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Signals induced in semiconductor gamma-ray imaging detectors
J. D. Eskin,a) H. H. Barrett, and H. B. Barber
The University of Arizona, Optical Sciences Center and Department of Radiology, Tucson, Arizona 85724

~Received 24 July 1997; accepted for publication 6 October 1998!

The signal induced in a readout circuit connected to a pixel electrode in a semiconductor gamma-ray
imaging array is calculated by solving the Laplace equation. Two approaches are presented that use
Green functions in solving the boundary value problem: decomposition into basis functions, and
construction of an infinite series of image charges. Another approach is developed based on the
Ramo–Shockley theorem, which makes use of weighting potentials. These potentials may be readily
calculated in three dimensions using a Fourier-transform propagation technique. An analytic
solution is found for the special two-dimensional case of a strip detector. Experiments on CdZnTe
square-pixel test structures using alpha radiation confirm the expected trends in pulse shape as a
function of pixel size. Signals observed simultaneously on adjacent pixels also follow the predicted
division of currents. Trends with pixel size are also confirmed in the shape of pulse-height spectra
taken using a99mTc source. ©1999 American Institute of Physics.@S0021-8979~99!03302-2#
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I. INTRODUCTION

Gamma-ray imaging detectors based on compound s
conductors such as CdxZn12xTe are poised to become im
portant tools in nuclear medicine,1 astrophysics,2,3 and other
fields, providing higher spatial resolution and higher-ene
resolution than can be obtained with scintillator-bas
gamma cameras. These detector arrays are made from
of single-crystal semiconductor material with individual pi
els defined either by square regions patterned into the e
trode on one side of the slab, or by a crossed-stripe pat
formed on opposing sides. The detector volume is a regio
intrinsic material or a fully depletedp– i –n structure which
operates under a bias voltage in photoconductive mo
Gamma rays absorbed in a photoelectric interaction prod
mobile electron–hole pairs, which move under the appl
field, inducing a current in nearby pixel electrodes. A read
circuit connected to each detector element responds to
integrated current resulting from a single gamma interact
The integrated signal corresponds to the energy of
gamma ray, and this pulse height is used in spectrosc
analysis to screen out events of interest for imaging.

In single-element semiconductor detectors, the indu
signal is proportional to the distance the charge carr
move. Strong trapping of holes relative to electrons result
signals that vary with depth of interaction and a pulse-hei
spectrum having a characteristic trapping tail~as discussed in
more detail later in the article!. In multielement detectors, th
induced current no longer depends only on the distance
carriers travel, but also on their proximity to the sensi
electrode. This ‘‘near-field’’ effect can be exploited b
choosing the pixel plane to be the anode and making
pixel dimensions small in comparison with the detec
thickness. In this situation, the signal is due almost entir
to electron transport, and the hole trapping tail is larg

a!Currently with Panoptic Vision, Inc., Boulder, CO 80303; electronic ma
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eliminated, with no loss in detection efficiency. Howeve
even an infinitesimal pixel would not have the best transp
properties. Electron-only transport does involve some va
tion in signal with depth of interaction, and some compon
of hole transport can serve to balance out this trend. Ano
aspect of small pixels is that they are prone to degradatio
the energy resolution by a variety of mechanisms such
escape ofK-shell x rays, straggle of energetic electron
Compton scattering, and diffusion of charge carriers. In pr
tice, these processes of nonlocal charge deposition s
lower bound on pixel size, unless steps are taken in
image-acquisition system to recover a signal that has sp
to neighbor pixels.4 For a given set of material paramete
and energy of incident radiation, there is an optimal pix
aspect ratio, which may be determined by modeling both
induced signals and the scattering processes.

