determine the correct sequence. If all the measured quantities {7,L,} had a

mathematical precision, the system of equations would be consistent only for the correct
order. In practice, because both the positions and energies {Z,Li} are measured only to

within a certain margin of accuracy, the determination of the best order (a.k.a. tracking
algorithm or event reconstruction) becomes a statistical procedure that minimizes
inconsistency. Current tracking algorithms claim up to 70% success in correctly ordering
events produced by a 1 MeV photon. To further improve the ordering procedure, the
probabilistic analysis can include, besides the Compton kinematics, the anisotropic
scattering cross-sections o(6,), expressed by the well-known Klein-Nishina formula.

Compared to the existing Compton telescopes, the 3D—pixellated device we propose has
multiple advantages from the standpoint of DNDO applications. These advantages are
reminiscent of those brought to electronics by the advent of integrated circuits. The
Compton telescopes are built as an assembly of discrete detectors, usually Ge diodes.
Besides the obvious advantage of the compact size and low cost, our device offers an
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enormous increase in the pixel density, which ultimately translates into the better

resolution. An inch-sized cubic device will comprise about3-10* pixels forming 1 mm pitch
arrays in xy planes and 0.5 mm pitched stack in the z direction. Another unique advantage
of our device is its high-speed of response, limited only by the radiative recombination time
of about 1 ns. This means that in practical situations of interest to DNDO we shall be
always looking at one cluster at a time. Our preliminary estimates suggest that for 660 keV
photons we should be able to determine the energy with an accuracy in the range of 1 to 3
keV, corresponding to an energy resolution better than 0.5%. Our 3D-integrated scintillator
will have the isotope discrimination power similar to that of the best semiconductor diodes.

At the same time, we shall resolve the direction to a point source. The Compton telescope
procedure, described by Egs. (1) and illustrated in Fig. 3, yields the directional cosine about
the measured direction 7, which means the object is placed on a cone about 7,. Repeated

measurements for three clusters produce cones about varied 7, and this allows to determine

the azimuth angle as well. It may be worth noting that the problem of resolving the
direction to a point source is different from the precision of imaging (e.g., from resolving
two point sources at a close distance). Thus the angular resolution in Compton telescope
imaging cannot be better than a few degrees, as limited by the Doppler effect. However,
this does not limit the precision of finding the direction to the point source.

In the context of the present proposal, we shall develop novel electronic circuits and signal
processing — optimized for 3D matrix readout. Available 2D solutions are not sufficient in
the long-run, having in mind a highly pixellated detector with multiple layers in the stack.

5. General advantages of a direct-gap semiconductor scintillator. As discussed above, we
regard as the main advantage of the proposed semiconductor scintillator the fact that it
naturally lends itself to the very advantageous 3D integration. It is also worth reviewing the
general advantages of using direct-gap semiconductors, such as InP and GaAs, as a
scintillator material. The direct-gap scintillator has a high detection efficiency and a
response time in the nanosecond range. The relatively low energy gap, and therefore low
energy per single photon (about 4 eV for either InP or GaAs versus 25 eV for Nal) gives
the absolute photon yield of ~ 250,000 photons/MeV, versus ~ 40,000 photons/MeV for
Nal. It is instructive to compare the absolute scintillator efficiencies, defined as
n= (Ey / 3EG)>< (h v/ Ey), where £ is the particle energy, 3E,; the average energy to create

an electron-hole pair, and 4 v the energy of scintillating photons. In thallium-activated Nal
electron-hole pairs are produced across the band-gap of over 7 eV while the scintillating
photons are produced at 4v of only 3 eV, whence the best 77 available in Nal scintillators is

about 12%. In contrast, the effective value of 3£ in both InP and GaAs is 4.1 eV and the

hv of scintillating photons is close to £, . We can expect therefore an improvement in 77 by

