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Abstract

High Spatial Resolution Radiation Detectors Based on
Hydrogenated Amorphous Silicon and Scintillator

by

Tao Jing

Doctor of Philosophy in Nuclear Engineering
University of California at Berkeley

Professor Selig N. Kaplan, Chair

Hydrogenated amorphous silicon (a-Si:H) as a large-area thin film semiconductor
with ease of dopfng and low-cost fabrication capability has given a new impetus to the field
of imaging sensors; its high radiation resistance also makes it a good material for radiation
detectors. In addition, large-area microelectronics based on a-Si:H or polysilicon can be
made with full integration of peripheral circuits, including readout switches and shift
registers on the same substrate. Thin a-Si:H p-i-n photodiodes coupled to suitable
scintillators are shown to be suitable for detecting charged particles, electrons; and X-rays.
The response speed of Csl/a-Si:H diode combinations to individual particulate radiation is
limited by the scintillation light decay since the charge collection time of the diode is very
short (<10ns). The reverse current of the detector is analyzed in term of contact injection,
thermal generation, field enhanced emission (Poole-Frenkel effect), and edge leakage. A
good collection efficiency for a diode is obtained by optimizing the p layer of the diode
thickness and composition. The CsI(TI) scintillator coupled to an a-Si:H photodiode

detector shows a capability for detecting minimum ionizing particles with S/N ~20. In such
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an arrangement a p-i-n diode is operated in a photovoltaic mode (reverse bias). In addition,
a p-i-n diode can also work as a photoconductor under forward bias and produces a gain
yield of 3-8 for shaping times of 1 ps. The mechanism of the formation of structured Csl
scintillator layers is analyzed. Initial nucleation in the deposited layer is sensitive to the type
of substrate medium, with imperfections generally catalyzing nucleation. Therefore, the
microgeometry of a patterned substrate has a significant effect on the structure of the Csl
growth. CsI films with internal columnar structure developed using techniques described
have produced greater X-ray detection sensitivity and higher spatial resolution than

presently available commercial scintillator screens.

Commitiee in charge: Selig N. Kaplan, Chair. =<
Victor Perez-Mendez
Chenming Hu
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Chapter 1. Introduction

The introduction of hydrogenated amorphous silicon (é-Si:H) as large area thin-film
semiconductors with low cost, ease of doping, and low temperature fabrication capability
has not only given a new impetus to the field of optoelectronic devices- solar cells, flat
panel displays, image sensors and others, but also forms the basis for large area
microelectronics[1-3]. The development of large area amorphous silicon radiation detectors
coincides with the demands arising from rapidly growing field of various imaging
applications such as digital medical radiography or high energy particle tracking which
require good position resolution[4-6]. This thesis describes the development of radiation
detectors based on a-Si:H/CsI combination and emphases the realization of the high spatial
resolution of the imager by developing columnar structure Csl scintillator layers. In this
chapter, some basic properties of a-Si:H, its preparation, and the principles of these

detectors are described.
1.1 Hydrogenated Amorphous Silicon (a-Si:H)
1.1.1 The Disordered structure

The essential feature of the amorphous semiconductor, in contrast to its crystalline
counterpart, is its disordered structure, i.e. the absence of long range periodicity in the
positions of the constituent atoms.

In spite of this disorder, amorphous silicon has an absorption gap and high
temperature activation energy for conductivity similar to those for crystalline silicon. This
happens because, irrespective of the way a semiconductor solid is built in the long range
(ordered or disordered), the way each atom is bonded to its neighbors is the same, being
governed by quantum chemistry laws. The partially disordered semiconductor conserves
locally, to a very great extent, the short-range order of the crystalline solid, but not the

long-range order. The structure of a-Si:H is represented by a continuous random network



as shown in Fig.1.1. While in a crystal distorted bonds also represent defects, in the
amorphous materials they are the rule and defects are represented by broken or unsaturated
bonds which are formed to release internal tension[7]. These intrinsic defects produce
defect states between the valence type and conducted type states (Fig.1.2b). The most
prominent intrinsic defect is the unsaturated bond, called the dangling bond, which is a
paramagnetic center contributing an uncompensated spin to the electron spin resonance
(ESR) signal [8,9]. Depending on the particular amorphous material considered, the defects
may have different contributions to the electronic energy structure such as dangling bonds

and voids which act as trapping and recombination centers for electrons and holes.

O Silicon

® Hydrogen

©— Dangling Bond

Fig.1.1 A schematic random network structure of a-Si:H showing dangling
bonds, voids, and the long range disorder structure.

It has been shown by Hall (1952)[10] and by Weaire and Thorpe (1971)[11] that
this short-range order is responsible for the presence of a gap between the valence band and
conduction band states in the energy state density distribution of a solid, either crystalline

or amorphous.
1.1.2 Density of states and electronic transport

In an ideal impurity and defect-free crystal, the gap is completely free of states, its



limits being singularity points of the energy state density distribution (valence and
conduction band limits—see Fig.1.2(b)). Itis generally accepted [12] that fluctuations of
bond length, bond angles and dihedral angles are responsible for replacing singularity
edges of the bands with a wide tailing of the bands into the gap (Fig.1.2(b)).

__.e /
J 1°9 CV —-“—H_) O
1.12eV |.| = .

Deep States
(Dangling Bonds)

D’
0 Band Edge
(a) Crystalline- Si (b) a-Si:H

Fig.1.2 Schematic band diagrams of (a) crystalline and (b) amorphous silicon.

As we have seen, the pattern of the density of states (DOS) distribution is broadly
the same for crystalline and amorphous semiconductors, but the nature of the states may be
significantly different. In the crystal the band states are all extended but in the a-Si:H, part
or even all, of them may be localized, depending on the degree of disorder [13] (see Fig.
1.2(b)). In the band tail states, the density of states is so low that the electron wave
function do not overlap between states. Thus electrons or holes in the tail states can not
move as freely as in the conduction or valence band. In contrast to crystalline silicon, the
observed average mobility, often called the drift mobility of amorphous silicon around
room temperature, increases as the temperature is raised because of excitation of trapped
electrons in the tails states to higher conduction states. The observed drift mobilities are
typically ~ 1 cm2/Vsec and ~ 0.004 cm?/Vsec for electrons and holes respectively at room

temperature. Because of the asymmetrical density of states, with more states in the lower
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half of the gap, the average drift mobility of holes is much lower than that of electrons.
Also, hole transport is dispersive and is governed by a hopping mechanism even at room
temperature. At very low temperatures, transport of both carriers is dominated by a
hopping mechanism rather than drift. Hopping is a conduction mechanism in which carriers
jump from a localized tail state to a neighboring tail state under the influence of the electric

field. Table 1.1 is a comparison of fundamental properties of crystalline silicon and a-Si:H.

Table 1.1 Material properties of crystalline silicon and hydrogenated amorphous silicon

Properties Crystalline Si a-Si:H

Sq'ucture " Diamond random network
Interatomic distance (A) " 2.35 2.35 +0.07
First bond angle (°) “ 109.47 109 £ 10
Density (g/cm3) " 2.3 ~2.25
Dielectric constant " 12.0 ~11.8
Resistivity (2cm) <105 > 10°

Electron mobility (cm?/Vsec) | 1350 1~2

Hole mobility (cm2/Vsec) [l 480 0.004 ~ 0.007
Band gap energy (€V) " 1.12 (indirect) 1.7 ~ 1.9 (direct)

The addition of Hydrogen to the amorphous silicon has the effect of passivating
many of the dangling bonds by attaching to them. For a-Si:H, many more hydrogen atoms
are incorporated than are necessary to compensate for the dangling bonds. By forming Si-
H bonds, instead of very strained Si-Si bonds, internal stresses are reduced and the carrier
mobility is improved. This flexibility is found to be responsible for specific mechanisms
for the formation of metastable dangling bonds, associated with non-equilibrium carrier

recombination [14].



1.1.3 Growth methods

Amorphous silicon has been prepared using numerous deposition techniques such
as: glow discharge(GD) or Plasma Enhanced Chemical Vapor Deposition (PECVD); CVD;
reactive sputtering; reactive evaporation. Among these methods, a-Si films prepared from
SiH4 gas using PECVD method possesses the lowest density of dangling bond states.
These films containing approximately 10 atomic percent hydrogen[15] are appropriately
referred to as a-Si:H. PECVD is presently the most important deposition technique and is
widely used in industry.

Fig.1.3 shows a schematic diagram of the LBL PECVD system. In the PECVD
method, silane gas, sometimes diluted with hydrogen, is fed into a vacuum chamber
through a control valve and decomposed in a glow discharge by capacitively or inductively
coupled rf power into SiHy~ (n = 1~3) and H* and forms a weakly ionized plasma[16].
SiHp- ions, precursors, diffuse onto a substrate and form a Si-Si network by chemical
reactions assisted by the heat. Heat is transferred from the filament underneath the substrate
by controlling its temperature. During the deposition process hydfogen gas is evolved from
the surface and is removed by the vacuum pump together with the excess gas. The
incorporation of hydrogen to satisfy Si dangling bonds, which are an inevitable
consequence of the non-periodic structure, is responsible for the satisfactory electrical
transport and optical properties. p and n type a-Si:H layers can be achieved by adding
dopant gases such as diborane (B,H,) or phospine (PH;) to silane gas.

The opto-electronic properties of the PECVD 2a-Si:H films depend upon many
deposition parameters such as the: pressure of the gas; flow rate; substrate temperature;
power dissipation in the plasma; excitation frequency. Optimization of the deposition
condition needs lengthy trial-error experiments. Table 1.2 shows an example of the
deposition conditions for LBL. PECVD system that are generally employed to produce high

quality electronic material.
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Table. 1.2 Deposition parameters of LBL PECVD system

Layer type n-layer i-layer player

Gases & flowrate  ||SiHy : 40 sccm SiHy : 40 sccm SiH, : 40 sccm
PH;3 : 8 sccm BoHg : 15sccm

CHy : 90 sccm

Heater temperature || 320 °C 320°C 250°C

RF power 5 Watt/cm? 7 Watt/cm? 5 Watt/cm?

Pressure 300 mTorr 300 mTorr 300 mTorr

Growth rate 27 nm/min 38 nm/min 27 nm/min

1.2 A-Si:H radiation detector

1.2.1 Background

Crystalline semiconductors such as silicon and germanium have had a long record
of functioning as detectors of ultraviolet and visible light, charged particles, X-rays, and Y
rays. a-Si:H has been investigated also as an alternative for these applications. Many efforts
have been made to show its capabilities as radiation detectors. As an X-ray detector, it has
shown a good linearity between the output signal and the input X-ray intensity[17]. When
coupled to a suitable high Z phosphor, a larger signal can be obtained[18]. Two
dimensional a-Si:H photodiode arrays coupled to light emitting intensifying screens have
been used for X-ray and vy ray imaging detection. Our group has also developed a-Si:H

detectors in applications for charged particle, neutron, and X-ray detection[19-23].
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1.2.2 Detection principles

A-Si:H radiation detector structure is a reverse biased p-i-n diode which is similar to
that of solar cells. A detector consists of a metallic layer and a thin heavily doped p* layer
(~ 10-30 nm), followed by an intrinsic i layer which forms the bulk of the diode, then a
thin heavily doped n* layer (~ 30 nm) and finally a thin metallic layer. Chromium or
palladium are the usual metals that are used for the electrical contact. The p and n layers are
blocking layers to minimize the reverse current. The bulk i layer acts as the main region
where the incident radiation interacts and generates the secondary electron-hole pairs. The i-

layer must be thick enough to produce enough electron-hole pairs to give a detectable

signal.

I'l'l.l'l'l a_SLHDlodell'l:l:l:l:

L G000 CsKTh
l:l:I:I:l:':l:l:I:I:I:I:I:I:I:I:I:I:l: a_s:: _Diljofdé:

Readout Bus (polymude) Igeadout Bus (polyumde)I=l
, o g e——
SR 333 TFT Electronics s
% u strate/
®)
Fig.1.4 Detector configurations (a) thick p-i-n diode and (b) thin p-i-n photodiode

coupled to scintillator layer

The incident radiation can be detected as a fluence in some cases. Alternatively,
other applications require the detection of individual high energy photons (x-rays, y-rays)
or individual charged particles. Two basic detector configurations are shown schematically
in Fig.1.4. Fig.1.4(a) shows such a detector in which the i layer is made 30-100 pm thick
in order for incident charged particles to be able to deposit enough energy to produce a

large enough signal. Fig.1.4(b) shows an alternative configuration in which a thin 1-2 pm
8



thick a-Si:H p*-i-n* diode acts as a detector of visible light and is coupled to a thick (>100
pum) converter layer of CsI or other scintillator which converts the energy deposited by
charged particles, X-rays into visible light in the visible (300-700 nm). The signal in both
cases is Vs = Q/Cq4, where Q is the collected charge and Cgq the electrical capacity of the
detector element. For single particle detection, where Q is often in the range of only a few
thousand e-h pairs, the detector capacitance should be kept to a minimum in order to

achieve a large signal to noise radio.

1.3 CsI(TI) Scintillator

For this case we assume that the signal is produced predominantly by the interaction
of the radiation with a scintillator and that the scintillation light is then detected by the a-
Si:H through a transparent indium tin oxide contact. Choice of a scintillator dependents on
specific requirements for each detector application, namely, the type of radiation, speed
requirement and spatial resolution. Among various scintillating materials, CsI(T1) appears
the most promising for the following reasons :
(a) Large-area deposition : It is readily deposited by vacuum evaporation at low deposition
substrate temperature [24] in the range of 50 ~ 200 °C. This allows for the possibility of
direct evaporation onto an a-Si:H photo diode layer without degrading the a-Si:H which
starts to degrade at 250 °C. The CsI layer adheres well to glass or a-Si:H. However in
order to deposit it with good bonding on ITO coated a-Si:H it was found necessary to
deposit an intermediate layer of ~ 1pm thick polyimide which is transparent to the
scintillation light.[25] The details of the evaporation conditions for the CsI will be
discussed in chapter 4.
(b) Good spatial resolution : Depending on the deposition conditions, it forms columnar
structures [26,27] which limit the light diffusion sideways and allows high spatial
resolution. 100 pm of spatial resolution has been demonstrated from 1 mm thick CsI(T1) by



17 KeV X-ray which was a factor of 2 higher than that of the same thickness Gd202S, a
commonly used scintillator[2.8].

(c) Light properties : After interacting with the incident radiation, CsI(T1) emits a spectrum
of light with decay time of 1 psec. The emitted light is in the visible and matches well the
absorption response of a-Si:H as shown in Fig.1.5 which compares the light spectrum with
other CsI materials.[29] The light yield is 60,000 visible photons per 1 MeV energy deposit
under optimal conditions[30, 31], which is among the highest light output of any known

scintillator.
> 1.2 T T T T T 1
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m 0.6 - | \ Fﬁ
=
oo ' \ ; — 0.4 '%
= 0.4 L [ \ i 2
§ 3 ) .-'. 8
g ozl 1 X 102
o .': o e T
Z 0 / Lo 7T | T | 0

200 300 400 500 600 700 800
wave length (nm)

Fig.1.5 Scintillation light spectra of CsI(T1) and CsI(Na) and detection efficiency
of a-Si:H photodiodes.

The main disadvantage of CsI(T1) scintillators is that their resistance to radiation
damage by energetic particles (fast neutrons or high energy protons) and by gamma rays is
not as high as that of a-Si:H. Perez-Mendez et al.[32] have shown that a-Si:H is extremely
radiation resistant and is not damaged by fast neutron fluxes upto 1014 n/cm?. However,

because the CsI(T1) is deposited in thin layers, the degradation due to radiation which is

10



largely due to attenuation of the light transmission is less than that of thick crystals. For
example, for a ~ 100 pm thick deposition the signal from gamma rays emitted by Co60
dropped by half after an irradiation dose of 100 rad of the same gamma rays[28]. By
comparison with a 1 mm crystalline CsI(T1) detector, the signal dropped to half at 104
rad.[33]

CsI(Na) is more radiation resistant than CsI(T1) [34] and it has a short lived ~ 20
nsec component but it is hygroscopic and emits less 1ighf (38,000 photon/MeV)[24]. Other
scintillators, such as cadmium tungstate, gadolinium oxysulfide, gadolinium silicate etc.,
which can be deposited in large areas may also prove applicable to the indirect detection
method. |

Thus for those reasons above, the combination of CsI(T1) layer with a-Si:H diode

pixel arrays is a good choice for large area, low cost, sensitive 2-D radiation detectors.

11
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Chapter 2. Amorphous Silicon detector and Electronics

2.1 Photodetector

There are several types of photodetectors, classified according to the type of
interface between electrodes and intrinsic layer: photoconductor, homojunction,

heterojunction, Schottky barrier devices. Their schematic structures are shown in Fig.2.1.

Transparent
electrode

(b)

Transparent
electrode

| T

-Photoconductor

Back
— electrode

(c) (@

Fig.2.1 Types of thin film photodetectors. (a) Photoconductor; (b) Homojunction;
(c) Heterojunction; (d) Schottky-barrier.

The photoresponse speed of photodiodes is due mainly to the transit of carriers. As
the diode is depleted, only a small amount of trapped charge contributes to the decay time.
Photodiodes are therefore used in most high-speed image sensors. For a photoconductor,

however, the speed is much slower due to its current multiplication nature[1].
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The polarity of a-Si:H photodiodes is almost always chosen to make the transparent
electrode negative, thus ensuring that the carrier transport is dominated by electrons[2],
because of their greater [t product and mobility. Combinations of different junction types
for the top and the bottom electrode are also used in thin-film image sensors.

These devices differ mainly in their fabrication complexity and dark current. The
lowest dark-current densities of ~10- A/cm? are usually achieved by homojunction devices
such as p-i-n or p-i diodes or by heterojunction devices with SiNx or with p-a-SiC:H
blocking layers, for example. To evaluate the degree of blocking, this value must be
compared with the current density, given by the ohmic resistivity p = 1x10° Q cm of the a-
Si:H bulk material. A 1 pm layer transmits a current of 1x107 A/cm? with 5V applied as
opposed to the pure ohmic of 5x105 A/cm?. From an economic point of view the Schottky

barrier principle is attractive because of its simple structure.