In Sec. II we derive expressions for the induced sig
by solving the three-dimensional Laplace equation. In S
III two forms of a Green function are developed: an expa
sion into basis functions, and a summation of a series
image charges. In Sec. IV approaches using the Ram
Shockley theorem are presented. The three approache
calculating the induced signal produce equivalent results,
one may have a computational advantage over another w
analyzing a given detector geometry. Section V discusses
effect of carrier trapping and methods for calculating t
induced signal from the charge distribution. Section VI p
sents an analysis of the effect of pixel size on the detec
signal. Section VII presents experimental results that confi
the predicted trends in temporal pulse shapes and pu
height spectra.

II. INDUCED CURRENTS IN MULTIELEMENT
DETECTORS

We consider the detector array geometry shown in cr
section in Fig. 1. The continuous top electrode is held a
~negative! bias potentialVb , while the bottom pixel elec-
trodes are kept at ground potential by a transimpedance
© 1999 American Institute of Physics
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plifier connected to each pixel. When a gamma ray is
sorbed in a photoelectric interaction, a cloud of ma
thousand electron–hole pairs is created. Under the influe
of the bias field, the holes will drift upward toward the co
tinuous ~cathode! electrode while the electrons will drif
downward toward the more positive~anode! pixel electrodes.
The volume of the detector consists of an intrinsic~or well-
compensated! semiconductor or a depletion region havin
very high resistivity, and it is assumed to be free of cha
carriers except for those liberated in an interaction with
gamma ray. Thermally generated charges do exist in the
ume and result in a low-level dark current, which can
considered to be independent of the pulse of current resu
from a gamma-ray interaction.

In doped semiconductors, or in ionic materials, comp
sating charges move to surround mobile charges, effecti
screening their fields from being sensed at macroscopic
tances. Since charge neutrality is maintained at all point
the detector volume, no electrode currents are observed
moving carriers actually reach the electrodes. By contras
an insulating medium, currents resulting from introduction
mobile carriers into the medium are due entirely to indu
tion. Unlike the case of doped semiconductors or conduc
Ohmic media, there is no reservoir of free carriers availa
to surround drifting carriers and maintain local charge n
trality, at least not on the time scale of interest. The char
teristic relaxation time of a medium is given bytR5re,
wherer is the resistivity, ande5e re0 is the dielectric con-
stant of the material. For a typical slab of detector-gra
CdZnTe having a resistivity of 531010 V cm and a relative
dielectric constant of 11, the relaxation time is 49 ms, wh
is long compared to typical hole drift times for these det
tors of one or two microseconds. On the other hand,
charges do not move so fast (107 cm/s is the terminal veloc
ity at room temperature! that electromagnetic forces need
be taken into account, so the system can be treated q
statically.

When a charge packet is introduced into the medium
will induce a surface charge on any nearby electrodes. As
charge packet drifts under the influence of the bias volta
the surface charge density will change in form, starting
as nearly uniform when the charge packet is far from

FIG. 1. Detector in cross section. The continuous top electrode is conne
to a bias voltageVb . Pixel electrodes on the bottom plane are held at grou
potential by the input node of a charge-sensitive preamplifier.
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electrode. As the packet of carriers moves close to the e
trode, the surface charge becomes more concentrated ar
the point closest to the packet. The temporal change in
face charge, integrated over the electrode area, manifests
current flowing through the electrode. When the cha
packet drifts all the way to an electrode, the mobile char
recombine with the surface charges of the opposite sign.
current pulse that should result from the sudden chang
surface charge is exactly balanced by the transfer of mo
carriers into the electrode material. The net result is t
there is no associated pulse of current when a charge pa
reaches the electrode.

A. Single and multielement detectors

In semi-insulating media, therefore, the electrode c
rents may be calculated by observing the change in sur
charges as carriers move inside the detector volume. H
ever, in the case of single-element detectors, which hav
continuous electrode on either side, the form of the indu
currents may be found by a much simpler calculation.