a factor of 7/3 over thallium-activated Nal. This estimate does not include well-known
additional losses at the photomultiplier, which typically has less than 25% light-to-current
conversion efficiency. Our device with epitaxial photosensors offers nearly 100%
conversion efficiency. GaAs diodes have been used as high energy resolution (Fano factor
F =0.12+0.01) radiation detectors [14]. GaAs scintillator can be expected to have a
similar resolution.
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Our device does not need high voltages or low temperatures for operation and is robust
against the hostile environment, e.g. it can operate in high magnetic fields." Among the
many attractive features of the proposed detector, we should single out its exceptionally
fast response. We note that the prompt response of our detector is not owing to the
quenching of the radiative transitions by non-radiative processes and, therefore, is not
accompanied by any degradation of brightness. Our fast response is based on the fact that
radiative transitions are themselves fast in a direct-gap semiconductor at a sufficiently high
majority-carrier concentration. This property has not been utilized before in a high-energy
radiation detector because fast transition rates are normally associated with short mean-free
path of the resultant scintillating radiation. Breaking this association is the essence of our
invention. Our detector is simultaneously fast and bright.

6. Heterostructure Scintillator. As discussed in Sect. Al, the uniform scintillator, based
on the Burstein shift, is limited by the combination of interband and free-carrier absorption
to a thickness of about 1 mm at room temperature. Let us now discuss a modified structure,
where the problem of absorption is largely eliminated, Fig. 4.

e 6 © e Figure 4. Heterostructure detector based

—— on bandgap engineering.
EF ......... 1 1 1 ‘ ‘ 1 The heterostructure comprises two

,,,,,,,, alternating materials, e.g., InP and

ECZ InGaAsP  quaternary alloy, lattice

L matched to InP, forming narrow wells,

doped with donor impurities. Spacing

Emltted between the wells, abput 2 um, is much
. larger than the well thickness.

light

Electrons and holes generated by the

............ vV V VYV 4 ionizing radiation rapidly diffuse to the

| I | wells and recombine there, producing

EV 17“\___/‘“5 _/m\__ scintillating radlathn .to which the
® P & & heterostructure material is transparent.

The epitaxial structure comprises two alternating materials lattice-matched to each other.
The materials are assumed to have different energy gap, respectively E., = E., —E,, and

E.,=E.,—E,,, with the second material having the lower bandgap, E., >E;,. We
further assume the second material is doped, while the first material is largely undoped.

The essential idea [2, 3] is that the total volume occupied by the second material is small
compared to that occupied by the first material. For example, if a 2um-thick InP layers are
alternated by a 20 nm-thick layers of InGaAsP, the layer thickness ratio is 100 (duty cycle
factor 6=0.01). Upon interaction with the ionizing radiation, the created electrons and holes
quickly, within about a nanosecond, diffuse to the wells and recombine there. The

! The scintillator itself requires no electrical bias. Small voltage must be applied to operate an integrated
detector of light produced by the scintillator.



Project Description 9/13

difference in the band-gap energies (1.35eV for InP and 1.2 eV for InGaAsP) guarantees
that all light emission occurs in the InGaAs wells, so that the wider-gap InP remains
substantially transparent to the emitted photons.

It should be emphasized that the Burstein shift remains important for the viability of the
heterostructure detector. The recombination wells can be viewed as artificial “giant traps”
for electrons and holes, which act essentially as efficient radiative recombination centers
without introducing non-radiative recombination. Without the Burstein shift, the efficient
radiative recombination would translate into equally efficient absorption.

With interband self-absorption suppressed by the Burstein shift, the only remaining
absorption in the heterostructure is owing to free carriers in the wells. However, the
effective FCA coefficient is reduced by the duty cycle factor. With the doping density in
the wells Np=10" cm™ and 8=0.01, we obtain the total absorption coefficient of less than
0.1 cm™. Thus, the active material in the heterostructure detector is practically transparent
to the emitted light at room temperature and the collection efficiency approaches unity.
High electron density in the narrow-gap wells guarantees both that the radiation
recombination is a dominant process and that the response time is about 1 nanosecond.