2.1.1 Charge collection efficiency

The p-i-n diode is operated under reverse bias. In the i layer region, the dangling
bonds are readily ionized under the action of the electric field across the diode, and will
leave a density of positive charge which is about 30% of the density of the total dangling
bonds as measured by electron spin resonance{3]. Thus the i layer exhibits a slightly n-type
property and depletion of the i layer starts from the p-i junction and extends towards the i-n
junction as the bias increases. The potential of the depletion layer V(x) is given by

Poisson's equation
V) _ px)
dx2 €0Esi’

where &, and €; are the dielectric constant of vacuum and the relative dielectric constant of

(2.1)

a-Si:H respectively. The space charge, p(x), arises from the ionization of band gap states

which are raised above the equilibrium Fermi energy by the band bending.
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ER(V(x))
p(V, %) = j GN(E)dE =~ qNg, (2.2)

ER0)
The space charge density can be regarded as constant and is equal to the ionized dangling
bond density gN;. With this assumption, the depletion width and the electric field are easily

derived as [4, 11] as:

2 V) _[2e0esiVo + VO
W= = 2, (2.3)
o { Ny |

where V) is the built-in potential and Vb is the applied bias. ot is qNG/eeEs:

The electric field is
E@) =0 x-w) O<x<w Partial depletion 2.4
E®X) = o (x-0.5d - 0.5dw?/d)=V/d+0.50d-0ox Fully depletion (2.5)

The relative importance of drift and diffusion is different in a-Si:H compared to crystalline
silicon counterparts. Virtually all charge collection occurs within the depletion region,
unlike the equivalent crystalline PN-junction device, in which there is efficient collection by
diffusion from the field-free region.

(a) Charge collection simulation for CsI(TI) light.

The wavelength of the scintillation light from most scintillators is in the range of
300-650nm. CsI(T1) gives scintillation light which peaks at 560nm. This wavelength light
will be strongly absorbed within a short distance (< 0.3 pm) in the a-Si:H.

If the p-i-n diode is biased at a voltage V, the electrons and holes generated in the
optical interaction will drift toward the positive and negative electrodes, including a current

given by the Ramo theorem:[5]

i) = B On @) 9O, (2.6)
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Where q is the electron charge, d the thickness of the diode,y, and v, the velocities of

electrons and holes and n(f) their corresponding concentrations at instant z. To a first

approximation, the carrier velocity follows a linear relationship with the electric field:
vO=RER), vi®)=IEX), 2.7

W is the carrier mobility. E(x), being the electric field distribution will be substituted by the

average electric filed E. This is a reasonable assumption for a thin device.

The mean carrier concentration decreases due to deep trapping or recombination
during the transit and its decrease is characterized by a lifetime 7, following an exponential
decay law:

n () =noe %, ny()=noe ¥, (2.8)
In this way, the current in eq.(2.6) becomes,

i(t) = %E- [ e~ e8], (2.9)
and the total charge induced on the electrode during some measurement time Ty, after

charge injection is simply the integral of eq.(2.9) for electrons and holes, namely,

0.= [ it di=T8E (e (- 7)1 - V) (2.10)

T* is either the measurement time Ty, or the trans_it times of the electrons or holes through
the depletion layer, whichever is shorter.

Because small carrier diffusion lengths are an inherent property of amorphous
semiconductors, an important feature is the built-in drift field Eo, which provides a means
of carrier transport across the device. When the external bias is applied to the device, the
internal field will be modified. It is difficult to predict the precise distribution of the electric
field inside the device because of its nonhomogenerous structure; however in order to make
a correlation of results possible we shall assume that the resulting average field is given by

E=Ey+Vyd, 2.11)
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Vg is the applied bias voltage. Obviously, eq.(2.11) is an oversimplification, justifiable
only by the fact it leads to resonably consistent results.

When strongly absorbed radiation, 560nm light in this case, is incident on the p-
side of a diode, a signal is essentially induced by the electrons only. Because the transit
distances for hole are short so that the transit time for hole T, is nearly zero, the second

term of the eq.(2.10) can be neglected. Hence, the charge collection efficiency is

- Q,Q + 0y = _q%;_ - ﬂerE (1- e_T' Jt,) , (2.12)
gen

1
Because the transit time Ty for electrons is shorter than the measurement time Tm, the T*.
should be '

T*e=T,=d/v=d/uL,E, 2.13)

Combining eq.(2.11),(2.12) and (2.13),

Eq+V,
77 = ﬂz'z-c( 0d+ Jd) [1 - e—d/ﬂ‘f‘(Eo"'VJd)] , (2. 14)

The efficiency calculated by eq.(2.14) is plotted as solid line in Fig.2.2 (a).
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Fig.2.2 (a) Charge collection efficiency for various voltage bias for a 10 ym
thick diode.
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The signal size dependence of the shaping time was measured by exposing a short
light pulse (200 ns) with wavelength 560 nm from the p side of the diode to simulate the
scintillation light from CsI(TI). The operating bias was set at - 100 volts on a 10 pm thick
p-i-n diode. For this wave length light, only one type of carrier involves the signal
formation as noted above, therefore, the signal measured by the external circuit is virtually
all due to the collection of the electrons. For a p-i-n diode with 10 pum thick i layer the
transit time of the electrons at a bias of 100V is less than 15ns. Fig.2.2 (b) shows the

charge collection efficiency as a function of RC-CR shaping time.

1'0 i 1 T TTITIT [ 1 l‘lllll! ' T 1T T V11T
» 0.8 [ i
50 / :
Q - B
g 0.6 - / .
= - i
oo - n
g 0.4
< N i
O 0.2 —e— Calculated for 560nm light I
0.0 (I BRI R I RN 11 llllll-
0.001 0.01 0.1 1
Shaping Time (us)
Fig.2.2 (b) Collection efficiency for different shaping times for 560nm light
on a 10 pm diode.

If the scintillation light is incident from the n side of the diode, the signal induced
will be virtually all due to the collection of the hole charges with a longer collection time.
The efficiency is lower than for electron charges, because an external signal occurs only
when the whole thickness of the diode is depleted so that the hole can move toward the p

side electrode. Thus when a p-i-n diode is operated at the voltaic mode (reverse bias), the
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light is always incident on the p side of the diode. The charge collection comparison from p

side and from n side is shown in Fig.2.2(a) and Fig.2.3.
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Fig. 2.3 Collection efficiency of holes in the cases of surface generation for a 10 pm thick
sample. Dots are measured data from 560 nm light and lines are calculation results.

2.1.2 Optimizing the p-i-n diode

A typical spectral dependence of the charge collection, Q(#v ), of a 1 um p-i-n
device is shown in Fig.1.5. The collection efficiency reaches its peak value of 80% at
wavelength between 500-600nm, indicating that there is little loss due to recombination.
The reduction at the long wavelength is due to the decreasing absorption coefficient of a-
Si:H, so that a smaller fraction of photons is absorbed in the device. The decreased
collection efficiency at short wavelength has several origins. One cause is the absorption of
light in the p or n layer, whichever is directly exposed to the incident light. The resulting

carriers give virtually no contribution to the charge collection because of the relatively low
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minority carrier lifetime in the doped layer, since most of the light absorbed in the doped
layer is lost to recombination. For boron-doped a-Si:H, absorption coefficient is much
larger than that for intrinsic or undoped layer(see Fig.2.4), thus the p layer absorption loss
is often significant. The thickness of the p layer must be optimized; thin enough to
minimize the light absorption and thick enough to prevent tunneling across the p-i junction

and breakdown. The optical absorption coefficient o is[6]

(cthv)s = 6.9(eVpm)z(hv - Eg), (2.15)
102 E 1] 1 i { 1] | 1 J T 1 1 i ) I ] E
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Fig. 2.4 Absorption coefficients for p-doped, n-doped, and intrinsic a-Si:H.

The loss due to the p layer was calculated for different thicknesses as shown in
Fig.2.5. In the visible light region, such a loss can be significant. The p layer should be
designed as thin as possible. However, for long wavelength detection or for minimum

ionizing charged particle detection, p-layer absorption is negligible.
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Fig. 2.5 Charge collection loss due to the absorption in the p-doped layer.

Two approaches can be used to modify the properties of the p-doped layer in order
to minimize absorption loss. In one case, the absorption coefficient of the doped layers has
been decreased to 50% of conventional doped a-Si:H by inducing the formation a
microcrystalline phase. Microcrystalline Si:H films are formed by diluting the SiH, in H,
and increasing the discharge power[7]. A second approach involves increasing the optical

gap by alloying the boron-doped a-Si:H layer with carbon forming a-SiC:H (amorphous

silicon carbide) which increases the optical gap from~14eVto20eV.

2.1.3 Back diffusion effect

The diffusion of carriers in the undoped layer against the internal field also reduces

the collection efficiency. A thermalized carrier can, on average, diffuse over a potential of

kT. Backward diffusion can therefore occur over a distance, xp, of approximately
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XD =1¢%’ (2.16)
where E is the electric field. The estimated value of xp is in the range of 35nm -90 nm[8,9].
The effect of back diffusion is most significant at high photon energy when the absorption
length is less than 100 nm and the charge collection is reduced significantly at wavelength
below 600nm. The back diffusion is further enhanced by hot carrier effects. At high photon
energies, electron-hole pairs are created with a large excess energy which can rapidly
diffuse 50-100 A during thermalization to the band edges. This distance is independent of
the applied field because the drift distance within a time of 102 second is negligible.

a-SiC:H
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S ==
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Fig.2.6 Band diagram of a-SiC:H p*-i-n* device

To reduce back diffusion, p-type a-SiC:H is used for higher collection efficiency.
Because the band gap of a-SiC:H (from 1.9 to 2.3 eV depending on the content of the
carbon) is higher than a-Si:H, a barrier is formed to prevent the diffusion of the electrons as

shown in Fig.2.6.



2.2. Reverse current

When a-Si:H p-i-n structures are used for solar cells, photo sensors, and charged
particle detectors, the undoped layer is an efficient collector of electron-hole pairs generated
by photon or charged particles because it has a low defect density. The doped layers
provide the built-in field of the solar cell and blocking contacts for the detectors which are
operated under reverse bias. The performance of both types of devices depends on the
quality of the undoped layer and of the junctions to the doped layers. The dark current is a
sensitive measure of the electronic performance of the material. Contributions to the dark
current can be anticipated from contact injection, bulk thermal generation, and edge

leakage.

2.2.1 Contact injection current

The injection current is determined primarily by electron injection through the p-i
interface. Hole injection from the n layer to the i layer is negligible due to the low electric
field at the i-n interface and due to the low hole mobility. The p layer functions as a barrier
to prevent electron injection to the i layer. The different transport mechanisms across the
barrier are illustrated in Fig.2.7. Thermionic emission refers to the excitation of the carriers
over the top of the barrier where the conduction band edge intersects the interface.
Tunneling through the barrier reduces the apparent barrier height and is significant when
the internal field is large, which occurs when the applied voltage is high or the depletion
layer is narrow. Tunneling into the localized states at band edge also cause.s a reduction in
the height in the barrier height. Finally there can be field emission from the Fermi energy at

high reverse bias, possibly via gap states.[10]

25



Thermionic

emission
-
Tunneling R
“\ = : E.(0)
. creasin
Thermionic kY P VBeas &
emission A -
Er(0) - - Eg(0)
\\‘ A - EV(O)
N Ex(Vy)
E(Vy)

Fig.2.7 The three main mechanisms of electronic transport across the barrier. The dashed
lines represent the change in potential profile when a reverse bias Vy, is applied.

We can treat the p-i interface as an effective Schottky contact to the i layer in terms
of electron injection. At zero applied voltage, the equilibrium current fluxes in each

direction are equal. The thermionic current density from the electrode over the barrier is
Jo= A* T2 exp(-eD/kT) 2.17)

where A* is Richardson's constant (120 Acm2K-2 for free electrons in vacuum)[11]. @y is
the barrier height. The application of a bias Vb changes the current by a factor exp(eV/kT),
because the Fermi energy is raised or lower by eV, with respect to the metal Fermi energy.
Thus,

J (Vv) =3, [exp(eV/KT)-1] (2.18)

In forward bias the current increases exponentially with Vi, (when Vy >>kT ) and
reverse bias the current saturates at Jo. From various Schottky barriers, Jo can be
extrapolated from forward J-V data. J; is 10-2-101 A cm2. Such a small value of J, can
not explain the reverse bias current in p-i-n devices. The larger current occur because the

junction is not ideal and tunneling across the barrier reduces the effective barrier height.
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There may also be defective regions of the barrier where the leakage is particularly large.
The current due to tunneling across the barrier is approximately,

Junn = Jo €Xp(EmR/KT) (2.19)
where R, is an effective tunneling length and E;, is the field at the contact. R, is about 100
A for a good junction[12]. The origin of R, is unclear and its magnitude depends quite

strongly on the deposition conditions.

2.2.2 .Bulk thermal current

The thermal generation current represents the lowest dark current possible in a fully
depleted sensor and can only be reduced by lowering the defect density or raising the band
gap. Thick diodes have a correspondingly higher thermal generation current because Ji is
proportional to the thickness. Jih arises from the excitation of electrons from the valence
band to the empty gap states, and from the filled states to the conduction band. The
contribution to the generation current from a single trap level is given by the Shockley-
Read-Hall formalism[13]. Fig.2.8 shows a schematic diagram of the density of states
distribution, N(E), of a-Si:H showing the broad band of defect states near the middle of the
gap.

For a continuous distribution of traps, the generation current is dominated by the
emission from those traps with kT of an energy Epp, for which the excitation rates for
electrons and holes are equal. The thermal generation current, assuming full depletion and

complete collection of excited electrons and holes, is given by Street[14].
Ith = eN(Egp)kToexp[-(E. - Expp)/kT]Ad, (2.20)

where ~ 10'3s? is the excitation rate prefactor, A is the area, and d the thickness. Eg, is a
quasi-Fermi energy defining the occupancy of the localized states near midgap, and is

determined by the thermal generation process. The condition for equal electron and hole
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Fig.2.8 Density of states diagram showing the origin of the thermal generation
current through gap states.

generation occurs very close to the middle of the gap. The rate prefactor is different for
electrons and holes due to their different capture cross sections G, and Gy, which shifts the
quasi-Fermi energy to

E. - Egp =0.5 Ey + 0.5 kT In(ce/0n), (2.21)
where E, is the mobility gap energy. Since 6./, is of order 0.1, the shift is negative and
about 30meV. The value of E.. - Epp is therefore expected to be 0.9-0.95.[14]

For a good material, the ionized dangling bond density N(Em)AE of depleted p-i-n
diodes is about 7x10¢/cm?[15]. AE = Eg - Exp = 0.1 eV. Combining these values, the
predicted thermal generation current will be

I = 1.5 X 107 Ad A/cm?, (2.22)
For a film thickness of 1pim, the current density is

Jn=1.5X 101 A/em?,

This result only applies to a good quality thin a-Si:H photodiode as a good approximation

at low bias. However, with high reverse bias, the strong non-uniform electric field in the
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depleted region enhances the emission of electrons and holes significantly. The main source
of field enhanced emission is the Poole-Frenkel effect[16], also called the internal Schottky
effect. Such effect is the field-enhancement of thermal emission from localized states to the

conduction states due to barrier lowering as shown in Fig.2.9

No electric Field Electric Field
N\

Conduction Band

A

Electron Energy

Trap Ground State 7
+—>

Distance @ (b)
Fig. 2.9 Mechanisms of electron generation from recombination centers (a) Simple
thermal generation, (b) Three effects of strong electric field; (1) Poole-Frenkel
barrier lowering, (2) phonon assisted tunneling and (3) direct tunneling.
Arrow 4 represents a thermal emission process and —> represents a field

emission process.

Such bulk current was formulated as

Jpp=h'%§—-@exp(ﬁppm—m/kn, 223)
PF

where [pf is the Poole-Frenkel constant defined as

Brpr =

1
@ b
(meﬁ); = 0.002 {eVYum/V), (2.24)

o is the slope of the electric field or space charge density in the deep depletion region given

(2.25)
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where £ is the permittivity in vacuum and €g; is the relative dielectric constant of a-Si:H.

En is the peak electric field at the p-i junction,

En = Vi/d + 0.5a4d, (2.26)
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Fig.2.10 Calculated poole-Frenkel current from a Coulomb potential well with
0.9 eV barrier height at room temperature.

The calculation results based on above equations are shown in Fig.2.10. It is easy
to see that the Poole-Frenkel emission in the depletion region dominates the bulk current
even at a low bias. To reduce this P-F effect, as shown in eq.(2.23), the peak electric field
E_ should be reduced. One way to accomplish this is to use a buried lightly doped p layer
inside the intrinsic region of a-Si:H[17,18]. The E_, could be reduced by a factor of two by

depositing a p layer in the middle of the diode.
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2.2.3 Edge leakage current

The dominance of the bulk generation current at low bias implies that contribution
to the reverse current from other sources is significantly lower. However, some devices of
the same structure have a larger reverse current, for example, at higher bias, or small pixel
size. Except for the contact injection, current leakage around the electrode may also

contribute to the total reverse current.

Fig. 2.11 A p-i-n diode showing the currents flowing through the diode.