The power required to move a packet of chargeq at a
velocity n in the direction of a fieldE is P5qEn. This
power must be drawn from the power supply, which kee
the bias voltageV5EL constant across the detector thic
nessL. This power may be factored into a current and
voltage,P5 iV. The current,i 5qn/L, flows as long as there
are mobile charges in the medium, regardless of their p
tion. We separate the charge packet into electrons,2eNe(t),
and holes,eNh(t), each of which moves at its own velocit
~in opposite directions! and whose number may change
time. The electrode current for a single-element detecto
then

i ~ t !5
e

L
@Ne~ t !ne1Nh~ t !nh#. ~1!

The electronic circuits that sense the current pulses
gamma detectors are typically configured as integrat
yielding a signal proportional to the charge stored on
integrating capacitor. If the integration time is long enou
that all carriers have drifted to their respective electrodes
have become trapped along the way, the net charge is a f
tion of interaction depthzi ,

Q~zi !5
eNele

L F12expS 2
zi

le
D G

1
eNhlh

L F12expS 2
L2zi

lh
D G , ~2!

wherele andlh are the mean-drift lengths for electrons a
holes. Equation~2!, which is known as the Hecht relation,5 is
usually sufficient to describe the behavior of single-elem
detectors.

The position-independent model of current flow fro
Eq. ~1! cannot be applied to multiple-element detectors
there are several paths the current can take, and the cu
through each electrode depends on the position of the c
ers. We can develop a more general theory of induced
rents by first considering a point charge created within
detector volume at the three-dimensional position vectorri .
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In the absence of boundary conditions, the potential fr
this point charge follows aur2ri u21 falloff. At the pixel
plane, where all electrodes are held at ground potentia
surface charge will develop to offset the discontinuity in p
tentials. By Gauss’s law, the surface charge on the elect
is

s~r ,t !5e
]F~r,t !

]z U
z50

, ~3!

wherer is the two-dimensional position vector on the ele
trode surface,F is the potential within the volume, ande
5e0e r is the permittivity of the semiconductor material. Th
current flowing through the pixel electrode at a given time
the time derivative of the surface charge density, integra
over the pixel area,

i pix~ t !5E
pix

d2r
]s~r ,t !

]t
. ~4!

Often we are not interested in the details of the curr
flow, but need only to know the integrated charge stored
the feedback capacitor in the readout preamplifier after
carriers have had time to drift across the detector~if not
trapped along the way!. This charge signal depends on th
initial and final surface charge densities,

Qpix5E
pix

d2r @s~r ,tmax!2s~r ,0!#. ~5!

Here,tmax is the maximum time for carriers of either sign
drift from the interaction pointr i to the electrodes. As men
tioned above, there is a change in surface charge as
carrier that was not trapped along the way recombines a
electrode, but no net current results. The integrated ch
signal Qpix generally ~but not always! rises monotonically
from time 0 to timetmax, then stays fixed until reset elec
tronically ~or further increased by detrapping carriers!. The
initial surface charges(r ,0) may be presumed to be zero, t
pixel electrode voltage having been reset by its readout
cuit. Even immediately after a gamma-ray absorption,
electrons and holes created will be in close proximity to e
other, and there will be no effective charge distribution in t
bulk until the carriers start to separate. The net signal m
then be expressed using Eq.~3! as

Qpix5E
pix

d2r e
]F~r,tmax!

]z U
z50

. ~6!

The key to finding the final integrated charge is to find
potential due to a single point charge which satisfies
inhomogeneous Poisson equation with the appropr
boundary conditions. Such a potential is a Green funct
and methods for finding the form of this function are d
cussed in the next section. From the known potential
surface charge can be found from Eq.~3!, and the integrated
charge from Eq.~5!. The solution for a general initial distri
bution of charger(r,t) can be found by superimposing th
solutions for a distribution of point charges, under the a
proximation that the point charges do not interact with ea
other.
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III. SOLUTIONS USING GREEN FUNCTIONS

The potential distributionF throughout the detector vol
ume due to a charge distributionr satisfies the inhomoge
neous Poisson equation

¹2F~r,t !5
2r~r,t !

e
. ~7!