Needless to say, the fabrication of this device is not simple. Indeed, most epitaxial growth
techniques capable of nano-resolution, such as the metalorganic vapor phase epitaxy
(MOCVD), are associated with a relatively slow growth process. The challenge is entirely
in the growth time that may span several days, but because of the superior material quality
produced with MOCVD, it may be still preferred and used advantageously. The other
preferred method is the hydride vapor phase epitaxy, HVPE, which allows a growth rate of
100 um per hour and even higher. At this time HVPE is primarily used for growing free
standing GaN structures [15]. The free-standing epitaxial 500 um-thick films can be grown
on a thin substrate that is subsequently removed.

This is an extremely high-risk approach that nevertheless must be tried because the payout
is so high. We intend to test several approaches — all on the commercial basis — including
MOCVD, HVPE, and perhaps even liquid-phase epitaxy (LPE).

7. Theoretical studies of the statistics; variance and the Fano factor. Energy resolution of
a gamma detector relies on the ability to evaluate the energy deposited in Compton and
photoelectric events. As high-energy particle propagates through a semiconductor, it
multiplies producing secondary electron-hole (e-h) pairs. The measured quantity is the
number N of e-h pairs produced in the course of particle energy branching (PEB). This
number is estimated through integrating the current pulse in pin diode-detectors or via the
number of low-energy photons generated in scintillators by absorption of gamma quantum.
Variance of this number, due to the random character of energy branching and also due to
random energy losses in phonon emission, limits the accuracy of energy measurements.

Both the yield N and its variance var(N) = (N -N )2 are proportional to the initial energy.
The ratio F' =var(N)/ N, called the Fano factor of the PEB process, is a parameter that
quantifies energy resolution. If the statistics of PEB were Poisson, one would have F =1.
As it turns out, the Fano factor can be rather small in semiconductors, /' =0.1 and even
smaller, which means that the PEB is a highly correlated process [16].
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The problem of PEB statistics is mathematically similar to a model problem of random
sequential adsorption (RSA). The simplest embodiment of RSA is called the car parking
problem or CPP, where one studies the average number of particles (“‘cars”) adsorbed on a
long line and the variance of this number. The affinity between the two problems was fully
recognized already in 1965 by van Roosbroek [17] (see also [18]). The PEB process can be
considered in terms of a CPP if one identifies the initial particle kinetic energy with an
available parking length and the pair creation energy with the car size.

All reported attempts to evaluate F' employed oversimplified models of the semiconductor
band structure. In such models, the crystal properties are characterized by three parameters,
namely, the band gap, the phonon frequency, and the ratio of the rate of phonon emission to
that of impact ionization. The price of this oversimplification had been that correspondence
with experiment could be achieved only by assuming unphysically large rates of phonon
losses (about 0.5 eV per created e-h pair). This does not corroborate with the known values
for the ratio of the impact ionization and the phonon emission probabilities for high-energy
electrons in semiconductors. The model furthermore obscures the role of features in the
band structure and the ionization process that are specific to a particular semiconductor.

In order to elucidate semiconductor-specific issues of the PEB process, we have undertaken
theoretical studies of various extensions of the RSA model. Firstly, we studied a model of
particles that expand or shrink upon adsorption [19]. The shrinking model is relevant to the
PEB problem in that it helps to elucidate such factors as the non-constant density of states
in the semiconductor band and the fact that due to momentum conservation the ionization
threshold is larger than the bandgap energy that is actually lost in impact ionization.

Subsequently [20], we extended the RSA model in a different direction — competitive
deposition of different-size particles from a binary mixture — suitable to simulate the role
of multiple channels of pair production, owing to the multi-valley nature of semiconductor
bands. The interplay between different channels has never been properly addressed but we
have found it to be crucial for understanding of the PEB statistics.

In Si, Ge and common A3;Bs semiconductors, such as InP and GaAs, the e-h pair creation
produces electrons in one of the ellipsoids near the edge of the Brillouin zone, in 100 (X) or
111 (L) directions. Owing to the difference in the final densities of states and the matrix
elements, the impact ionization processes associated with X and L valleys have different
but competitive probabilities. Because of its low density of states, the I' valley is usually
not competitive, even when it is the lowest valley, and in first approximation the
probability of electron generation in the I'-valley can be neglected. This means that the
branching competition occurs only between the X and L valleys.