Consider the dimensional schematic of the currents flowing in a p-i-n diode
illustrated in Fig.2.11. Let J (r) be the surface current for r > 1y (1g is the electrode
diameter) in the top doped layer at a distance r away from the center of the electrode, Jy the
reverse current density flowing vertically through a cylindrical shell of thickness dr.
Applying Ohm's law to the top layer we get.

dV(r) = -I() (dr/o), . @.27)
where V(r) is the potential at a distance r in the top doped layer, ¢ the top layer

conductivity. Differentiating eq.(2.27) yields
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2v__1 dJs(r)
dr2 c dr’

(2.28)

Note that the surface current decreases along r due to the vertical current flowing Jy. Thus,

27t () = 2nrtds(r + Ar) + 2nrArly(r), or
tAJ = -Arl (1),

Therefore equation (2.28) becomes

dv 50
a2 to’

a linear behavior of J,-V is normally observed
Jy =kV(@®),

(2.29)

(2.30)

(2.31)

where k is a constant determined by measurement, ~ 0.5x10-11 Q-lcm-2, equation (2.30)

then becomes
v _ V@
dr2 to ’

Thus the solution for equation (2.32) is

V@ = Voexp( £ o),

Then, the leakage current density is

1) = kViexp(-1/ £ (ero)),

(2.32)

(2.33)

(2.34)

When a-Si:H p-i-n diode is designed as a photosensor, it is thin and can operate at low

reverse bias. The bulk generation current due to Poole-Frenkel effect and the tunneling

current are negligible. Components of the reverse current are the thermal generation current

and the edge leakage current. To compare relative contribution to total reverse current from

thermal generation and from the edge leakage, we should consider their currents instead of

current densities. The thermal current simply is

Iih = Tro?Jin,

The edge leakage current is obtained by integrating Jy from to e
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L) =2ekVe £ (K +19), (2.36)

Fig.4.12 shows the relative importance of the reverse current components from
thermal generation and from the edge leakage at a low bias. When the diode size becomes
smaller, the surface leakage will surpass the thermal current and dominate the dark current.
Thus when designing small pixel diodes, the surface treatment around the electrode needs

to be considered.
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Fig.2.12 Thermal generation and edge leakage currents for different sizes
of sensors

2.2.4 Effect of a p-type a-SiC:H layer on the dark current

A p-layer as a blocking contact in a photodiode is important for a low dark current.
The optimization of the p layer dopant depends on the B,H, flow rate. Fig.2.13 shows the
dependence of the photodiode dark current on the B,H, flow during the deposition of the p-
type a-SiC:H layer. The photodiode dark current decreases with increased B,Hg flow up to
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12 sccm due to the decreased electron injection from the ITO electrode to the a-Si:H photo-
electric conversion layer. This dark current increases in the BoHg flow range over 12 scem,
possible due to the generation of defects caused by the diffusion of excessively doped B
into the a-Si:H layer and more injection current raised from electron hopping through defect
states to reach the p-i interface and then tunnel to the conduction band. The p-type layer has

high defect density in the gap[19].
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Fig.2.13 Dark Current density as a function of BoHg flow rate for
p-layer deposition.

2.2.4 Summary

The reverse current originates from contact injection, bulk thermal generation, and
edge leakage. At low applied bias, thermal generation current contributes most to the dark
current. Under high bias, the contact injection dominates the dark current. Thermal
generation will decrease rapidly with lowering temperature and tunneling may become
important. For a thick p-i-n diode, the Poole-Frenkel effect may occur at the high field

region near the p-i interface and increase dark current. One way to avoid such effects is
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artificially shaping the electric field across the device by inserting one or more lightly doped
thin p layers inside the intrinsic region. When the size of diode needs to be small < 300
pumx300 pm for better resolution imaging, the edge leakage will dominate the dark current.
An appropriate passivation needs to be implemented, such as oxidation of the nonactive

doped layer or etching away the unnecessary layer.

2.3 Sensor Operation

The readout of an image sensor is characterized by switching a large number of
sensor elements in sequence to a single output for recording their signals. In an array with a
total number of N elements scanned with a frequency fo, each element in the array is then
periodically addressed for At = 1/fp seconds every NAt seconds. The elements can be
operated in two modes: storage and non-storage mode.

In the non-storage mode the instantaneﬁus photocurrent Iph in the sensor element is
measured within a short time interval At when addressed during scanning. The non-storage
mode is consequently used mainly with photoconductive elements having a
photoconductive gain much greater than unity.

In the storage mode, the photocurrent in an element, or the photogenerated charge
in a pixel is integrated in each pixel's capacitance during readout of all the other elements
until it is addressed again. The capacitance may be that of a discrete capacitor connected to
the pixels, or it may arise from the internal shunt capacitance of the element itself.

In the storage mode, reverse-biased photodiodes are generally used. Such a diode
may be considered as a combination of a capacitance and a light-controlled current source
independent of the applied voltage. The storage mode is based on the principle that in a
reverse-biased diode with floating electrodes an electrical charge in the diode capacitance
decays at a rate proportional to the illumination, due to the independence of the

photocurrent from the applied voltage in photodiodes[20].
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Photoconductors combined with a discrete capacitor can also be used in storage
mode. However, in this case the photocurrent under continuous illumination changes

during the charge storage process because of the inherent voltage change at the capacitance.
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Fig.2.14 Operational model for the charge storage mode: (a) linear array of photodiodes
connected to transfer switches(TFT); (b) storage and readout of the charge
generated in a photodiode.
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The capacitance of a thin-film photodiode in an image sensor application is mainly
given by its geometrical capacitance, because the diode is under depletion when reverse
biased,

Cs =goefA/d (2.37)

where €y and &, are the dielectric constants, and &, = 12 for a-Si:H. A is the area of the

diode, d the thickness.

Fig. 2.14 shows the principle of the storage mode in the example of a linear array
of photodiodes connected to switches, sequentially addressed by scan pulses. Charge
storage requires an RC constant of the diode in series with the switch in the offstate to be
longer than the integration time, and therefore requires a low dark current of the diode and a
low leakage current of the switch in the off state. When the switch is turned on, once in
every line scan, the diode capacitance is reset to the applied voltage Vg, as shown in Fig.
2.14(b). The recharge current, replacing the charge removed by the dark or the Iy,
generates a voltage signal across the external load resistor Ry, which represents the total
exposure during the line-scan time. Another requirement for the switches results from the
demand for complete charge transfer during the addressing time At when the switch is
closed: the RC constant of the diode capacitance Cs in series with the on-resistance Roy of
the switch and the external load resistor Ry has to be much smaller than the addressing time
At. The shunt capacitance across the switch should be much smaller than that of the diode,
to avoid problems due to parasitic capacitances.

In general, parasitic capacitances are of importance for the performance of image
sensor arrays operating in storage mode. Depending on the detaﬂs of the sensor design, the
readout circuitry and the signal processing, they result in signal reduction and in crosstalk
of sensor signals anfl noise. Signal nonuniformity along the sensor array is due to the

nonuniformities of these capacitances.
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2.4 Position-Sensitive Radiation Detectors

In some cases, the position and transit time of each particle is of interest and
recorded as such by the configuration of detector structure and its associated detecting
electronics. Position sensitive devices of this type often consist of a large area detector
subdivided into strips or pixels. The signal from each strip or pixel is readout by associated

electronics as described in following.

2.4.1 TFT readout schemes for 2-D array

Fig.2.15 shows a pixel array in which each element is read out by an a-Si:H
switching transistor. The array can be read out line by line by sending out an enable signal
to the TFT in that line. The charge in the elements in the tagged line can be read out by
some integrated circuit chip with multiple inputs such as the SVX chip made at the

Lawrence Berkeley Lab. This chip has 128 parallel low noise inputs and other features[21].

Bias -----m - oo o I
Line : : : : Switching

Gate Pulse
Generator

Fig. Fig.2.15 TFT readout scheme.

38



2.4.2 Diode switching for 2-D array

Alternative readout methods involve a single diode connected to each element
Fig.2.16(a)[22], or two diodes as shown in Fig.2.16(b)[23]. The two diode readout is
faster and has a larger dynamic range than the single diode scheme; it also minimizes
switching transients. Diode readouts have the following advantage compared to TFT (a)

they require fewer production masks (b) by not needing a SiO2 or Si3Ny insulator they

minimize radiation damage problerns.
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Fig.2.16 Diode readout schemes (a) single diode (b) two diode switches
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2.5 Thin Film Transistor (TFT)

2.5.1 Comparison of a-Si:H and poly-Si TFT

Polycrystalline silicon is composed of grains with each grain containing a periodic
array of atoms surrounded by a layer of interconnective or boundary atoms. TFTs of a-
Si:H or poly-Si can both be used to switch pixels in imaging arrays or in flat-panel
displays[24-28]. A-Si:H TFT are more developed than poly-Si TFT, but the latter offer
some performance advantage. A-Si:H can be deposited at low temperature <350°C, which
permits the use of a cheap substrate. Poly-Si TFT were first developed at 950°C, thereby
limiting the choice of substrate to quartz. A mid-temperature process(550-600°C) for
producing poly-Si is under developement[29]. A new process to crystallize a-Si:H by laser
annealing into poly-Si seems to be promising; some problems arise with such a
crystallization process, such as, overlay zone, nonuniformity of the grain size[30,31].

Electron mobility for the high temperature (HT) poly-Si devices is 100 cm?V-ls-1
compared with 40 cm?V-s1 for the mid-temperature poly-Si device. The most pronounced
difference between HT and LT technologies is the pchannel performance. The threshold
voltage is 8.5 V and the mobility is 13 cm?V-s? for the LT TFT, compared with -2.6 V and
50 cm?V-st for the HT TFT.

The a-Si device has a mobility of 1 cm2V-s?! and therefore, has considerably less
drive current than poly-Si TFTs. However, a-Si TFT has several order of magnitude higher
Off resistance than the poly-Si TFT, thus a-Si TFT is a first choice for a switch for large

area image sensor arrays or for activated-addressing flat-panel display at present..

2.5.2 Thin-Film Transistor Structure

A number of TFT structures have been reportéd We chose the top gate structure for
a-Si:H and poly-Si TFT as readout switches as shown in Fig.2.17. A-Si:H TFTs are
40



normally composed of a thin (~ 0.5 pm) a-Si:H i layer as a main current channel and
amorphous silicon nitride of 0.3 pm as a gate insulator. The major feature of this TFT is
that all the PECVD films are deposited successively, so that the interfaces between undoped
aSi:H and insulator layers are hardly affected by contamination during the fabrication

process.

Cr

a-Si:H (500 nm)
Sis Ny (300 nm)

Substrate

(@

Gate

Si0O2 (200 nm)
1 Poly-silicon

Substrate

™ Drain Source

(b)
Fig.4.17 Schematic cross-sectional views of (a) a-Si:H and (b) poly-Si TFTs.

Some other materials such as silicon oxide and tantalum oxide [32] are used as gate
insulators; however, their characteristics are not reliable. a-Si:H TFTs are the staggered-
inverted type as shown in Fig. 2.17(a), and channels are defined by a self-aligning
technique using gate metal as a mask for photo-etching by shining light through the glass
substrate. Because of the low hole mobility, only n-channel a-Si:H TFTs are practically
applicable and they are operated in the accumulation mode which means the electrons are
accumulated at the interface of the gate insulator and the ?nuinsic a-Si:H layer (slightly n-
‘type) under the positively biased gate.

Poly-Si TFTs are becoming very important elements in making driver circuits for

large-area image devices such as LCD screens[33] and 2-D scanners because of their

41

i reme ey s mprpges Y e e e YL O T ey ey T ey - et s wo



capability for fast speed and reliable operation. Both n-channel and p-channel TFT's can be
made by ion-implantation doping followed by a high temperature annealing. The sample
TFTs described here were made by the annealing technique at Xerox and its schematic

diagram is shown in Fig.2.17 (b).

2.5.3 Thin-Film Transistor-Driven Sensors

In TFT-driven sensors every photosensitive element is connected to a correspond-

ing thin-film transistor. For sensor operation the charge storage mode is usually selected.

Charge Transfer

Measurement and computer simulation of the signal transfer from a single photo-
diode via a TFT to the readout capacitance at the entrance of a rhultiplexing circuit is shown
in Fig. 2.18. Fig.2.18(a) shows the circuitry under consideration. The multiplexing circuit
common to matrix-wired TFT-driven sensors has been replaced by a simplified circuit
comprising a voltage follower and a reset switch for the readout capacitance.

The signal voltage AV across the diode at the end of the integrating time is due to
the light-induced photocharge, Qs and the diode capacitance, Cs,:

AV =QJ/C,, (2.38)

For readout at the end of the integration time, the TFT is switched on by changing the
gatevoltage from V o¢r t0 Vg on. This voltage change AV = Vg on - V5 ofr at the gate is fed
through to the output because of the gate capacitance and other capacitances. This effect is
best seen with the dark signal train in Fig.2.25, as in this case there is practically no further
contribution by the photodiode. The voltage change in the reaciout circuit due to the
switching noise is given by

AV, = AV ( AC; 6n/Con), (2.39)

with the capacitance Cgro = Cg s + Cx between gate and readout line, which results from
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Output voltage

Ve
Av, Gate pulse

v g.off
(b)

Fig.2.18 (a) a-Si:H photodiode/TFT pixel circuit; (b) charge transfer from
photodiode via a TFT during readout.
the gate-source capacitance Cg s and the coupling capacitance Ci between the gate line and

the readout line, and the readout capacitance C, of the readout line to the ground plane.
The signal charge Qs from the photodiode is transferred via the on-resistance Ry of

the TFT to the readout capacitance with the time constant:

o = Roncs, (2-40)
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if the readout capacitance Cy, is much larger than the caﬁacitance C; of the photosensitive

element which is the usual case in practice.

The signal voltage AVy(t) at the output, a function of the time t, is then given by

AVo(t) = AV(Cy/Cro)(1-exp(-t/tr0))s (2.41)
As Cpo>>Cs, almost complete charge transfer is possible and the photodiode is thus reset.

Switching off the TFT again gives rise to a switching pulse of about the same
height but opposite sign compared to the switching-on pulse. After switching off the TFT,
the photocurrent integration in the diode capacitance starts again. The signal voltage is
transferred to the output by a multiplexing circuit and then the readout capacitance reset by
discharge via a reset switch. In general these time constants can be made sufficiently small.

A problem of TFTs is their threshold voltage shift in the course of applied voltage
stress. However, when the TFT operates merely as a switch, such a voltage shift has been
shown to be tolerable over a range of several volts[34]. This is because it only influences
the time constant for the charge transfer. If the threshold voltage is too high, the transfer
time is too long, while if the threshold voltage is too low, the transistor does not switch off
correctly and the signal is reduced due to leakage during the integration time. Due to the
threshold voltage shift, the voltage bias at the diode also changes. All this has to be taken

into consideration for the choice of an appropriate operating voltage.

Sensor with TFT preamplifier

An approach to overcome a poor S/N ratio would be to integrate an amplifier with
each sensor pixel. In this case, stable properties of the TFTs are of particular importance.
Fig.2.19 shows the circuit for a charge-sensitive amplifier, which integrates the
photocurrent from an sensor element and produces an output voltage which depends quasi-
linearly on the light intensity incident on the sensor pixel [35]. When the sensor element is

in the dark, the output voltage is low, because the gate and the drain voltage are almost
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equal due to the low dark current flowing through the feedback capacitor. The gate voltage
adjusts to a value just above the threshold voltage of the TFT. The achievable gain for the
amplification of the gate voltage depends on the values chosen for the resistors. A typical
gain value is between 10 and 20, limited by the required speed response of the amplifier.
A-Si:H TFT can only be used as switching devices because the threshold voltage of

the gate bias shifts continuously under D.C. bias. True CMOS amplifiers can be made
using polysilicon TFT since both electron and hole mobilities are comparable and much

higher than the corresponding ones for a-Si:H TFT as show in Table 2.1.

Table 2.1. Typical properties of a-Si:H and polysilicon TFTs

Type a-Si:H TFT Poly-Si TFT
e (cm2/Vsec) 1 150
ph (cm2/Vsec) .005 80
gm (LA/V) 3 150
Bandwidth(MHz) |5 100
Noise* (e) 500 500

* Equivalent noise charges for an CR-(RC)4 shaping time of 1 pusec.

_ Readout
v 20115, | 20115 pulse
[val i1 _C 1 ]
Reset TT L fFsom0  t—1]
—— external
f3p—{—, 3055 circuit

from Pixel
detector

[F——I, 5055 Ell——%

Fig.2.19 Polysilicon TFT charge sensitive amplifier
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Using the facilities of the Xerox research lab in Palo Alto, our group designed and
tested 3-stage CMOS polysilicon amplifiers with a charge sensitive input stage followed by
a voltage gain stage, and a low impedance output stage for driving signals through a pixel
array. This prototype amplifier design is shown in Fig.2.19. The measured characteristics

are given below in Table 2.2 [36].

Table 2.2. Characteristics of polysilicon TFT charge-sensitive amplifier

Dimension <200x200 pum?
Charge gain ~).02 mV/electron
Rise time 100nsec
Gain-Bandwidth 350 MHz

Noise ~1000 electrons
Power dissipation < 1 mW/pixel

Fully Integrated Sensor with Poly-Si TFT's and a-Si:H Photodiodes

Due to higher carrier mobility, the on-resistance of a poly-Si TFT is much lower
than that of a conventional a-Si:H TFT of the same size. Thus, charge transfer is faster,
which allows for direct addressing of the elements according to the fundamental readout
circuit. The off-resistance of a poly-Si TFT, however, is lower than that of an a-Si:H TFT,
which requires reduction of the gap width for low leakage current. A sensor of this kind is
superior to one with IC chips, mainly because of the suppression of parasitic capacitances
due to integration, and also because matrix wiring is avoided.

The processing temperatures for poly-Si are currently 600°C fof deposition and
1000°C for oxidation and annealing, which leads to severe warpage problems in the
lithographic steps when using nonsilicon substrates[37]. The thermal expansion
coefficients of Si (1.9x10-6 K-1) and of the suitable substrate material, fused quartz
(0.54x10-6 K-1), differ widely. This disadvantage limits the use of poly-Si when the

substrate size increases.
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Chapter 3. Amorphous silicon photoconductor

Hydrogenated amorphous silicon detectors have been shown to be suitable for
charged particles, neutrons, and X-rays [1-5], and their potential for minimum ionizing
particle detection has been shown[6]. In general there are two main classes of
photodetectors. Primary photocurrent devices (such as p-i-n solar cells) which have unity
optical gain, very high light to dark sensitivity, and fast (< 1is) response times. In
contrast, secondary photocurrent structures, such as n-i-n diodes, exhibit high optical
photoconductive gain determined by the ratio of the electron lifetime to transit time, low
light to dark sensitivity, and slow response times (of the order of milliseconds)[7,8,9]. To
make a better sensor one would like to combine the gain associated with secondary
photocurrents with the low dark currents and fast response times of the solar cell

structures.