The potential can be found with the aid of a Green funct
G(r;r0), which represents the potential atr due to a point
charge atr0 . The functionG must satisfy

¹2G~r;r0!524pd~r2r0!, ~8!

within the volumeV as well as surface boundary condition
on the top and bottom electrodes,

G~x,y,L !5G~x,y,0!50. ~9!

We apply Green’s theorem over the detector volumeV,
whosex andy dimensions extend to infinity. The surfaceS
consists of the top and bottom electrodes. The outwa
directed normal derivative]/]n points in the1z direction
for the top surface atz5L and the2z direction for the
bottom surface, wherez50. The small spaces that must,
practice, separate a pixel electrode from the surrounding
face region are ignored for the moment, but will be treated
the next section. When the surface boundary conditions,

F~x,y,L !5VB and F~x,y,0!50, ~10!

are applied, the potential is given by6

F~r,t !52
VB

4p È d2r 0

]G~r;r0!

]z0
U

z5L

1
1

4pe0e r
E

V
d3r0G~r;r0!r~r0 ,t !. ~11!

The first term in Eq.~11! represents the potential due to th
fixed bias voltage while the second term gives the poten
due to the mobile distribution of charges produced in
gamma-ray interaction. To calculate the signal induced o
pixel by a charge distribution within the detector volume, w
substitute the second term in Eq.~11! into Eq. ~6! to obtain

Qpix5
1

4p E
pix

d2r
]

]z F E
V
d3r0G~r;r0!r~r0 ,tmax!GU

z50

. ~12!

A. Eigenfunction solution

We present two techniques for finding the form of t
Green function. One method involves constructing the Gr
function from an orthonormal set of basis functions that s
isfy the boundary conditions. A second technique is to c
struct an infinite series of image charges, alternating posi
and negative, arrayed in a way that the potential adds u
zero on both the top and bottom electrodes. The ima
charge form of a Green function will be shown in the ne
section.

The needed Green function can be constructed from
complete, orthonormal set of eigenfunctions,$un%, that sat-
isfy the same Dirichlet boundary conditions as Eq.~9!,
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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G~r,r0!524p(
n

1

ln
un~r!un* ~r0!. ~13!

To find the form of the basis functions we observe that
detector volume is assumed infinite inx and y, so complex
exponentials indexed by the continuous variablesj andh can
be used in these dimensions. In thez direction, the finite
extent and boundary conditions at the surfaces dictate a
ries of sines, indexed by the integer variablem. The form of
the basis functions is then

umjh~x,y,z!5A2

L
sinS mpz

L De2p i jxe2p ihy. ~14!

The constants in front were found by normalizing. The
genvalues are given by

lm~j,h!52S mp

L D 2

24p2~j21h2!. ~15!

Applying a formula from integral tables and substituting
the rest of the expression forG, we obtain~Ref. 6, p. 131!,

G~r,r0!5
4

L (
m51

`

K0S mpur2r0u
L D sinS mpz

L D sinS mpz0

L D ,

~16!

where K0 is the zero-order modified Bessel function. T
cylindrical symmetry ofG is reasonable in this geometry
We would expect that the potential at locationr due to a
point source atr0 within the detector would depend in som
detailed way on the vertical coordinatesz andz0 , but in the
horizontal plane would depend only on the relative rad
separationur2r0u.

B. Image-charge solution

The solution forG derived above is difficult to evaluat
in practice. The series is an alternating one that must
coerced into convergence by means of apodizing functio
An expression forG as an infinite series of image charg
converges monotonically, although not rapidly, and has
advantage of being easy to visualize as a series of real p
charges. We write the Green function with positive and ne
tive charges balanced in pairs,7 which serves to speed con
vergence of the series,

G~r;r0!5 (
k52`

` F 1

@~2kL2z1z0!21r 2#1/2

2
1

@~2kL2z2z0!21r 2#1/2G . ~17!