Ultimately, electrons will end up in the lowest energy valley but when that valley is itself
degenerate, as in Ge or Si, the final electron states may not be fully equivalent, because of
the different collection kinetics due to crystal anisotropy. In direct-gap semiconductors,
like InP and GaAs, the lowest (I') electron valley is non-competitive. In the competitive
satellite X and L valleys both the density of states and the threshold energy are different.
Our binary-mixture RSA model interprets the higher density of states as higher deposition
rate and the higher threshold as larger particle size. We found that the presence of
competing channels with different energies will decrease the yield and enlarge the Fano
factor. The attendant loss in energy resolution is small when the ionization energies
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associated with different valleys are not too disparate. For example, in Ge besides the 8
lowest L valleys (Egc = 0.66 eV) one has a non-competitive I'-valley (Er= 0.8 eV) and 6
very competitive Si-like valleys (Eg =0.85 eV). The energy resolution downgrading should
be more important for crystals with larger (=2) threshold energy ratio. For example, in Si
one has besides the 6 lowest valleys (Eg = 1.12 eV) in X direction, 8 Ge-like L valleys
with the gap E; =2.0 eV. Their effect on the Fano factor in silicon may not be negligible.

The most important effect we found [20] is a very strong anti-correlation between
competing fluctuations in different valleys. It is particularly evident when one considers
similar competing valleys, e.g. parking of cars that are different only in “color”. Even
though the choice of valley is truly random, the total number of cars (symmetric with
respect to color) is fully constrained by Fano correlations. This constrain suppresses
fluctuations of the total particle number compared to those of partial contributions by
different valleys, cf. Fig. 5. This effect may have dramatic consequences for the observed
variance, if the symmetry between anti-correlated valleys is broken by a biased collection.

025 Fig. 5. Fluctuations in random sequential
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For example, in Si diode detectors electrons are created in 6 degenerate energy valleys that
represent ellipsoids of revolution elongated along (100) and equivalent k-space directions.
The diode are usually designed so that the current flows along the (100) direction.
Electrons from the two valleys along the current have a large mass and low mobility. The
measured current is hence dominated by electrons from the 4 wvalleys elongated
perpendicular to the current that have a low mass and high mobility along the current.
Since the choice of equivalent valley in the PEB process is fully random, the number of
high-mobility electrons will fluctuate more strongly than the total number of carriers.

Any collection disparity breaks the symmetry between the equivalent valleys and destroys
this anti-correlation. In germanium diodes all different valleys are equivalent relative to the
(100) direction and the symmetry is not broken. It would be broken, however, if one were
to use Ge diodes oriented in (111) direction. The resultant fluctuations will dominate if the
inter-valley transition rate is low compared to the inverse collection time.

In the opposite limit, this effect will average out as the collected current will fluctuate in
time. The current fluctuation mechanism due to the carrier escape into heavy-mass valleys
is a well-known source of noise in multi-valley semiconductors [21].
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We have arrived [20] at a number of qualitative conclusions that should be taken into
account in both the interpretation of experimental data and the choice of the crystal
composition and device structure in gamma detectors optimized for energy resolution. We
plan to address these and similar issues quantitatively for semiconductors of interest. In the
context of the present proposal, we shall carry out a detailed theoretical study of variance in
3D-pixellated InP and GaAs y-detector in comparison with that in Si, Ge, and CZT diodes.

The proposed theoretical study of radiation detector statistics will begin by studies of the
multi-channel electro-hole pair generation processes, using analytical as well as numerical
(Monte Carlo) techniques. The study will take into account realistic energy distribution
between the secondaries, as implied by the impact ionization cross-section, and the
smearing of the ionization threshold by phonon emission. Our aim is a reliable theoretical
prediction of the performance of InP and GaAs detectors in isotope discrimination.

Other aspects of the proposed statistical studies include the fluctuations associated with the
spatial distribution of sources of scintillating radiation within 3D pixels, the effect of
inhomogeneity of the heavily doped material on the recycling of scintillating photons and
the effect of boundary conditions on pixel surfaces. Other random processes that we shall
investigate include incomplete energy conversion and partial delivery of scintillating
radiation to the photodiode.
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