3.1 Electronic Transport in a-Si:H
3.1.1 Conduction and photoconduction in a-Si:H

In the amorphous semiconductors the current is determined by charge carriers,
electrons and holes, within the energy states distribution N(E)[10] shown in Fig.3.1.
These carriers drift under a constant field at steady velocities depending on the ficld and the

corresponding energy states[11].
For fields which are not very high, the drift velocity is proportional to the field E,

and a constant mobility [y ,(E) can be introduced for carriers (electrons and holes) in the

states around energy E and thus

VDnp = Hap(E)E, (3.1)

50



The total current due to all mobile carriers distributed among the energy states can be
expressed as the integral
Tp=a] 1@WE) dE, (32)

where n(E) is the density of carriers which will statistically occupy the state's DOS N(E)

Ec Conduction Band

Extended States

Mobility Edge
Ev f--=-== - ——-
Valence Band

Density of States N(E)

Fig.3.1 The energy band structure of a-Si:H.

around energy E and q is the charge of the electron

n(E) = NE)(E), (3.3)
the occupation probability being given by a Fermi-type function

fa(E) = 1/[1 + exp((E - Ep)/KT)] forelectrons (3.4)

f5(E)= 1 - £4(E) = 1/[1 + exp((Er - E)KT)], for holes (3.5)

Er being the Fermi energy level. By using equations (3.1) and (3.3) in the current equation

(3.2) one can write it as

Tnp=Ge | Ney® ) itnp(E)np € ) dE = Oy, (3.6)

and define a total conductivity Oy, p in terms of various states' contribution to it,

Gop= | GNey(® inpE)np B)dE=] 0y (E) E, 3.7
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. In principle the integrals in the above equations should extend to all states that an
electron can occupy, to the full energy range. But as the occupancy function, for both
electrons and holes, is a fast decreasing function of energy, when energy departs from the
Fermi level Ef, details of N(E) and (E) are significant in conductivity only for energies

within the gap which contains Er and in the adjacent energy bands close to it.
For a-Si:H, mobility edges are defined within the density of states distribution. E.
is close to the conduction band and E, is close to the valence band (Fig.3.1). There can be
considered to be two main contributions to the total conductivity, band conductivity oy and

localized states conductivity o, both by electrons and holes[12]:

Ey 4o
6v=0 | Nv@Emp®)p(E) dB+e [ NaEpE)n® dE, (3.8)
or=[ “ong® aE (3.9)

3.1.2 The conductivity of localized states

Within the mobility gap between E, and E, the electronic states are localized
around some centers randomly distributed through the material{13]. There is a finite
probability of tunneling between states provided the energy difference between the
tunneling sites is taken over through interaction with the atomic network in which these
sites are imbedded. These interactions are temperature dependent emission or absorption of
phonons, through inelastic interaction with phonons, the so called 'phonon induced
delocalization'[12,14]. '

This conduction associated with site-to-site tunneling is usually referred to as
hopping conduction. The contribution to hopping conduction from two localized states at
distance R and AE in energy with electronic wave function decay constant & has been

shown to be controlled by a hopping probability [15].
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p =V exp(-2aR)exp(-AE/T), (3.10)
where v is an attempt frequency. The first exponential factor describes the tunneling
probability, and the second one the probability of finding the necessary phonon to bridge
the energy difference AE.

As indicated in equation (3.10), the contribution of localized states to conduction

may become significant when temperature is excessively low, the discussion of

photoconduction in later sections is based on the band conduction theory.

3.1.3 Photoconduction, non-equilibrium carriers and recombination

Thermal equilibrium carriers can only account for linear low-field electrical
conduction in the dark. All other types of conduction must consider non-equilibrium
effects: (i) carrier generation by irradiation and associated recombination; (ii) electrical
injection of carriers; (iii) carrier 'heating’ by high electric fields (energy distribution of
carriers corresponding to a temperature higher than the ambient one).

When photons with greater-than-gap energies are absorbed into a semiconductor,
electron-hole pairs are generated (an electron jumps from the valence into the conduction
band, leaving behind a mobile hole). The presence of these generated photocarriers
represents a non-equilibrium condition, and consequently the electrons and holes tend to
lose the acquired energy, and finally annihilate each other, or recombine, within a time
which depends on the properties of the electron states of the material.

If e-h pairs are continuously generated, a balance is finally reached between the
generation and recombination rates, and a steady state is established. The various electronic
energy states interact like thermally coupled subsystems which change particles between
themselves. As a consequence, even if photocarriers are generated only in bands, even
beyond their edges, they usually thermalize before recombining, i.e. they are distributed

among all states. Thus, their occupancy function changes from an equilibrium (Fermi) one
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to a non-equilibrium one. The latter not only depends on the departure from equilibrium
and temperature, but also on the nature of the states.

The most important interactions in determining the occupancy function, are those
between the localized energy states and bands, i.e. band carriers capture into traps and their
re-emission is towards the same band, or the opposite one as illustrated in Fig.3.2[16,17].

The process which ensures a steady state under continuous carrier generation is the

opposite process, carrier recombination, which is responsible for bridging the
semiconductor back to equilibrium conditions, when illumination ceases. The
recombination process in a-Si:H used for photoconductors, takes place usually only
through the states which have capture coefficients for both bands and can ensure e-h
annihilation. Such states are called recombination states, in contrast to trapping states,
which have significant capture coefficients with only one band (with respect to re-emission
coefficients toward the opposite band as shown in Fig.3.2. The two types of states behave

differently in the steady state regime under illumination.

A
.\L\/ \ | .\L” Conduction Band

g - — T Thaps
g
! y©
& T -
§ @ = Recombination centers
m —

- = — Traps

— WH — H_ T” Vanlence Band

Fig.3.2 Hlustration of trap-limited transport and carrier recombination process.

A pure trapping state exchanges carriers only with one band, and in the steady state

the trapped carrier concentration is tied to the band carrier concentration, both varying with
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the light level. A pure récombination state exchanges carriers with both bands, and in a
steady illumination and recombination state it sends each carrier it receives from one band
to the other one. To ensure that its carrier occupation may change from the equilibrium one,
to balance different captﬁre coefficients for the electrons (from the conduction band) anq for
the holes (from the valence one) an increase in electron population reduces the electron flow
and increases the hole flow into it. When the electron flow balances the hole flow, the level
of the electron population stabilizes and remains the same.

When the localized states extend as continuous tails from bands towards the gap, it
has been shown [18] that one can assume that there are well-defined limits within the tails,
which separate trapping levels near the bands from the recombination levels, beginning
from shoulders near the bands, and extending deeper into the gap as shown in Fig.3.2.

The recombination efficiency of the levels around a certain energy E depends not
only on capture coefficients, but also on the number of the levels and their occupation.
Thus recombination maxima appear between the quasi-Fermi levels (or around the Fermi
level for small illumination intensity (An << ng; Ap << pp). Within a density of states with
shoulders, the levels around there tend to accumulate most of the non-equilibrium carriers
and prevail in the recombination (except for very high injection levels when quasi-Fermi
levels move into the bands beyond the shoulders).

As a consequence, even if there is a continuum of recombination levels one can
identify quite a few recombination paths, among which one usually prevails, at certain

illumination levels or temperatures.

3.2 Structure and Principles of Operation

Most of photoconductive sensor applications of thin-film amorphous silicon have

the two main structures: coplanar and sandwich (Fig.3.3)[19-23].
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Fig.3.3 Photoconductor configuration: (a)coplanar structure; (b)sandwich structure.

3.2.1 Coplanar structures

Fig.3.3(a) shows the ideal coplanar structure and parameters. This structure is

geometrically bidimensional (L, W>>38) but its current flow in the dark is one-
dimensional, normal to the electrodes (along dimension &) over the transversal area A=W
3. From an applications point of view it is better to characterize a photoconductor through

its conductance, g. Thus for an ideal coplanar structure one has

P i P v o . TR
T
i |

Fig.3.4 Real coplanar structures.
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Fig.3.4 illustrates practical ways to realize coplanar structures and electrode
configurations. The multigap structures, like the one in Fig.3.4(f) are well approximated by
an ideal structure of the same total width, W= (n -1)w, provided L << w.

The photoconductance of the coplanar structure increases above the dark
conductance due to local increases in conductivity. The local photoconductivity depends on
local photocarrier generation, i.e. the locally absorbed photon concentration F(x).

As seen in Fig.3.4(f), the photocurrent flow is no longer one-dimensional, but two-
dimensional along L and d. An incident photo flux @¢ decreases inside the material
exponentially, at a depth x from the surface, the absorbed photon concentration is given by

F(x) = do(x)/dx = opgexp(-ax) = a@(x). ‘ (3.12)
As the photon flux and the absorbed photon density decreases from the surface into the

depth of the material, the local photoconductivity and current density decrease. For a given
electric field E = V/ L, inside the gap of thickness §, the total current is

I3 ] 3
I= jo jwdx = wE jo[a,, + 0,4, (x)]dx = wOOE +enpowE [ F(x)dx,
=W 4 enuitofl — NV 3.13
=, (Gg+enpt-<-[1-exp(-od)1}V, (3.13)

Here 1 is the percentage of carrier generation rate over the photon absorption rate. Thus the

conductance g(F) which can be expressed either as a sum

enut
£(F) = g1+ Epn(F) = ga + P[] — exp(-ad)], (3.14)
or in terms of the g(F)/gq ratio
(¢
gE)ga=1+—2=1+ 3001 _ exp-ad)], (3.15)
G4 Gq

where 8, is the average photoconductivity of the semiconductor layer.

For applications in which photoconductive sensors are used as detectors of the level

of illumination, the condition imposed is to obtain the highest possible gyi(F) under light

and this responds to the condition ad>>1. In such applications, high photocurrents are
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important, the low resistance of the contacts to the amorphous semiconductor may become
important.
For applications in which photoconductors are used for low illumination

measurements, or when a proportional response is important, the highest possible ratio 5,

/o 4 should be ensured. For a given o, the highest 5, and Oy, /04 ratio is obtained for low

thicknesses for which the photoconductivity is uniform throughout the semiconductor layer
(Ophasect = Oppmax= eNUTAPo, (3.16)
As the thickness increases Oy, decreases and for ad>>1, it becomes independent of a, i.e.

(Opplasos1 = ENUTLL, 3.17)
For a given 0 the highest T, is obtained for sufficiently high o for which od>>1, and
corresponds to eq.(3.17).

As already shown in section 2.1.2, the absorption coefficient o depends on the

energy of the incident photons, increasing fast above E,, the absorption edge of the

semiconductor. For a given a3, as au(hv ) increases, Oy, increases as od(hv ) as long as
ad<<]1 and then reaches a maximum at a value given by equation (3.17) when od>1. It

further decreases due to diffusion and surface recombination effects, which have been

neglected in our discussion.

3.2.2 Sandwich structures

Fig.3.5(b) shows the basic sandwich structure which consists in a semiconductor
layer sandwiched between two electrodes which are supposed to ensure ohmic contacts to
the semiconductor. To ensure ohmic contacts to the layers, in the case of a-Si:H devices,
high photoconductive, high-resistive layers are slightly n-type, the sandwich and coplanar

structures are practically realized by using highly doped n* layers ( p+ contact may be used
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in some cases, as will be seen later) between the metallic contacts and the a-Si:H

photoconductive layer, as shown in Fig.3.5.

LED light or Scintillation light

5 — ITO

i(V) a-Si:H
~N ntornt

ST

A .
Fig.3.5 Schematic sandwich structure photoconductors which were tested
and were also used to measured P particles described in Chapter 5.

Metal

Like coplanar structures, sandwich structures are also deposited on a substrate. The
sandwich photoconductive structures have at least one electrode which is transparent to the
light.

In contrast to coplanar structures, which are two-dimensional as regards both
geometry and photocurrent flow, the sandwich structure is one dimensional, along distance
0. The dark conductance is

ga= ACy/d= WLo4/d, (3.18)
as the electric field in the structure is constant E = V/L.

We suppose, for the ohmic contacts case, that one type of carrier (for instance, electrons)
prevails in the photocurrent throughout the sample. As the total current in the stationary

state has a constant value (J,= J= constant), from the conservation law

G - Rx) =nF) - 288 - 14 g, (3.19)

where n(x) is the photocarrier concentration and the photoconductivity Op(X) is given by

Op(x) = enpF(x), (3.20)
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Under light, due to the non-uniform illumination, the total conductivity varies along the

current flow, thus the electric field is no longer constant, but is given by

E(x) = ——3—— = —JWL) (3.21)

Gg+ Opy(X) T Gg+0p(x)’
as the total voltage on the sandwich structure is given by
8
V=[E@dr, (3.22)

By expressing opn(x) in terms of F(x) as in the case of the coplanar structures we finally

obtain
1+ (0, / G psma ) EXP(0)
=g400 /| In P , 3.23
g(F)=ga /[ ( 140,/ Gy ) (3.23)
where Oy, is given by eq.(16), g¥) is the total conductance. For 64/Cp,..,>>1 one
obtains
O hmax 1—€xp(—0td)
= ga(l+—= . 3.24
g®) = ga(1+ o, por ) (3.24)
and for (od/tsp}mx)exp(ati) <<1
o8 exp(—ad)
= F)= F)m————, 3.25
g® gph( ) gphmax( )l—cxp(—aa) ( )
where
gphmax(F)=WL Ephmax / o =gd -o-:phxmx / Oy (3.26)

is the value of gph(F) for ad<<1 when the photoconductivity is uniform throughout the

semiconductor material.

If we analyze eq.(3.23) in terms of spectral response due to ci(hv ), for low energy

photons we obtain
gos<cl(F) = 241+ G, .. / 0,) = gatEphmax(F)=ga+(WL/OMUTQ0(V),  (3.27)

while for strongly absorbed photons the photoconduction becomes generally negligible
gaS»l(F) = 84, (3.28)
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except for the case where the condition for equation (3.25) is also fulfilled but this

condition is very difficult to obtain for ad>>1.

Let us deduce an expression for the photoelectric gain for a sandwich structure with

geometric parameters 8, L, w, in which the dark conductivity can be neglected.

The total generation rate is
&
I5=enWL f F(x) dx, (3.29)
0

and the variable electric field for 0g < Gpp is

jph

E(x)= 6.,

, Opn(X) = ENUTF(X), (3.30)

and in such a field, the transit time can be written as

s 1 5 1 1
ttr = dx = dx = -
° v(x) O HE(X) W

[[ o, (3.31)

an equation which can be rewritten

' =’1—r dx=mmrF x=tlo _ b 3.32
JPh ut,Jo Gph(x) pte Jo (X) tn.WL WL’ ( . )
and the optical gain is given by
T
Gpn(V) = ——, (3.33)
F 7,(V)

The t,(V) dependence can be obtained from equations (3.22) (3.29) and (3.30) as:

2
tu<V>=§v (ala)ztl—expwa)lzexp(a&, (3.34)

From equations (3.33) and (3.34), we can conclude that the optical gain is also absorption
coefficient (or photon energy) dependent. Fig.3.6 shows the measurement of the optical
gain from a 14 pm a-Si:H photoconductor for different light wave length with shaping time
Sus.
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Fig.3.6 The dependence of optical gain on the incident light wavelength for a 14ptm
a-Si:H photoconductor.

when for quasi-uniform photoconductivity condition c:d<< 1, reduces to,

_8 v
tt[(v)_w, E=

5’ (3.35)

3.3 Characterization of Photoconductor

Primary photocurrent devices (such as a p-i-n diode under reverse bias) have unity
optical gain and a fast response time (order of ns). In contrast, secondary photocurrent
structures, such as n-i-n diodes or p-i-n diodes under forward bias, exhibit high optical

photoconductive gain determined by the ratio of the electron lifetime to transit time[24].

3.3.1 . I-V characteristics

I-V characteristics were obtained for n-i-n and p-i-n devices. Fig.3.7 shows typical

62



current-voltage characteristics of a single photoconductive element consisting of 14 um
thick layer. The I-V measurements show that a p-i-n diode under forward bias has a much
larger dark current than the n-i-n device under the same bias. This is because the n-i-n
device blocks hole injection from both sides[25]. The relatively large current of the p-i-n
due to electron and hole injection from the electrodes will degrade the light to dark
sensitivity or signal to noise ratio due to the current shot noise. The shot noise can be
reduced by using small area pixels, for a 100x100pm pixel with shaping time 1ts and gain

of 4, the noise level is about 2300 electrons.

N

——e— n-i-n a-Si:H
—o—p-i-na-Si:H

Current Density (A/cm?)

0 20 40 60 80 100
Bias (V)

Fig.3.7 I-V characteristics of 14 pm thick n-i-n and p-i-n devices under forward bias.

Fig.3.8 shows optical gains obtained from a p-i-n 14 um thick diode for different

integrating times. The illumination source was a 665 nm LED emitting 200ns pulses.

63




11.0 K T T T T i ' T 1 1 T T i

9.0 |

7.0 |
501 /;'//:///S.;aping time :
30 / / igﬁj -

!

Optical Gain

L PR~ S 4
1 .O 3 6 1 ! l3 [ 1 13 1 ] l 13 ! 1 ] 2
110 310° 6 10 910° 110
Current density (A/cm?)
Fig.3.8 Gains obtained from a p-i-n device under forward bias with different
shaping times.

3.3.2. Photoconductor transient parameters

The dynamics of time dependent photoconductivity may be described by combining
the continuity equations for electrons and hofes, the rate equation for trapping kinetics, the

drift, diffusion current density equations and Poisson's equation to give[26]:

%: g(r,t)—Rn(r,t)+;];V-J,,, (3.36)
%: g(r,t)—Rp(r,t)+—;—V-Jp, (3.37)

where g(1,t) is the electron hole pair generation. n(r,t) and p(r.t) are the electron and hole
densities respectively, Ra(r,t) and Rp(r,t) are the electron and hole reduction rates,
respectively, caused by trapping on deep level impurities, q is the electron charge, and
Jn(r,t) and Jp(r,t) are the electron and hole current densities respectively. The model
assumes spatially uniform excitation and single trap for each carrier, that is characterized by

an average lifetime.



These equations can be rewritten in terms of excess densities. Assuming electron

and hole densities (An and Ap) are large compared to their thermal equilibrium values, we

obtain:
ddﬂ_g(t) B, An(Nip — 15, + An— Ap), (3.38)
L2 = 5(9)~ B, p(o, + ap— An), (3.39)

where Bn = vn 6n and Bp = vp 0p with vnand vp the electron and hole thermal velocities. Gn
and op are electron and hole capture cross sections of trapping site and Ny = np +np=
total density of trapping. These nonlinearly coupled differential equations have to be
solved depending on the duration of excitation, boundary conditions, initial conditions and
fluence excitation.

An important nonlinear coupling is due to the electron and hole densities when they
are just created by irradiation which greatly affected the electric field in drift terms. This
works against the field needed for charge separation of the hole and electrons. As the range
of values that the parameters can take under various conditions is large, we consider two
kind of conditions: high intensity (g > 1022cm-3s-1)and low intensity (g< 1018 cm3s-1).
As main applications are imaging and metrology, we will consider only low intensities. For
all cases the photoconductor is supposed to be uniformly illuminated and we distinguish

three pulse duration domains.