This image charge solution can be shown to be equivalen
the eigenfunction version derived above using the Pois
summation formula.8

With an expression for the Green function in hand, t
induced signal may be calculated using Eq.~12!. The expres-
sion can be simplified by evaluating the derivative with
spect toz at z50,
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Qpix5 (
k52`

`
e

4p E
pix

d2r E
V
d3r0H 2kL1z0

@~2kL1z0!21r 2#3/2

2
2kL2z0

@~2kL2z0!21r 2#3/2J r~r0 ,tmax!. ~18!

We will find it useful to calculate the induced signal whe
the charge distribution is restricted to a thin vertical li
which is centered over a circular pixel of radiusR. In this
case, the expression reduces to

Qpix5 (
k52`

`
e

2E0

L

dz0H 22
2kL1z0

@~2kL1z0!21R2#1/2

2
2kL2z0

@~2kL2z0!21R2#1/2J r~z0 ,tmax!. ~19!

From this form for the induced signal, the signal for arbitra
pixel shapes and charge distributions can be found~Ref. 8, p.
111!.

IV. SOLUTIONS USING WEIGHTING POTENTIALS

Ramo proved a theorem,9 introduced by Shockley,10

which provides a convenient way to calculate the curr
flowing through an electrode due to motion of a charge c
rier. The Ramo–Shockley theorem concerns a volume wit
which an arbitrary number of electrodes are held at fix
potentials, and a point charge of strengthe moves along a
velocity vectorv. The forces that cause the charge to mo
are not considered here, only the fact that the charge is m
ing. The current flowing through a given electrode can
found by calculating aweighting field, Ew , which is the
electric field appearing within the volume if the electrode
interest is raised to unit potential and all other electrod
kept at ground potential. Then, the electrode current due
charge at pointr is9,10

i 5ev~r!–Ew~r!. ~20!

Similarly, the integral of the electrode current can be fou
by means of aweighting potential, Fw . The right side of Eq.
~20! is the time derivative of2eFw(r), so as the point
charge moves from positionr1 to r2 , the net charge built up
on an integrating capacitor connected to the electrode wil

Q5e@Fw~r2!2Fw~r1!#. ~21!

Here, we give a brief derivation of the Ramo–Shockl
theorem. LetSA represent the pixel of interest,SB represent
the union of all other electrodes in the region, andSe repre-
sent a small surface surrounding a test chargee. We wish to
answer the questions: how much chargeQA is induced on
electrodeA due to the presence ofe, and how much curren
i A flows in electrodeA when the charge moves? First, w
consider the case in which all electrodes are held at gro
potential. An electrostatic potentialF exists throughout the
volume due to the test chargee, but is forced to zero at the
electrodes. The potential satisfies the Laplace equat
¹2F50, in the charge-free region between electrodes. W
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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a small sphereSe is drawn around pointe, the potential on
this sphere isFe . Gauss’s law gives the relation betwee
this potential and the enclosed charge,

E
Se

d2r
]Fe

]n
5

2e

e
. ~22!

Now, we consider the case in which the chargee has been
removed and electrodeA has been raised to unit potentia
The potential now on the surfaceSe is labeledFe8 . We use
Green’s theorem to obtain a relation betweenF and F8,
which reduces to

05E
SA

d2r
]F

]n
1Fe8E

Se

d2r
]F

]n
2FeE

Se

d2r
]F8

]n
.

~23!

By Gauss’s law, these three surface integrals yield the
closed charge, as in Eq.~22!. The first integral gives the
induced charge on electrodeA(2QA /e). The second term
gives 2Fe8e/e. The third integral is zero since there is n
charge present whenF8 is applied. The result is

QA52eFe8 . ~24!