We can define time constants for electrons and holes in equilibrium. At low

intensity the equations are simplified as below:

dbn _ .\ An@) drp o)
w7y g(t) P i =g@)— 7, (3.40)
~ The analytical solutions are
A _t
An(t) = g()t,|1-e ™ |, Ap(t)=g(t)'tp{1—e K J; (3.41)
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and we define time constants for electron and holes as:

Tn = 1 N ’z"p = _—1___- > (3.42)
Onln (N, T~ n’I’o) O pUpMro

The analytical expression of time dependent current generated by a photoconductor is:

I(t)=(An(t)un+Ap(t)up)qY§— (3.43)

with A the electrode surface, d the photoconductor thickness between electrodes, and V the

applied voltage. Now we can define the photocurrent gains as

I() I(t)
G ==== , 3.44
L gg0Ad G4
t _t
Gr= T g0\ LaTy| 1-€ ™ |+1,7,| 1-e P ||, (3.45)

For a special case, when excitation light is a steady source or a long pulse, €q.3. can be

simplified as steady state optical gain, i.e. £ — e, g(¢) = g(0), Thus

Vv
G, = zi—z-(unrn +upz'p), (3.46)
. d d d? d?
Combine with the facts ir, = = = ,and tr, = ——, we have
pE p,Vid o owV Pop,v
G =Tny2 (3.47)
ir, tir,

This is a well-known simplified form of the optical gain. Since the transit time for
holes is relative long, the second term of the eq.(3.47) is normally ignored. The optical
gain is virtually dominated by electrons. For some applications, signals from a
photoconductor is in term of the collected charge by integrating the photocurrent for a
certain period. Thus the charge gain can be defined as the ratio of the collected charge to the

primary hole-pair generated by photons.
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where T is the integration time, At the light pulse width. Fig.3.7 shows the charge gains for
different shaping time by measuring signal response to a 200ns light pulse. Fig.3.10
shows the charge gain by integrating the photocurrent of Fig.3.9.
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Fig. 3.9 Photocurrent decay with time excited by a short light pulse.
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Fig.3.10 The collected charge by integrating the photocurrent of Fig.3.9.
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For a continuous distribution of traps in the forbidden gap, the photocurrent decay
can be described by a power of time[27,28]. The time dependence of the photoconductive
current is shown in Fig.3.9. When the duration of the excitation At is very short, the

current waveform is mainly due to electrons.
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Fig.3.11 Long term optical gains of n-i-n and p-i-n devices.
The current was integrated for 10 ms.

The signal from an a-Si:H device operated as a photoconductor has long time decay
components several ms long. By integrating the photoresponse for a long enough time, or
measuring a DC response, the photoconductive gain for the steady state can be obtained.
For medical imaging where X-ray radiation exposures are typically 10 milliseconds or
longer, there is a difference between the integrated pulses from p-i-n and n-i-n devices. An
n-i-n device exhibits a larger gain than a p-i-n one because hole injection through a p-i
junction increases the recombination rate with the secondary .elecu'ons, and therefore
reduces the optical gain. Fig.3.9 shows the responses of p-i-n and n-i-n devices to short
light pulse ~200ns. The amplitudes of the photocurrents of these two structures are very

close for the first 10us, which result in the same optical gain for a short integrating time.
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However, the photocurrent of the p-i-n device decays faster than the n-i-n device after 10
ps. In the other words, secondary current of the n-i-n device lasts a longer time, hence its
optical gain for a long-time integral is much higher than the p-i-n one, as seen in Fig.3.9.
Fig.3.11 shows the long term gains of the p-i-n and n-i-n devices, based on
integration of current over 10ms. The gain of the n-i-n diode is substantially higher than the
p-i-n one because the p-i-n has hole injection through the p layer which decreases the

optical current by recombining with the electrons.
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Fig.3.12 The optical gains of a 14 pm thick n-i-n diode for different shaping times.

As noted in Fig.3.9, photocurrents decay very fast in the first 10 ps, it was
therefore expected that optical gain larger than unity could be obtained by integrating
photocurrent with a short period, say less than 10 ps. Fig. 3.12 shows that such a gain
was obtained from a 14yim thick n-i-n diode under different biases for a shaping time from
0.2- 5 ps.

As discussed above, the photocurrent of a p-i-n diode under forward bias has the
same decay characteristics in the first 10ps as the n-i-n diode. Thus their optical gains for
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short-time measu;:ements exhibit the same values. Fig.3.13 shows optical signal from a
2um-thick p-i-n diode under reverse and under forward bias. The excitation source is a
665nm LED with a 300ns pulse. Under a reverse bias of 10V, the signal tends to saturate
at 1.6V, which is regarded as unity gain. With the same setup, upon changing the bias
polarity, the signal rises rapidly with bias and reaches a maximum at 10V, then drops down
with further increase of the bias. Clearly, this diode shows a gain of 6 in the
photoconducting mode. The reason for reduction of gain under higher forward bias is due
to the fact that much more hole injection through the p layer easily recombines with the
electrons. This effect cancels any further gain due to higher bias. This effect is also

considered to be a space-charge limited effect[29,30].
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Fig.3.13 The signal from a 2 pm thick p-i-n diode as a function of detector bias
with shaping time of 5 us. The saturation range under reverse bias can
be regarded as unity gain. Thus the optical gain under forward bias
reaches 6 at 5 voltage.
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3.3.3. Linearity of the a-Si:H photoconductors

It is a common observation to find in many semiconductors, photocurrents increase
nearly linearly with light intensities over a wide range of light intensities. The dependence
of photocurrent I, upon the light intensity ¢y is defined as:

¥ = d(InI,,)/d(Indy), or I=a ¢y (3.49)
where a is a proportionality constant. As in many amorphous semiconductors, it is found
experimentally that, in a-Si:H, y is constant and with 0.5<y <1[22,31,32]. However, the
exponent ¥ is known to depend in a sensitive and complex manner upon temperature and
photon energy[33] and upon photo-induced effects[34]. In addition, y values larger than
unity can be found in the thermal quenching range[35] whereas in the field-effect transistor
structure it has been shown that ¥ strongly depends upon the gate potential and reaches
values as low as 0.15 for positive voltages[36,37]. In this study, we examine the linearity

of the a-Si:H photoconductor within the range of 1011-1015 photons/cm?.
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Fig.3.14 response of the photoconductor to incident light intensity.
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Fig.3.14 shows data for the photon response of the photoconductor as a function of
high incident light intensity to simulate medical X-ray exposures. It is seen that the

response increases as the 0.9 power of the incident light flux. Such a sublinearity is
acceptable in many application including in medical imaging.

For the incident light intensity below 1012 photons/cm?, the exponent ¥ is close to

unity although it is not shown in Fig.3.14.
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Chapter 4. High Spatial Resolution Scintillator

4.1 Introduction

One of the essential components of a radiation imaging chain is a radiation input
converter. In most applications of position-sensitive radiation detection, conventional
radiography[1-3], and digital radiography[4-6], a scintillator screen is used to convert the
incoming radiation into visible light which is then detected on film or other position sensing
device. Such scintillators are usually required to have high spatial resolution and high
output brightness characteristics. The brightness of the light output is, in part, a function of
the thickness of the scintillation layer, which determines the amount of x-ray energy
absorbed, and of the inherent scintillation efficiency. As this layer is made thicker, the
spatial resolution is decreased because light photons emitted in response to the absorption
of x-ray photons or charged particles will emerge from the scintillator surface at points
further away in the transverse direction, as shown in Fig.4.1. Such lateral light spreading
is caused by two factors: first, the scintillator emits light photons isotropically from the
point at which the radiation particle, x-ray photon or charged particle, is absorbed; second,
even light photons which are traveling more or less perpendicularly to the surface may be
scattered in the lateral direction before they reach the surface. Thus, the actual thickness of
the scintillation layer is a compromise between the desired high radiation absorption that
may be obtained from thicker layers and the required or desired resolution which improves
as the thickness of the layer is reduced. Obviously, it would be desirable to increase the
thickness of the scintillation layer without degrading the spatial resolution. This can be
accomplished by suppressing the lateral light spread within the layer. Certain techniques for
forming small cracks perpendicular to the scintillator surface to limit light spread have been
developed[7-9], and the characteristics of evaporated CsI(T1) layers coupled to a-Si:H
photodiodes have been reported[2].
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Fig.4.1 How the point spread function of a scintillator screen is determined
by integrating contributions from individual layers (a), (b), (c), (d).

One early approach to form a light-guide structure in a luminescent layer was to
deposit a thin scintillation layer of CsI on the substrate[7] and impart thermal shocks to the
CsI layer, producing cracks therein due to the different thermal expansion coefficients of
the substrate and the CsI layer. Another light-guide structure fabrication method was made
[9], in which the substrate had a very thin AlO3 layer on the top; when baked it cracked the
AlO;3 layer, forming small grooves on the substrate. This type of cracked or net-like mosaic
substrate further enhances the columnar structure of the scintillation material deposited on
it. However, a scintillation layer prepared by these processes has the following
drawbacks:1), the columns defined by cracks have an irregular structure, which decreases
the light collimation and thus decreases the resolution. 2), it is difficult to ensure the
reproducibility of the size of the columns. For these reasons, CsI x-ray scintillation layers
(150-200um thick) made by these methods have spatial resolution measured as a
modulation transfer function (MTF) of 4 to 6 line-pair/mm at the 10 percent level.
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Thin films manufactured by one of the various physical vapor deposition (PVD)
methods have a microstructure, which in general differs from the structure of bulk material
of the same mean composition. This microstructure depends on the conditions during the
film formation and is governed by the kinetics of the process. Understanding the
morphology formation will help us to understand in more detail the origin of the physical
properties of thin films. Since the morphological properties of thin films are not explicitly
dependent on their composition, they can be systematized in terms of a small number of
reduced deposition parameters.

In this chapter, starting from the well-known idea of atomic shadowing during growth
(i.e. ballistic aggregation) a model is employed which includes sufrace relaxation by
thermally induced sufrace diffusion, desorption, angular distribution of the oncoming
atoms, and atomic attraction. This enables us to consider such deposition parameters as
substrate temperature, energy of oncoming particles, deposition geometry, and inert gas
pressure. The model is applied to investigate the influence of various deposition parameters
on the morphology of thin film of CsI. We then describe a new approach for the fabrication
of a scintillation layer by forming a sequence of columns of regular, controlled size
(diameter) perpendicular to the substrate (or detector), which provides a high light
collimation property, thereby improving the resolution of the radiation detection. The
performances of Csl films are described in the last section. The optical properties of
evaporated CsI(TI) layers, such as light yield, transmission and light emission decay are

discussed below.

4.2 Mechanism of Scintillation
4.2.1 The energy band model

In a scintillator crystal, variations due to lattice defects and impurities occur in the
energy bands, producing local electronic energy levels in the normally forbidden region
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between the conduction and valence bands. If these levels are unoccupied, electrons (or
excitons) moving in the conduction band in their vicinity may enter these centres. The
centers are of three main types:

1. Luminescence centers, in which the transition to the ground state is accompanied
by photon emission.

2. Quenching centres, in which radiationless thermal dissipation of excitation
energy may OcCur.

3. Traps, which have metastable levels from which the electrons (or excitons) may
subsequently return to the conduction band by acquiring thermal energy from the
lattice vibrations, or fall to the valence band by a radiationless transition.

The same center may contain luminescence, quenching and trapping levels, their

relative population being determined by the Boltzmann statistical distribution.
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Fig. 4.2 Energy bands in impurity-activated crystal phosphor, showing
excitation, luminescence, quenching and trapping processes.

The luminescence and quenching centers arise from impurities; interstitial ions and
or defects, and they introduce local discrete energy levels corresponding to the ground and
excited states of the center. The centers usually include not only the impurity ions etc., but

also the neighbouring lattice ions. One important point, often overlooked in the early
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literature, is that the excitation of a centre requires the capture of an electron from the
conduction band and the capture of a hole from the valence band, either simultaneously by
the capture of an exciton, or by electron-hole recombination at a center.

Traps arise from other lattice disturbances and provide additional levels for
electrons below the conduction band. Similarly, hole traps may arise, which provide
additional levels for holes above the valence band. In crystal CsI(T1), the electron traps are
lattice points from which negative ions are missing (cation vacancies), and the F-centres are
formed when the defects capture electrons from the conduction band. The energy level

system for an impurity-activated crystal phosphor is shown schematically in Fig. 4.2.

4.2.2 Conditions for luminescence of a center

The potential energies of the ground and excited electronic states of the
luminescence center are plotted against some configurational coordinate (x) of the center as

shown in Fig.4.3. Thc curves aAa' and bBb' represent the vibrational amplitudes of the
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Fig.4.3 Potential energy diagram of luminescence center. aAa’, ground state.
bBb', excited state. AC, absorption transition. BD, luminescence
emission transition. FF', he region of internal quenching.
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center in the ground and excited electronic states respectively. The minima A and B
correspond to the stable energy positions in the two states. At normal temperatures the
thermal vibrations cause displacements from the minimum potential energy positions
corresponding to energies of the order of kT.

The direct absorption of a photon hv by the center (or its excitation by capture of an
exciton) causes a transition from the ground to the excited state of the system. Such a
transition occurs along a vertical line AC on the diagram, since electronic transitions
involved in absorption or emission occur in a time short compared with that of atomic or
ionic movements[10]. Immediately after this transition the system is not in a state of
minimum potential energy, and so it moves from C to B, the excess vibrational energy
being dissipated thermally to its neighbours. The time spent in the region of B depends on
the probability of the optical transition BD which gives rise to the luminescence emission
hv. After this transition occurs the center, now in its electronic ground state, returns from D

to A with further thermal dissipation of excess vibrational energy.

4.2.3 Scintillation in CsI

When ionizing radiation is absorbed in CsI doped with small amounts of Tl,
CsI(T1), scintillation light is produced and the emission spectrum of the light is similar to
the thallium ion fluorescence excited by non-ionizing radiation at wavelenths where there is
no optical absorption for Csl. Since the maximum luminescence efficiency occurs at low
concexﬁrations of T1 (0.05 to 0.4 mole percent) and the energy efficiency is high 12%, itis
inferred that the ionizing radiation is absorbed by the CsI host lattice and deposited energy
subsequently transferred by some mechanism to the thallium traps giving thallium
luminescence.

The T1 impurity enters CsI as a substitutional monovalent ion on a cation site, TI*.

Hole capture at a thallium site produces the TI*+ ions. Subsequent recombination of an
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electron with the T1++ [11,12] leads to an excited states (T1*)* which returns to the ground
state with the emission of a scintillation photon.

One important consequence of luminescence through activator sites is the fact that
the crystal can be transparent to the scintillation light. In the pure crystal, roughly the same
energy is required to excite an electron-hole pair as that liberated when that pair
recombines. As a result the emission and absorption spectra will overlap and there will be
substantial self-absorption. However, the emission from an activated crystal occurs at an
activitor site where the energy transition is less than that represented by the creation of the
electron-hole pair. As a result the emission spectrum is shifted to longer wavelength and

will not be influenced by the optical absorption band of the scintillator.

4.3 Principles of the Growth

The advantages of vapor-deposition technology should be obvious after considering
the details of the process. It is possible to volatilize selectively a feed material, transport it
to a desired location, and precipitate it as a controlled structure. Thus we employed the
Physical Vapor Deposition (PVD) technology to deposit CsI(T1) layer because it provides a
high deposition rate and also produces desirable columnar structure when certain
parameters are controlled well[13]. The deposition of thin films by vacuum evaporation
consists of several distinguishable steps:

1. Transition of a condensed phase, which may be soild or liquid, into the gas state.

2. Vapor traversing the space between the source and the substrate at reduced pressure.

3.Condensation of the vapor upon arrival on the substrate.
Accordingly, the theory of vacuum evaporation includes the thermodynamics of phase
transitions from which the equilibrium vapor pressure of materials can be derived, as well
as the kinetic theory of gases which providees models of the atomistic processes. Vapor

deposition may be defined as the condensation of elements or compounds from the vapor
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state to form solid deposits. Thermodynamically, the only requirement for condensation to
occur is that the partial pressure of the film material in gas phase be equal to or larger than
its vapor pressure in the condensed phase at that pressure[14]. However, this is true only if
condensation takes place on film material already condensed or on a substrate made of the
same material. In practice, the substrate has a chemical nature different from that of the film
material. Under these conditions still a third phase must be considered, namely, the
adsorbed phase, in which vapor atoms are adsorbed on the substrate but have not yet
combined with other adsorbed atoms. Condensation is initiated by the formation of small
clusters through combination of several adsorbed atoms. These clusters are called nuclei,
and the process of cluster formation is called nucleation. In the next section, the pricinpal of
condensation will be reviewed, and then we will apply this theory in the CsI deposition

processes.

4.3.1 Nucleation and growth on preferred sites

Nucleation is an initial stage of any phase transformation, including crystallization.
Two principal cases of nucleation are usually considered: (1) homogeneous (i.e.,
spontaneous formation of nuclei in the bulk of supersaturated or supercooled systems) and
(2) heterogeneous (i.e., formation of nuclei on interfaces such as solid substrates, foreign
particles, and vessel walls).
(a) Homogeneous Nucleation

Gibbs[15] first analyzed nucleation of droplets from supersaturated vapors. He
calculated the free-energy change AG of the system (the so-called "Gibbs work of
nucleation") in the form

AG = - 4n3Ap/3Q+4amr?, 4.1)

where r is the radius of the droplet, Al = v~ Ji¢ is the change in chemical potentials 1t of

the initial (vapor) and final (condensed) phase transformation, €2 is the atomic (or
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molecular) volume, o is the specific free energy of the surface formed. For Au>0 (the case
that has practical sense only for homogeneous nucleation), the dependence is shown
schematically in Fig.4.4(a) for two different values of A, Al being larger than Ay,
From the condition 9(AG)/or =0, it is found that the maximum of AG is achieved at the
critical value

. = 2Q0/Ay, 42)
where Apu=kTIn(p/po), Po is the equilibrium vapor pressure, p is the real pressure, we
obtain from equation (4.2) the well-known Gibbs-Thomson equation:

P = Po exp(2Qa/kTrc), 4.3)

This equation [more often in the form of equation (4.2)] is the principal one in all
nucleation theories, because it determines the so-called "critical radius” of the nucleus.

For not too high supercooling, ApL can be written as:

Ap=AHAT/Ty 4.4)
where T is the melting point of a given material, AT= To-T is the supercooling, AH is the
enthalpy of melting.

The value AG=(16x/3)Qa3/(AjL)2 corresponding to the critical radiﬁs I is the
potential barrier that must be overcome by the system for such a transformation to proceed.

The larger the Ay, the smaller is the barrier (cf. curves I and 2 in Fig. 4.4(a)).

Ape T
N | ) :
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- 3
Te2 \rcl \
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(@ (b)

Fig.4.4 (a) Free-energy AG of a system containing a droplet of radius r.
(b) Variation of critical nucleus properties with substrate temperature.
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Consider the effect of the substrate temperature on the critical radius. In Fig4.4(b),
T., as given by eq.(4.2), and Ay, from eq.(4.4), are plotted versus substrate temperature
T. Because Al increases with decreasing substrate temperature, I. decreases. It is
straightforward to understand that the critical radius will determine the column diameters of
the further growth, thus the column diameters have the similar relation with the substrate
temperature. Fig.4.5 shows such a dependence of the CsI column diameter on the substrate

temperature. One should note at very low temperature < 50 °C (high sopersaturation in case

of condensing vapors), the nucleus structure itself may become, in essence, amorphous.
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Fig.4.5 The dependence of the Csl column diameter on the substrate temperature.
(a) T=100°C; (b) T=150°C; (c) T=200°C; and (d) diameter vs. Temperature.
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The dependence of the free energy of an aggregate on its size is also shown in
Fig.4.4(a). Below this critical size the free energy will increase with increasing r so that
the nucleus will tend to disappear, i.e. an atom is taken away from the critical nucleus, it
dissociates again as illustrated in Fig.4.6(a); above r* the free energy will decrease with
increasing radius so that the nucleus will tend to grow, in other words, if an additional
atom is added to an aggregate of the critical nucleus, it becomes more stable and will, on
the average, not dissociate into single atoms but will grow to form a larger, permanent
island. Such a formation of nucleus is best illustrated by Fig.4.6(b). The SEM picture
shows that nuclei with bigger diameters (>rc) grow faster, and form permanent columns.

While smaller nuclei tend to disappear, leaving empty area around the big columns.

Snbstarte

(a) (b)

Fig.4.6 (a) Schematic of spherical cap-shaped nucleus on substrate. When r >r., more
atoms move in solid arrow direction; if r<r,, more atoms dissociate from nucleus
along dashed arrow direction. (b) Initial stages of nucleus of CsI, smaller nucleus
tend to disappear, the larger diameter nucleus grow higher and form the layer.

Another characteristic of homogeneous nucleation is the so-called "rate of
nucleation”, J, i.e., the number of nuclei formed in a unit of nontransformed volume per
unit of time

167Q%

J= A exp(-AG/kT) = A exp| —————
exp(-AGJ/kT) = A exp SATAL

; 4.5)
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Here, A is a constant or slowly changing parameter. As can be seen, the nucleation rate
depends very strongly on supersaturation Ay or supercooling AT, and there exists a critical
supersaturation (or supercooling) below which practically no nucleation takes place and
above which it proceeds vigorously. The critical driving force (supersaturation or
supercooling), in fact, determines the range of metastability of a given system. The value of
the preexponential factor A is not known; however, owing to the strong dependence of J on
Ay or AT, it is possible to estimate the factors if one makes reasonable assumptions for J.
(b). Heterogeneous Nucleation

In practice, we almost always deal with heterogeneous nucleations, i.e., with

formation of nuclei on some interfaces. Moreover, in principle, the interfaces can be
nonuniform, i.e., can contain some irregularities; in this case, microheterogeneities of the
interfaces should be considered.

This section will present a brief description of the principal ideas of heterogeneous
nucleation, with emphasis on the shape and behavior of crystalline nuclei on substrates.
The ideas will then be applied to CslI growth on patterned substrate.

The classic scheme of heterogeneous nucleation is depicted in Fig.4.7. In the
isotropic approximation, a nucleus on a substrate is represented by a sphere segment the
surface of which forms a wetting angle 6 with the substrate, and for surface energies we
have the relationship

O COS O = (g~ Otss, 4.6)

where S denotes the substrate and oty and aiss the substrate medium and substrate-solid

nucleus interface, respectively.

Fig.4.7 Schematic of the surface

5 energies of a nucleus on
asm

a substrate.

87




The free-energy change (i.e., the potential barrier) for the heterogeneous

nucleation is given by[16]
2.3 _ 2
AG: = 1672 2a R (1-cos8)*(2+cos8) ’ @7
3Ap 4

where the second multiplier represents the so-called "Volmer factor"[17]. It has
values from 0 (at 6=0) to I (at 6=1800); i.e., heterogeneous nucleation is in every case
more favorable than homogeneous nucleation.

The first extreme case (AG.*=0) corresponds to complete wetting: No potential
barrier for condensation or crystallization should be overcome in this case; moreover, under
some conditions, condensation or crystallization is possible even at undersaturation (see
below). The second extreme case corresponds to complete nonwetting (the substrate is
absolutely ineffective for nucleation). In an intermediate case, the barrier is significantly
lowered, and, for example, even at 6=45°, its height is about one order of magnitude
smaller than that for homogeneous nucleation. The critical radius of the nucleus in this case
is determined by an equation identical to equation (4.2). This means merely thatata given
Ay, the equilibrium over any area of the substrate depends only on the curvature of this
area, and not on the shape of the remaining surface, whether it is a complete sphere or is
truncated. From this, the physical sense of heterogeneous nucleation becomes clear: A
given amount of the material, when it wets a substrate, forms a sphere with a radius that
can be far larger than the radius of a sphere formed from the same amount in homogeneous
nucleation. This is why a large nodular defect or hillock can start from a small foreign
particle (impurity) on a substrate, as we will discuss itin detail later.

For a disk-shaped critical nucleus, corresponding to usual crystal growth, we have

AG=nQo2a/ALL ; 1=Q0/AWL, (4.8)
where T, is the radius of the disk, a the lattice parameter. These formulas were first obtained
by Volmer. If a crystal grows by two-dimensional nucleation, its growth rate is in fact

determined by the nucleation rate, J, which is expressed in this case as follows

88



(4.9)

2
J:C expl:_. EQ_(x_a] ,

kTAp
The coefficient C, in this case, is measured in cm2 sec'l.
One important point should be noted in connection with equations (4.8) and

(4.9). The nucleation rate depends strongly on surface energy (or edge energy), which is
very sensitive to the kind of crystallization medium, to adsorption of impurities, and so
forth. For this reason, ledges, cracks, and other such imperfections on a substrate will, in
general, catalyze nucleation. For example, for the case of a substrate corner with a 90°
angle, the nucleation rate at the corner will exceed the rate on a flat surface for all contact
angles as shown in Fig.4.8. Furthermore, there will be little surface-energy barrier to
nucleation at such a edge, so that the preferential nucleation at edge is very pronounced
under such conditions. In general, nucleation catalysts will lower AG. Thus the presence of
such preferred sites will enhance the nucleation rate J. With the same principles, we will
demonstrate the formation of CsI hillocks in the section 4.3.3 and 4.3.5. Based on the
theory of the preferred nucleation discussed above and the mechanism of hillock formation,
we developed the technology of the fabrication columnar structure CsI enhanced by

substrate patterning as shown in section 4.

1SKy  4S1% . 22.2M 8887

Fig.4.8 Csl layer grows on the edge of the substrate, growing rate at the corner
is faster than the rest of the substrate.
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4.3.2 Structure zone diagrams

The first phenomenological scheme was given by Movchan and Demchishin [18] in
terms of a structure zone model (SZM), where the morphology (columns, crystallites) was
set into relation to the reduced substrate temperature T/Tp, (T substrate temperature, Try
melting point of the deposit) during deposition. Later, Thornton [19,20] and Messier et al.
[21], extened this scheme was to include typical sputtering parameters (inert gas pressure,
bias voltage,) as well as the thickness dependence to give a more comprehensive picture of
the PVD grown film structures. According to the generalized SZM as shown in Fig.4.9, at
low substrate temperatures (T/Ty, < 0.3), i.e. in zone I, we meet fibrous crystallites with
domed tops, which are separated by open boundaries. The structure of zone I films is
essentially determined by the aggregation process, because at low temperatures most of the

relaxation processes are frozen in.
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Fig.4.9 Structural zones in condensates at various substrate temperature and
working gas pressure.
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In zone II (0.3 < T/Ty, < 0.5) the film consists of well defined columns, separated
by dense grain boundaries. Dislocations are located predominantly in the neighborhood the
grain boundaries. The grain size increases with increasing T/Ty,, and near the transition
region to zone III, with increasing film thickness. The diameter of the columns is governed
by the mobility of the adatoms.

The structure of zone I (0.5< T/Tyy<1.0) is characterized by well formed
crystallites with smooth, faceted faces. The grain size depends on the reduced substrate
temperature T/Ty, Additionally, in sputtered films a so-called zone T (T transition) can be
found, which is intermediate between zone I and zone II: the film consists of a dense-
packed array of thin, well-defined fibers. For sputtered films[22-24], zone I appears only
at relatively high inert gas pressures, because at low inert gas pressures the impact of ions
and neutrals would destroy the fragile zone I structure. Other deposition parameters, like
deposition rate[25] in relation to the impinging rate of residual (reactive) gas atoms, also
have a certain influence on the structure development, but they have not been included in
the SZM.

As demonstrated in a later section, for higher collimating light properties, CsI
structure should fall in Zone I of the SZM.

A growth model should explain as well as possible the above mentioned
dependence. From the experimental data the following structure-growth philosophy for
thin films can be derived: the morphology of thin films is a result of a number of competing

processes, resulting in a destabilizing aggregation and a stabilizing relaxation.

4.3.3 General features of hillocks to be explained by a model

Hillocks (nodular defects) are a general phenomenon in thin film deposition
processes, mostly leading to some deterioration of the film properties[26,27]. However,

when the growth of such hillocks is well controlled, it could be beneficial to its properties,
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such as better columnar structure and less stress. We will discuss the principle of nodular
defects in detail, because this leads the idea of using patterned substrates to enhance Csl
columnar structure, further improving the spatial resolution. The shape of the hillocks is of
a cone type; hillocks appear as isolated, fused or clusters of nodules (for more detailed
information see [28 to 30]. In general, their growth starts at surface asperities like debris,

scratches, inclusions, dust particles, and so on. Fig.4.10(a) and (b) show such a hillock

h 3

(@) (b)
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© (d
Fig.4.10 SEM of nodular growth of CsI (a) cross section of a nodule due to a

particle on a substrate; and (b) top view of the nodule.
(c) the metal connection dot induces a nodular defect and (d) the top view

of the substrate before deposition.
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growth starting from a defect particles. Fig.4.10(c) shows the CsI deposited in a
photosensor array; the similar hillock growth is initialized from a metal dot which connects
the diode pixel to the reading line as seen in Fig.4.10(d). Clearly, this nodular defect will
degrade the resolution of the imaging and the uniformity of the light transport path. There is
some evidence that chemical inhomogeneities can also cause hillock growth[31]. The
connection between the hillocks and the adjacent columns is not as strong as between the
columns mutually, so that the nodular defects are loosely bound to the thin film. Cracking
around the nodule appears often, so that these places represent weak points in the
mechanical properties of the film.

As revealed by cross-sectional SEM Fig.4.10(a), the hillock has a cone-like internal
structure. The close-packed crystallites reach, however, significantly greater diameters in
the nodule than in the columns of the surrounding film. No significant difference in the
composition between the hillock and the adjacent film could be observed. The presence of
(gaseous) impurities seems to promote the occurrence of conical hillocks. High working
gas pressure (connected with low floating potential as well as with low kinetic energy of
impinging particles and large impinging angles) promotes hillock formation.

As hillock formation is essentially induced by surface inhomogeneities, where the
underlying growth processes are the same as in usual thin film growth, we assume that a
growth model as described in Section 4.3.2 is also able to outline the main phenomena of

nodular growth.

4.3.4. Description of the generalized ballistic aggregation (BA) model

The starting point for developing the growth model is the ballistic aggregation
process of hard disks, introduceci by Leamy et al. [32] for the explanation of the columnar
structure in evaporated thin films, especially of the inclination of the columns, which

significantly differs from the direction of incidence of the particles. However the approach
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of sticking atoms was too crude, and for a better explanation of the experimental results the
BA model was developed further, first by Henderson et al. [33] by introducing an
appropriate atomic relaxation scheme.
(a) Mass transportation and aggregation

Fig.4.11 shows schematically the aggregation process. The particles move on
straight trajectories towards the film surface until they collide with an already deposited
particle or with the substrate. After that, they relax into the next stable position.

Considering an evaporation process, the particles move on their way from the
localized source to the substrate on parallel trajectories with a certain angle of inclination,
which depends on the geometrical arrangement of the source and the substrate holder.
When the chamber pressure is elevated with inert gas, the particles will experience multiple
collisions on their way toward the substrate, thus they move with larger angle of
inclination. The particles arrive stochastically with a certain angular distribution N(9). The
function N(@) is influenced by the geometry of the deposition arrangement, the inert gas
pressure inside the deposition chamber, and has to be determined experimentally or is

subject of a separate theoretical investigation (for instance see [34]).

I Fig. 4.11 An impinging atom (full circle,I) with its capture
(i.e. dotted) area, sketched for various times Atom I
was captured by a previously deposited atom (II)

and relaxed into the next stable position.

In this model, the angular distribution of the oncoming atoms is mostly considered

as a homogeneous distribution in the angular range cpo-_*%Aqo, where @, is the mean of
angle of incidence and A the mean square deviation of the distribution. If we consider a
gas pressure of some 10! to 10 Pa, the mean free path of the vapors is in the range of some

tens of millimeters to some centimeters. That means that an atom on the way from the
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source to the substrate will collide several times with neutral gas atoms, which results in the
case of small free paths in a thermalization of the depositéd atoms. On the other hand, the
mean free path is large in comparison with the size of typical structural units of the growing
film (columns), so that the ballistic aggregation regime need not to apply and is to be
substituted by the diffusion limited aggregation regime.

Immediately before reaching the film surface, the trajectory of the particle does not
remain straight due to the interatomic potential between the approaching particle and the
film surface atoms. If we take into account that the range of the interatomic potential is very
short (only a few 0.1 nm), it is not necessary to calculate the whole trajectory using
Newton's law, but it is possible to take into consideration the effect by introducing some
capture Cross section area for each atom, the diameter of which depends on the particle's
kinetic energy and the binding energy between the atoms as well. For a better estimation of
that parameter we refer to [35]; after the first collision (with respect to the capture area) the
incoming atom "rolls" into the next cradle; the direction of rolling depends on the angular
momentum of the atom after sticking to the "collision partner" [33]. Therefore we assume
the interaction potential to be isotropic.

(b) Relaxaﬁon processes, surface kinetics, and desorption

After reaching the surface, in general an atom will not reside at the place where it
was deposited. At first, due to the surface diffusion the surface will be reconstructed all the
time, and second particles will desorb with a certain probability from the surface. Both
processes are thermally induced. The desorption rate as well as the diffusion rate for each
atom will depend on the binding energy and thus on the local configuration of the atoms.
For desorption, a surface atom should receive an impact with an energy greater than the

binding energy of the atom. If we assume Boltzmann statistics, the resulting probability P,

for a surface atom with the binding energy Ep;is

E,.
P7 =exp(——2), 4.1
exp( kT) (4.10)

]
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where k is the Boltzmann constant and T the absolute temperature of the substrate. The

desorption rate K will be connected with the phonon frequency vs, which is assumed to

be independent of the local configuration, and is given by

K, =vP’, @4.11)

The that the local surface temperature may differ from the substrate temperature due
to the kinetic energy of the oncoming particles(in our study, we shut off the substrate heater
and use cooling system to maintain the stability of the substrate temperature) will be
neglected . If the binding energy is assumed to be additive and isotropic, and if only nearest

neighbors are taken into account, we get

E;= Zq)s(i)s(j) > (4.12)

jenti)

In eq.(2) ®ap means the energy of "one" bond between an atom A and an atom B,
which is independent of other neighbors, s(k) denotes the sort of the atom number k and
n(i) the set of the next neighbors of the atom number i. In this case a "next neighbor" is an
atom, the center of which is located inside a circle of a radius ar, around the center of the
reference atom, because we consider a certain truncated range of the interaction potential.
An atom can desorb by thermal activation, as well as it can diffuse due to the same process.

The corresponding jumping rate is given by

E
K=V, exp(—--k—:";) , (4.13)

Fig.4.12. The hatched surface atom has three
next neighbors A, B, and C. To
jump to the right, it has to break its
bonds to atoms A and B, to jump to
the left the bonds to B and C.
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In Fig.4.12, for the estimation of the activation energy Ey, the following typical
situation is outlined: if, for instance, the hatched labeled surface atom attempts to jump to
the right, it has to overcome its bonds to the neighboring atoms A and B, where the bond to
atom C (it works as a "joint") is not influenced (remember central symmetry). In the
opposite case (i.e. jump to the left), the bonds to the atoms B and C have to be broken.
Therefore, the diffusion barrier for a jump of the atom i from site k to site 1 can be written
as

Ekl,i =E,; — Dypsipim neighbor in jumping direction) 3 4.14)
so that in general the jumping probability does not depend only on the local configuration.

Only surface atoms with two or three next neighbors are allowed to diffuse,
because under the described conditions the jumping probability for atoms with four and

more next neighbors is so small, that it can be neglected. The growing structure will be

determined essentially by the ratio 7,/1,;, where 7, is the mean time between jumps, and T,
the mean time for the deposition of one monolayer. It determines, how many trials remain
for the relaxation of the sparse ballistic aggregate.

The corresponding mean time between two jumps for a "mobile" surface atom (i.e.

with only two next neighbors) will be given by[36]
T, =V exp(6+ -5%"-‘-), 4.15)

The time for the deposition of one monolayer 7.y can be considered as experimentally
determined number and strongly depends on the conditions of the experiment. From that, it
is possible to obtain the model parameter {ns/n.};, which gives the mean number of
successful jumps for every mobile surface atom of the sort i and all types of binding. It is .

quite easy to obtain with (L/2r, as the number of surface atoms of the substrate) the result

& _ 31’,,,,rp

n L 1o
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If common deposition rates (0.1 to 1 ji/min) are considered, the surface diffusion
becomes significant for T/T,, ~ 0.25 (at that value ng/ne becomes ~0.05 for L ~ 5000ry).
This value coincides quite well in zone I in Thornton's structure zone diagram.