Generalizing from a point charge to a distribution
charger~r ! ~and dropping the minus sign!, we have

QA5E d3rFw~r!r~r!, ~25!

whereFe8 has be renamed asFw . To obtain an expression
for the current flowing through electrodeA as the charge
moves, we take the time derivative of Eq.~24!,

i A5
dQA

dt
52e

dFe8

dt
52e“F8

dr

dt
. ~26!

We define theweighting field, Ew52¹Fw , and the veloc-
ity of the chargev5]r/]t, which results in Eq.~20!. Or, if
the field and velocity point in the same direction,

i A5enEw , ~27!

which is the usual statement of the Ramo–Shockley theor
Note that a weighting potential is not a true, dimensio

ally correct potential. Rather, it is a normalized quantity re
resenting the charge induced on an electrode resulting f
the introduction of a point charge into the detector volum
There are many ways to find the form of the weighting p
tential, one of which is to use the same Green functio
derived above. The relationship between the two exp
sions, for the case in which the electrode of interest lies
the x–y plane, can be found by evaluating the general
pression for the pixel signal, Eq.~12!, for the case where the
charge distribution consists of a single-carriere located at
position r0 . Comparison with Eq.~24! yields

Fw~r0!5
21

4p E
pix

d2r
]G~r,r0!

]z U
z50

. ~28!

The usefulness of the weighting-potential approach
in the variety of other techniques for finding potential dist
butions that can be applied to finding the form ofFw(r). For
two-dimensional problems and simple electrode geome
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the technique of conformal transformations can be used.11,12

A powerful method suitable to modeling many electrode g
ometries involves calculating the solid angle subtended by
infinite series of images of the electrode.13 Arbitrarily com-
plex three-dimensional geometries can be evaluated u
finite-element techniques.14 The planar detector geometrie
considered here are particularly suited to a method of find
the potential distribution from the value on one surface of
detector using a Fourier-transform propagation technique

A. Fourier-transform propagation method

From the known potential distribution on the pixel plan
~at z50) and on the continuous top electrode (z5L), it is
possible to find the potential distributionF(x,y,z) through-
out the detector volume. Here, we follow the derivation us
by Kavadiaset al.15 Starting with a potential distribution tha
satisfies the Laplace equation,

S ]2

]x2 1
]2

]y2 1
]2

]z2DF~x,y,z!50, ~29!

we apply atwo-dimensionalFourier transform inx and y
only,

È dxdyS ]2

]x2 1
]2

]y2DF~x,y,z!e2 i ~kxx1kyy!

1 È dxdy
]2

]z2 F~x,y,z!e2 i ~kxx1kyy!50, ~30!

which reduces to the transformed Laplace equation,

]2

]z2 F̃~kx ,ky ,z!5k2F̃~kx ,ky ,z!, ~31!

where F̃(kx ,ky ,z) is the two-dimensional transform o
F(x,y,z), and k25kx

21ky
2. Equation~31! has the genera

solution

F̃~kx ,ky ,z!5A~kx ,ky!e2kz1B~kx ,ky!e1kz, ~32!

to which we apply the boundary conditions on the botto
and top electrodes specific to solving the weighting potent

F̃~kx ,ky,0!5F̃0~kx ,ky!,
~33!

F̃~kx ,ky ,L !50.

Here, F0(x,y) represents the potential distribution on th
pixel plane with one pixel electrode held at unit potential a
the rest held at ground potential. The boundary conditio
impose constraints,

A~kx ,ky!1B~kx ,ky!5F̃0~kx ,ky!,
~34!

A~kx ,ky!e2kL1B~kx ,ky!e2kL50,

which are readily solved forA andB,
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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A~kx ,ky!5
F̃0~kx ,ky!e1kL

@e1kL2e2kL#
,

~35!

B~kx ,ky!5
2F̃0~kx ,ky!e2kL

@e1kL2e2kL#
.

Substitution into Eq.~32! yields

F̃~kx ,ky ,z!5F̃0~kx ,ky!
ekLe2kz2e2kLe1kz

ekL2e2kL

5F̃0~kx ,ky!
sinh k~L2z!

sinh kL
. ~36!