In connection to equations (4.13) to (4.16), let us examine their physical meaning
in our experimental deposition of CsI. When working gas pressure is elevated , vapors
reduce their kinetic energies though multiple collisions with inert gas atoms. Thus their
diffusion energy barriers, E,; from eq.(4.14), will become higher, the corresponding
jumping rate K, ,, from eq.(4.13) will be lower. Clearly, this low diffusion process will
ensure further growth of CsI columns. On the other hand, with increasing substrate
temperature, the jumping rate will be higher and jumping time, 7, from eq.(4.15), will be
shorter, therefore the fast diffusion process will result in columns to coalesce to form larger

ones and gradually join up.

4.3.5 Growth of hillocks and topological induced columns.

In this section we investigate the consequences of a hillock "seed" for the growing
structure, which is according to Section 4.3.3 the main reason for hillock growth.

Concerning the internal structure of the hillocks a fan-like pattern can be
recognized, indicating the formation of cone-shaped crystallites with an upper diameter
which essentially exceeds the diameter of regular columns in the film.

As shown in Fig.4.13, a certain surface diffusion is necessary for the growth of
well-defined hillocks. If surface diffusion vanishes, the structure of the film is very sparse,
and an asperity at the surface cannot cause structure disturbation effectively. On the other
hand, if the surface diffusion is extremely high, only very large dust particles can induce
nodular growth, because the diffusion would level out the nodule in such a case. Fig4.14

shows the CsI growth on a rough surface which is roughed by very fine sandpaper.
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Because there are many irregular surface asperities, nodule growth can not be induced by

every particle, only a big site as pointed in Fig.4.14(b) promotes a nodular growth.

@ (b)
Fig4.13 The nodular growth of CsI. (a) cross section of the nodule; (b) top view of
three nodules, one of these is removed from surface due to its loose bond.

Growing nodules are relatively stable against surface diffusion, because the gap
between the nodule and the undisturbed surrounding film enhances the diffusion path for
the adatoms, so that the filling up of the gap will go on very slowly as shown in

Fig.4.13(a).
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Fig.4.14 The nodular growth on a rough surface.(a) cross section (b) bottom view.
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As demonstrated in Fig.4.14, for pronounced hillock formation a certain angular
distribution of the incoming particles seems to be necessary. For a steady collimated
particle beam the surface asperity causes almost no disturbance in the growing structure.
Wide angular distributions yield open grain boundaries and a lose bond of the nodule to the
surrounding film. Fig.4.13(b) shows the top view of three nodules, two of these remain
within the CsI film, the another was removed from the surface due to its loose bond to the

surrounding columns and small contact to the substrate, and left a cave behind.

So far we have analyzed the mechanism of the formation of hillocks or nodules. By
analogy, we can induce a similar nodule-like columns in a controllable manner and further
influence the surrounding film growth with better columﬁ structure. Line ridges instead of
particles were patterned on a substrate with square pattern to form a mesh-like strcture as
shown in Fig.4.15. CsI will preferably initialize heterogencous nucleation on the ridge
lines similar to the formation of nodules since less free energy change of the adatoms is
required (refer to eq.4.9) due to the larger incident angles caused by curvatures of lines. By
controlling the parameters properly as shown below, leading columns are formed starting
from ridge lines. These leading columns function as guides to the surrounding film growth.
Due to the uniform forcing action between the leading columns and surrounding columns
through out all the film during the all growth process, a well organized columnar structure
of CsI can be obtained as shown in Fig.4.15. Such columns extend up to 450 um high
from the substrate without any discontinuity.

As a contrast, Fig.4.16 shows a CsI growth on a flat substrate at the same
deposition condition. It is clearly seen that One can see clearly that this layer consists of a
number of gains whose boundary will scatter the scintillation light, hence degrading the
imaging resolution. Certainly, line sizes and ridge heights affect the formation of the

growth, which will be addressed in the next section.
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Fig.4.16 Cross section view of CsI deposited on a flat substrate.

The application of such patterns also extends to using other geometrical substrates.
The formation of columns is promoted by a relatively high working gas pressure.
Increasing the capture radius of the particles also leads to a pronounced hillock formation
and a weaker bond of the nodule to the surrounding matrix of the undisturbed film, due to
open grain boundaries and to an enhanced protrusion above the film surface as seen in
Fig.4.14(a)..
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4.3.6 Substrate pattern geometry effect on Csl growth

As seen above, a particle or impurity on a substrate will lead to hillock formation
with a fan-like pattern with much larger diameter than the surrounding columns in two
dimensions. This is the type of structure we should avoid. The favorable structure is as
shown in Figd.15, where the ridge induced columns are not significantly larger than the
surrounding columns. This requires a suppressing force to expanding growth of the
columns induced by ridges. Along the ridge line there is no space for the column
expansion, thus a suppressing force normal to lines should be applied to the ridge induced

columns.
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Fig.4.17 Mesh pattern of polyimide defined on a glass substrate
by photolithography.

One way to achieve this is that neighbor columns should have the same growth rate
as the main columns, which requires that ridge heights should be small ~2-5 pm, and flat
portions should be of the same material as the ridges in order to have the same nucleation
rates. Another requirement is that lines should not so be close that not enough space needed
for regular column growth is left. Thus line-line pitch should be larger than 40 um and line

width be comparable to the column size, 2-5 pm.
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Fig.4.18 Csl fan-like structure on a inappropriate patterned substrate.

With an inappropriate geometry size of pattern, nodular growths normally formed.
For exmaple, Fig.4.18 shows such a CsI structure with cone-shaped structure due to
higher ridges. Considering the initial growth at the ridge sites, at the first 10 pum, the
growth starting from the ridge has no competition growth around it; there is space for it to
expand since growth from flat portion comes up later, thus growth expands quickly and

forms typical nodular defects. They grow continuously and gradually close each other.
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Fig.4.19 Csl growth on a "puck” pattern substrate.(a) The patterned substrate.
(b) Cross section of the CsI layer;
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Another scheme to form columnar structure in CsI is by suppressing the expanding
of the nodular-like columns. If the low portion of a substrate is small compared to the
upper portion, there will be little growth in the lower portion or between the upper sites.
Figd.19(a) shows a "puck” substrate. The raised portions are larger than the lower ones.
Since each growth starting from the puck has 6 neighbor column s, there is no room to
expand to form a nodular defect. Moreover, the interactive suppressing force will promote
the columnar formation as shown in Fig4.19(b). In this case, the height of the raised

portion is not important as long as it can promote fast nucleation on it.

4.3.7 Kinetic promotion of column growth

As deposition continues these columns begin to grow and also may coalesce to
form larger ones which, in turn, gradually join up. This sequence is illustrated in
Fig.4.19(b), which shows a growth sequence for CsI on a puck pattern substrate.

There are two routes by which atoms can reach a column island and thereby cause it
to grow. These are, as discussed in connection with nucleation, by direct addition from the
vapor above the substrate and migration across the substrate surface. If the former were the
dominant process we should expect the column to grow more rapidly in height than in area.
However, for this to occur a very high rate of deposition combined with a large value of
surface diffusion energy barrier and a low substrate temperature would be required. In
practical cases the surface diffusion energy barrier, E,, is small and growth of the nuclei is
dominated by surface migration. Clearly there must, at some stage, be a transition from
migration-dominated growth to direct addition from the vapor since when the film is
continuous only the later can occur.

It is well-known that varying the interaction between the adatoms and the substrate
leads to various growth modes[37]: layer by layer or Frank-van der Merwe growth for

strong interaction, island or Volmer-Weber growth for a weak one and, as a special case
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between the two, the Stranski-Krastanov growth, where the interaction between the
adatoms and the deposit additionally depends on the thickness of the already deposited
film. Nevertheless, it is a well established fact that the growth mode depends on the growth
kinetics, t00, i.e. column growth can be promoted kinetically by an elevated working gas

pressure.
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Fig.4.20 (a) Columnar structure CsI deposited on a flat substrate with evaluated
inert gas pressure. (b) Top of view of the layer.

As stated in section 4.3.4, vapor atoms can reduce their kinetic energies through the
collisions with the inert gas atoms, hence increase their diffusion barriers. Recalling
equation (4.9), larger incident angle due to multiple collisions will also reduce the free-
energy change of the adatom, hence enhance columnar formation. In experimental
situations this means that increasing the kinetic energy of the incident particles (i.e.
decreasing capture radius) causes less pronounced hillock formation, which is not desirable
for columnar structure formation. In order to reduce the kinetic energy of the incident
particle, elevated pressures with inert gas are employed, thus the vapor reduces its energy

by collisions before it reaches the substrate. In this way, the mobility of new adatom is
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slowed down with less diffusion, which limits the column expanding. Moreover, the
incident angle of incoming particle is increased through the collision. Therefore, with inert
gas pressure, the film of CsI exhibits columnar structure even on flat substrate. Fig.4.20(2)
shows such a columnar structure on a flat substrate. Fig.20(b) shows the top view of the
columnar layer, each column is well separated with surrounding columns, thus ithasa

good light-collimating properties.
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4.4 Experimental and Performance of Columnar Structure Csl

4.4.1 Evaporator setup

It is well known that dopant thallium atoms in alkali halide scintillators work as
activators which play an important role in increasing the scintillation efficiency and in
producing a longer wavelength emission spectrum than CsI(Na). This is a better match to
the a-Si:H detector as shown in Fig.1.5. A homogeneous concentration of the Tl is
necessary in order to optimize the performance of the CsI(T1) scintillator. The conventional
evaporation techniques do not produce deposits having the same composition as the source
material when the vapor pressures of the constituents TII and CsI in the evaporation boat
are dramatically diffe1;ent[38]. The CsI(T1) layers produced by this method have large

gradients in Tl concentration. To avoid this problem we adopted a powder flash

evaporation technique[39].
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Fig.4.21 Schematic of setup for depositing CsI(Tl) layers.
The setup of the evaporator we used is shown schematically in Fig.4.21. The
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source material is a powder mixture of CsI and TII according to the predetermined Tl
concentration. The CsI and TII powder is pressed into pellets and then transported through
a tube by a controllable motor and continuously fed into the heated boat. The boat is hot
enough to ensure that the mixture vaporizes rapidly. The deposition rate is determined by
the feed speed which is controlled by the motor. The substrates were placed on a rotating
holder which was cooled by a water tubing system to maintain the substrates at 100-150 co
during the evaporating process. The chamber initially was pumped down to 10-6 Torr. An
inert gas, in this case, Ar, was then admitted into the chamber which was then maintained
at about 5m Torr during the process. Ar atoms modify the transport paths of the vapor
toward the substrate by scattering, which enhances the columnar structure of the Csl

layers, thus improving the spatial resolution of the detector.

4.4.2 Light transmission

The experimental study of light transmission (or absorption) in the scintillator layer
is conveniently performed by direct excitation of the CsI(TI) layers by a LED light source
with wave length 565 nm, which simulates well the peak ( A =550 nm of the CsI(TI)
emission spectrum[40]. A Hamamatsu photodiode, S1723-04, was used to measure the
light intensity. Six CsI(TI) samples evaporated on patterned substrates and on flat
substrates with 300~600um thickness were measured. The results showed that the light
transmission of CsI on the patterned substrate was about 10-15 percent greater than that of
the flat substrates. The main reason is probably that the thermally induced columns of CsI
on flat substrate are not as straight as the ones on the patterned substrate, as shown in
Fig.4.15 and Fig.4.16. Moreover, many grains exist randomly inside the CsI film; the
boundaries of these grains will absorb as well as scatter the scintillation light. Furthermore,
since the distribution of these grains is random, it will affect the uniformity of the

scintillating efficiency, hence will increase the noise of the whole imaging system. By
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contrast, columns of CsI on patterned substrates extended perfectly through all of the bulk,
with little or no grain structure. Thus the light transmission is enhanced by the light guide

mechanism.

4.4.3 Light output vs Tl concentration

The TI concentration is known to affect the light yield in crystalline bulk crystalline
Cs(TI) [41]. A concentration of 0.1-0.2 mole percentage is required for an optimal light
output[42]. The TI concentrations in the evaporated layers were evaluated by Reflection
Fluorescence analysis (XRF)[43]. The scintillation light output was measured using a
Hamamatsu S1732-04 silicon photodiode coupled to the CsI(T1) film. The light output was
measured in terms of the number of photoelectrons produced on the photodiode per Mev of
energy deposited in the CsI(T]) film by a calibrated 50 KVp x-ray source. The light yields
were plotted against the Tl concentration as shown in Fig.4.22. This graph indicates that

for a good light yield, the T1 concentration should not be less than 0.02 mole percentage.
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4.4.4 The effect of the heat treatment

The heat treatment of the CsI layer, not only changes its morphological structure but
also affects the light emission efficiency. CsI samples were annealed at temperatures 2000C
to 5000C for 30 minutes. The light output systematically increases with increasing the
annealing temperature. As seen in Fig. 6, the initial annealing (from 1500C to 2500C)
causes a larger increase in the light yield than the higher temperature annealing. This light
output effect of the heat treatment indicates that the annealing can cause the T1 atoms to
relocate in the CsI by thermal diffusion processes, which therefore create more TI*
luminescent centers and thus more effectively activate the CsI to emit the light. In addition,
it should be emphasized that at the temperatures beyond 5500C the annealing will degrade
the CsI light yield because some of T1 atoms will escape from Csl surface due to the high
equilibrium vapor pressure of the T1. One should note that when CsI film is deposited on
an a-Si:H substrate, annealing temperature is limited below 250°C due to the emission of

hydrogen of a-Si:H film at a higher temperature.
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Fig.4.23 Light yield vs annealing temperature.
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4.4.5 Radiation resistance of the bulk and film CsI

A scintillation screen, as the input radiatioﬁ converter, absorbs most of the
incoming radiation energy during long term medical imaging or high rate particle detection.
It will undergo radiation damage, thereby decreasing the light yield. Thus there is concern
over the sensitivity of the CsI(T1) film which may limit its use in stable radiation detection.
Previous data[44,45] has shown that the pulse height reduction from bulk CsI(T1) is
already significant at a dose level of 100 rad. We exposed an evaporated CsI(T1) layer 125
pm thick to various radiation levels to determine its radiation tolerance. The irradiation was
done with a strong y-ray Cobalt-60 source at the irradiation facility at LBL. The nominal
activity of the Co-60 source was 6000 Ci. The Csi sample was placed at calibrated
positions 10-30 cm away from Co-60 source. An ion chamber detector was used to
monitor the dose which determined the exposure time required for the total dose. The signal
yield was measured after each exposure. It was normalized relative to its original signal
output. Fig.4.24 also shown the data for a 1cm thick crystal CsI(T1) taken from ref[46].
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Fig.4.24 Radiation resistance.
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As shown in Fig.4.24, the dose required to reduce the signal size by a factor of two
for this evaporated layer is about 50 times larger than that for 1 cm thick bulk CsI sample.
This suggests that the radiation damage changed optical transmission properties of the
scintillator, in agreement with more detailed studies on crystal CsI[46].

Generally, there are two sources of radiation damage in CsI[46]. One is intrinsic.
which causes coloration due to the F-center (a negative ion vacancy with one excess
electron bound at the vacancy) and to other more complicated color centers. The other is
extrinsic, which causes coloration and afterglow due to impurities. Both cause transmission
loss of the scintillation light. Recovery from radiation damage, both transmission and light
output, has been studied extensively[47,48]. A small amount of natural recovery was
observed in CsI kept in the dark at room temperature for a period 30 days. Very little
recovery was observed with exposure to UV light[47]. However, the quick damage

recovery was reported by exposure to sunlight[46].

4.4.6 Fluorescence decay time

Csl and CsI(T)) film with different Tl concentration were deposited by evaporation.
The light yield timing spectra were measured by a table-top pulse x-ray system with a
timing accuracy of about 100 ps, which combined a state-of-the-art laser diode and a light-

excited x-ray tube as shown in Fig.4.25.

Analysis of the decay spectra of the bulk CsI(TI) crystal which is the source
material for the deposited CsI layer resulted in three decay periods: 900 ns, 1500 ns, and
3500 ns. The fast component dominates the total light yield. The rise time of the light peak
~80 ns can be easily seen by expanding the time scale of Fig.4.26(a). For the layers made
from the above crystal with different Tl concentrations, the three decay components are still
found with the same relative amplitudes, which are independent of Tl concentration. In

addition an ultrafast component wasobserved in these evaporated layers, with intensities
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which are correlated with the Tl concentration. Fig.4.26(b) shown the light yield spectra
of the evaporated layers at the Tl concentrations of 0.3 mole percentage and 0.6 mole
percentage. The amplitude of the ultrafast component of the sample with less Tl is larger
than that of higher Tl one and has two components roughly t1=2 ns, 12=6 ns. The reason
for the appearance of this unique ultrafast component in the evaporated layer may be due to

the redistribution of the TI* luminescent center during the fabricating of the layer.
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Chapter 5. Radiation Detection
5.1 MIPs Detection in Particle and Nuclear Physics

Particle and nuclear physics experiments require position information using pixel or
strip configurations. Most of the time, minimum ionizing particles- MIPs are detected.
Three configurations are possible (1) using a detector > 50 pm thick in which each MIP
produces ~80 e,h pairs/um([1-3]. (2) The second possibility is to use the scintillator/a-Si:H
thin photodiode structure. (3) using the a-Si:H photoconductor instead of the photodiode
in order to increase the sensitivity of the detector[4]. In later sections, we will demonstrate
the capability for detecting minimum ionizing electrons based on the last two

configurations.

5.1.1 Stopping power and electron range in the CsI

For electrons of up to 10MeV the dominant modes of energy loss are excitation and

ionization of the electrons of the absorber. the rate of energy loss is:

dE 4
= =4”; VZW .B, | | (5.1)
where e, m are the electronic charge and mass, v the particle velocity, Z the atomic number
of the absorber and N the number of absorber atoms per cm3. For v <<c (light speed) the
stopping number, B, is[5]:

B= In(0.583 my2I), (5.2)

Here I is the mean ionization potential of the absorber atom. At higher energies B increase

in a manner given by Moller’s formula[6]:

2B=In[mv 2Ey/21%(1-B2)] - In2(2 w/(l - %) -1+B2)+1-B> (5.3)
where B =v /c. There is a minimum of the rate of energy loss based on the eq.(5.1, 5.2,

5.3). Particles with that energy are called minimum ionizing particles- MIPs.
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The rate of energy loss of electrons in CsI is shown in Fig.5.1, while Fig.5.2

shows the range of electrons in CsI.
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Fig.5.1 Rate of energy loss,-dE/dx, for electrons in CsI as a function of energy.
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Fig. 5.2 Range of beta particles in CsI as a function of energy.
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5.1.2 Detection of [ particles from Bi207

The scintillator of choice is CsI(T1) with the columnar structure discussed in chapter
4. A a-Si:H diode with ITO top contact and light detection efficiency ~70% was coupled to
the CslI layers with thickness 315mm, 461 pm and 894 pm. The output of theA photodiode
was amplified by a charge-sensitive preamplifier and then shaped by a quasi-Gaussian
shaping amplifier. Fig.5.3 shows the measured pulse height spectra in CsI/photodiode

combination for incident electrons from Bi207.
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Signal (electrons)

Fig.5.3 Detection of b particles from a Bi207 source by CsI(T1) layers coupled to
a photodiode.

The high count rate at low energy is due (aside from noise) to the fact that electrons
often undergo large-angle deflections along their track which leads to the phenomenon of
backscattering[7]. An electron entering one surface of an absorber(scintillator) may

undergo sufficient deflection so that it reemerges from the surface through which it entered.
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These backscatterred electrons do not deposit all their energy in the Csl later and therefore
can have a significant effect on the response of detectors to measure the energy of
externally incident electrons. Backscattering is most pronounced for electrons with low
energy and absorber with high atomic number such as Csl in this case. To reduce this

backscattering effect and suppress the noise, a coincidence method was used to measure the

B particles as described in next section.

5.1.3 Detection of B particles from a Sr%® source

We measured signals produced by minimum-ionizing electrons from a S99 source
with the Csl/a-Si:H pin diode detector. A 10 pm thick a-Si:H pin was used to decrease the
detector capacity in order to reduce the noise level of the output. A 950pm thiqk evaporated
CsI(T1) layer was coupled to a-Si:H photodiode. A thin aluminum foil was placed on the
top of the scintillator as reflector to increase light collection. The measurement setup is
shown in Fig.5.4(a). A Hamamatsu photodiode $3590-01 was placed below the Csl/a-
Si;H pin detector as a trigger counter to count only the high energy > 1.5 MeV tail of the
beta spectrum. The count is recorded by passing the pulse from the CsI(T1)/a-Si:H
photodiode through an electronic gate that is open if a coincident pulse is detected by the
Hamamatsu photodiode. In this way backscattering electrons and some of the device noise
were rejected. The B particles were collimated by a 8mm thick aluminum collimator with
1.5 mm diameter hole. The output of the photodiode was amplified by a charge-sensitive
amplifier and then connected through a shaping amplifier to a PHA. The shaping time was

setat 1 ps.

A typical pulse-height distribution for the measurement is shown in Fig.5.4(b).
The peak of the spectra corresponds to approximately 22,000 electron-hole pairs. This is

equivalent to a generated light yield of 40,000 visible scintillation photons. This signal size
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can be increased by a factor ~ 3-6 using the photoconductive gain mechanism discussed in

the next section.
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Fig.5.4 MIPs measurement (a) experimental setup;(b) pulse height distribution
1 MeV betas.
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5.1.4 Detection of 8 particles by CsI(Tl)/photoconductor combination

As discussion in section 3.5, a p-i-n diode operated under forward bias exhibits a
faster photocurrent decay than the n-i-n one, moreover it has the same optical gain as n-i-n
one for a short integrating time. Thus we use a p-i-n diode as a photoconductor coupled to
CsI(T1) to detect the Beta particles. The measurement setup and procedure are the same as
described above. Fig.5.5 shows the pulse height distribution measured in a a-Si:H
photoconductor coupled to a CsI layer. The amplifier shaping time was set at 1 Us for

suppressing noise level. Even so the noise level is high for a diode with large current and
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Fig.5.5 The detection of b particles from Sr90 by a CsI layer coupled to
photoconductor with shaping time 2 ps.
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Fig. 5.6 The expected Beta spectrum from a photoconductor coupled to
a 950 um CsI(T1) layer calculated for pixel size 100x100 pm.

large capacity, when the active area of the diode is ~8 mm?. But if we use a detector pixel
size qf 100x100 pum? in the detector array, the current will be suﬁstanﬁal lower in each
pixel, therefore the noise level will be quite low ~ 2300 electrons for the same measuring
arrangement. The calculated pulse spectrum from Fig.5.5 is shown in Fig.5.6. The noise

will be well separated from the signal produced by the incident electrons.

5.2 X-ray Detection

At present the detectors used in medical imaging are (a) X-ray film coupled to
intensifying screens Lanex or Chronex, manufactured by Kodak and DuPont
respectively[8]. (b) Real time imaging is accomplished by electronic image intensifier tubes
with a X-ray sensitive layer of CsI(Na) deposited internally on the cathode. These both
have a spatial resolution-given as an MTF ( Modulation Transfer Function) which has a

value of 5-6 line pairs per mm at the 10% level. A solid state replacement is a pixel array of
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a-Si:H photodiodes with either a Lanex or CsI(TI) scintillator. X-ray converter prototype
arrays with a pitch of 125x125um have been made by Xerox PARC[9]. The MTF of those
devices is ~5 line pairs per mm at 10% level. We have measured the MTF of our CsI(T])
columnar layers with X-rays of 41 and 90 KVp. The MTF of our CsI(T]) layers as a
function of thickness is shown in Fig.5.14. These layers have X-ray detection sensitivities
~3 times higher than those of Lanex screen when measured at the same resolution. We are
presently testing pixel diode arrays with pixel size 50x50 pm coupled to CsI(T1) layers
150pm thick to give an overall MTF of >10 lp/mm.

5.2.1 Absorption of X-ray in CslI layer

Gamma rays and X-rays interact with matter mainly by one of three types of
process, namely the photoelectric effect, Compton scattering and pair production. In the
medical imaging range of X-ray energies, the interaction coefficient in CsI is mostly due to
the photoelectric effect. Thus the absorption coefficient can be substituted by the

photoelectric coefficient for the X-ray energies below 200 KeV as shown in Fig.5.7.
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Fig.5.7 Absorption coefficient of CsI as a function of photon energy.
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Fig.5.8 Calculated percentage of the absorption in different thickness Csl layers.

Scintillators for radiation detection are usually required to have high resolution and
high output brightness characteristics. The brightness of the light output is, in part, a
function of the thickness of the scintillator layer, which determines the amount of X-ray
energy absorbed. Fig.5.8 shows the quantum efficiency of CsI(TI) layers for different X-
ray energies as a function thickness. One should note that just below and above the K-edge

the absorption efficiencies are very different as shown in the figure.

5.2.2 Spatial resolution

The Csl screen spatial resolution was evaluated by measuring its line spread
function (LSF). The scintillation light spread from evaporated CsI(TI) layers (various
thicknesses) was characterized by exposing a scintillator to a narrow beam of X-rays and

detecting the light output with a linear position sensitive detector array. The shematic of the
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measurement setup is shown in Fig.4.9. The low energy x-ray beam was generated by an
x-Tay tube operated at 49K Vp and viewed through a 25 pm wide slit. The penetration
depth is small enough so that the most of the irradiation energy could be deposited inside
the CsI(TT) film. A linear silicon photodiode array (EG&G Reticon RL0256SBU-001)
with 20 dots/mm resolution was used as the light sensor. The output signals were digitized
and stored in a computer for further analysis. The measured line spread function is the
convolution of the three components: finite width of the X-ray beam, the spatial resolution
of the sensor array and light spread of the scintillator, as shown in Fig.4.10. Thus the real
line spread function of the CsI layers should be deconvoluted from the total line spread

function response in the following steps:
(a) MTF of X-ray beam

First the X-ray beam through a narrow collimation slit with a finite size can be
approximately expressed as a Gaussian distribution; thus X-ray beam intensity (LSF) can
be written as: '

X(u) = A exp(-u?/c?), (5.4)
where u is the position, A is the amplitude at position u=0. ¢ is the standard deviation, and

can be obtained by relation:
FWHM = 2.350, (5.5)

FWHM is about 30um (the width of the collimating slit) in our setup. Thus the normalized
MTF of the X-ray beam is:

MTFyray = |_ X(u)exp(-2niku)/A = exp(-c2n%?), (5.6)

Here k is spatial frequency.
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Fig.5.10 The diagram of MTF components.

(b) MTF of the sensor array

The MTF is calculated for one-dimensional static case. The input illumination

pattern for evaluation of the MTF is commonly given by[10]
X(©) = 0.5(1+cos(0), .7
where is a general spatial parameter. Then the MTF is defined by the response of the

sensor array to the input:

MTF = (Yrmax -~ Ymin J/(Ymax + Ymin ), (5.8)
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Where Ypmax and Ymax are the values of a neighboring maximum and minimum,
respectively, of the output. Let T is the period of the input, L is the sensor pixel. For
simplicity, let L is equal to the pixel pitch. We normalize the pixel spacing as

6; = wL/T, (5.9)

When the input maximum is aligned at the center of the sensor, Ymax and Ymax are easily

obtained as:
Yonax= [ 0.5(1+c050)d0 = 0; + sinb, (5.10)
Y min = 61 - sinfy, (5.1D)
Thus MTF of the sensor is
MTF = 5in61/8;= sin(aL/T)/(xL/T), (5.12)

This is the MTF of the sensor for ideal condition, such as no across-talk coupling signal
between the neighboring pixels. Fig.5.11 gives the MTFs of sensor elements for different
spacings. For revealing the pixel effect, MTFs for different pixel sizes are also plotted in
the same graph.
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Fig.5.11 The calculated MTF:s for different pixel spacing.
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Now the line spread function of the scintillator is obtained as:
MTFcst = MTFcs1 / (MTFx-rayMTFsensor)’ (5.13)
The line spread function for each scintillator was obtained by this method.

Table 5.1 Comparison of Characteristics of CsI(TI) Layers with Lanex Screens

Relative Light |  Spatial MTF at 10 Thickness
Scintillators Output Resolution % Level (um)

FWHM(um) (ip/mm)

Lanex Fine

Screen 100 96 9.1 75
Structured

CsI(TD) Layer 120 69 15.9 65
Structured

CsI(T1) Layer 170 81 12.0 75
Structured

CsI(TI) Layer 226 98 9.0 112
Lanex Medium

Screen 210 179 4.6 140
Non-structured

Csl 396 198 3.2 190
Structured ;

CsI(T1) Layer 340 110 8.0 144
Lanex Fast

Screen 520 330 2.5 288
Non-structured

Csl 410 259 29 220
Structured

CsI(TI) Layer 620 173 53 220

Fig.5.12 gives the LSF of Kodak Lanex Screens and Csl layers. Curve (a) shows
the LSF of Lanex Fast Screen 288 pm thick, curve (b) that of non-structured CsI(TI)
crystal layer 220um which exhibits a longer tail than curve (a) due to its good light
transmission and curve (c) that of structured CsI(TI) layer 220um thick with the same light
emission efficiency as the Lanex fast screen. The structured CsI(T]) layer substantially
suppressed its light spread by its auto-collimating structure. Thus it exhibits a narrower
LSF that is superior to the Lanex fast screen and the non-structured CsI layer. Curves (d)
and (e) are the same thickness 75 pm scintillators, Lanex fine screen and structured CsI(T1)

layer. Structured CsI layers deposited on flat substrate with inert gas enhancement give
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almost same spatial resolution as layers deposited on patterned substrates. Again, the
structured CsI(T1) layer has a higher resolution than the Lanex screen. The comparison of

characteristics of CsI(T1) layers with Lanex screens are summarized in Table 5.1.
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Fig.5.12 LSF of Lanex and CsI: (a) Lanex Fast Screen, (b) Non-structured CsI(T1)
crystal 220um thick, (¢) Structured CsI(T1) layer 220pm thick, (d) Lanex
fine Screen and (e) Structured CsI(TI) layer 75um thick.

The spatial resolution of an imaging system can be expressed as a frequency in the
spatial domain, and is described in term of the modulation transfer function (MTF).
The MTF was determined by Fourier analysis of the line spread function.

Mathematically, the MTF is expressed as

X
J L(x)ex;{-anfx]dx

MTF = . (5.14)
j L(x) dx

o0
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Fig.5.13 MTF calculated from LSF in Fig.5.12

The MTF of the CsI layers was obtained from MTF:wx by correcting the MTF losses
due to the limited width of the x-ray beam and the finite pixel size. The MTFs of the
scintillation screens were normalized to unity at zero spatial frequency. The data of
Fig.5.13 show the MTFs corresponding to the LSFs in Fig.5.12. Curves (a) and (b)
exhibit the same MTF at the high frequency portion. The effect of reducing amplitude at the
low frequency portion of MTF of non-structured CsI(T1) is mainly due to its wider light
spread tail. The structured CsI(T1) curve (c) showed substantial improvement of MTF over
curves (a) and (b) at all spatial frequencies. Curve (e) (structured CsI layer) has a spatial
resolution at the 10% level of up to 12 lp/mm, while the Lanex fine screen has a spatial
resolution 9.1 Ip/mm at the same level. Further this CsI(TI) layer has better light yield
efficiency, see Table 5.1.
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With increasing thickness of the scintillator, the X-ray absorption increases, the
light output also increases, but the resolution decreases. Fig.14(a) and (b) show the spatial

resolution dependency of CsI(T1) layers on their thicknesses.

5.2.3 Tooth X-ray imaging

As shown above, the columnar CsI(T1) layer exhibits a high spatial resolution due
to its collimating nature. When such a scintillator is coupled to a pixel detector array, a high
quality radiation imaging can be obtained. As a demonstration, we placed a 120 pm thick
columnar CsI on the top of a position-sensitive photosensor array and took an image of a
real tooth as shown in Fig.5.15. The array area is 3x5 cm?2 with pixel spacing 50 pum (
EG&E, Reticon). As a comparison, we took a picture with the same X-ray source using a
conventional emulsion X-ray film as shown in Fig.5.16. As shown in these two pictures,
the imaging quality using the solid state detector is almost the same as one by using the
conventional method. In addition to the digilization of the imaging, another big advantage is
that the electronic readout device can reduce, by as much as 90 percent, the amount of X-
ray exposure compared to the conventional oral X-ray method using dental X-ray film

without intensifying screens.
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Chapter 6. Conclusion

Hydrogenated amorphous silicon has been used in many kinds of detectors,
ranging from light to charged particles and X-rays. Due to its random structure, a-Si:H is
relative insensitive to radiation damage which makes it a good choice as a radiation
detector. The thin film technology of a-Si:H with its inherent multilayer structure allows

solutions not possible with crystalline silicon technology, especially a large-area capability.

For individual charged-particle position-sensitive detection, thin p-i-n layers are
used as visible light detectors with a scintillator layer to provide the input signal by the
energy deposition of the charged particle in it. The light collection loss for the scintillation
light is mainly due to the p layer absorption. Thus a good light sensor diode was designed
by optimizing the p-doped layer. The leakage current of the diode was analyzed. When
designing a small pixel detector, the surface leakage should be eliminated. The charge from
each pixel diode can be read out through TFT switches or can be connected to individual

TFT preamplifiers for better signal to noise ratio.

A-Si:H n-i-n and p-i-n diodes can be operated as photoconductors with an increase of
light sensitivity. For short times pulses with shaping time less than 5 ps, p-i-n and n-i-n
structures give the same optical gain. However, for long term integration ~ milliseconds,
the n-i-n device has a factor of 3 higher optical gain than the p-i-n structure, due to longer
secondary current decay from n-i-n device. A-Si:H photoconductors are also good
alternatives to light sensors as well as radiation detectors when coupled to suitable
scintillators. A-Si:H diodes with photoconductive gain exhibit an alomst linear response to
incident light photon flux up to 1015photon/cm?sec (Is o ¢°°) and should be suitable for
medical imaging. The emergence of new applications provides the opportunity to improve
the knowledge of photoconductivity in high resistivity semiconductors. Due to the

simplicity of the configuration, a-Si:H photoconductors are particularly attractive from a
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production yield standpoint, if we consider the large number of sensor elements associated

with such 2-D imaging.

Techniques for forming columnar structure CsI were developed. The mechanism of
the column formation on the patterned substrate was demonstrated. The various parameters
affecting the growth of the material were discussed. When grown under inert gas pressure,
the vapor kinetic energy is reduced by multiple collisions, thus reducing atom diffusion and
resulting in enhanced column formation. The performances of the evaporated Csl layers
was investigated, showing light yield comparable to crystal CsI. Maintaining the
concentration of the activator Tl at a range of 0.02 -0.2 mole is required for an optimal light
yield. Further annealing of the CsI was shown to increase its light output by 10 -40
percent. Measurement of radiation resistance of the CsI(T1) layer has shown that CsI(TI)
layers have long term stability under X-ray radiation, which is essential for medical
imaging. ’

The performance of a-Si:H p-i-n photodiodes coupled to CsI(T1) scintillator for
charged particle and X-ray detection was measured. The ability to detect minimum ionizing
particles with S/N > 20 was demonstrated by using electrons with energies Ee>1.5 MeV
from Sr90 sources. Owing to the structure of the CsI(TI) layers, it is possible to use a
thicker scintillator layer for achieving higher x-ray absorption without the attendant
degradation of resolution. A structured CsI(T1) layer ~110um thick produces twice as
much light as a Kodak Lanex Fine intensifying screen with the equivalent resolution.
Hence x-ray imaging can be carried out with smaller radiation doses. The performance of
an x-ray imaging system is predominately determined by the input screen converters for the
whole range of spatial frequencies which are of practical interest. The evaporated CsI(T])
layer is more resistant to radiation damage than a CsI crystal. The predominant fluorescent
decay time is less than 1 ps for the doped CsI layer. The measurements and analysis have
shown that structured CsI(TI) layers coupled to a-Si:H pixel arrays or other sensor arrays

are good candidates for detectors in 2-dimensional imaging detection.
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