This equation provides a convenient way to find the poten
at any planez given the value at the pixel plane,z50, and
the constraint thatF50 at z5L. The method is to find the
Fourier transform ofF0 , multiply by the propagation func
tion sinhk(L2z)/sinhkL, and take the inverse transform
obtain the weighting-potentialF0(x,y,z). Figure 2 shows
examples of weighting potentials for the case of two pix
with different aspect ratios~pixel width W as compared to
detector thicknessL!. The three-dimensional weighting po
tentials are displayed in a cross section running through
center of a row of pixels.

The expression in Eq.~36! is similar to that derived by
He using an expansion into basis functions.16 We also note
that the technique employed here is equivalent to
angular-spectrum method used in optics for computing
fraction patterns17 when taken to the electrostatic limit o
zero frequency.

FIG. 2. Weighting potentials shown in cross section through the pixel c
ter. ~a! Pixel with 1:1 aspect ratio,W51500mm. ~b! Pixel with 1:4 aspect
ratio, W5375 mm.
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B. Analytic solution for a strip electrode geometry

In practice, the Fourier-transform steps described in
previous section must be done numerically for most pr
lems of interest. For the two-dimensional case of a strip
tector with no gaps between strips, a simple closed-form
pression for the weighting potential can be found. In th
case, the weighting potential at the pixel plane is a o
dimensional function,

F0~x!5rectS x

WD , ~37!

whereW is the strip width. Rather than transforming, mul
plying, and inverse transforming, we instead use the con
lution theorem for Fourier transforms and convolve with t
transform of the propagation function, which is18

F 21H sinh kx~L2z!

sinh kxL
J 5

1

2L

sin
pz

L

cosh
px

L
2cos

pz

L

. ~38!

The convolution yields

Fw~x,z!5
1

p H tan21Fcoth
p

2 S x2
W

2 D tan
pz

L G
2tan21Fcoth

p

2 S x1
W

2 D tan
pz

L G J . ~39!

This weighting potential is plotted in Fig. 3 for strip elec
trodes of two different widths.

C. Numerical solution in three dimensions

No closed-form solution will represent the weighting p
tential for an arbitrary pixel shape, but we can find a gene
expression that may be evaluated numerically for any p
geometry of interest. As was done for the two-dimensio
case above, we will convolve the pixel area with the Four
transform of the propagation function. The propagation fu
tion, Eq. ~36!, is radially symmetric in~two-dimensional! k
space, and its Fourier transform is a zero-order Hankel tra
form. The series solution for this transform is19

-

s
of
FIG. 3. Weighting potential for strip
detectors. For reference, the strip
are rendered on the back surface
the plots.~a! Strip width of 5.25 mm
for an aspect ratio ofW/L53.5. ~b!
Strip width of 0.375 mm for an as-
pect ratio ofW/L50.25.
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1

2p E
0

`

dk kJ0~kr !
sinh k~L2z!

sinh kz

5
1

L2 (
n51

`

n sinS pnz

L DK0S pnr

L D , ~40!

where r 25x21y2. We wish to convolve Eq.~40! with the
pixel-plane potential functionF0(r ), which takes on unit
value inside the pixel boundaries and zero outside. Tw
dimensional convolution with the propagation function
written as

Fw~r ,z!5E
pix

d2r 8h~r2r 8,z!

5
1

L2 E
pix

d2r 8(
n51

`

n sinS pnz

L DK0S pnur2r 8u
L D .

~41!

If, on the other hand, we try to calculate the weighti
potential in terms of Green functions using Eq.~28! and the
Green function of Eq.~16!, we obtain exactly the same form

V. EFFECT OF CARRIER TRAPPING

If no carriers were trapped as they drifted across
detector, a pixel detector would always register the fu
strength signal, proportional to the number of electron–h
pairs created in the gamma-ray absorption. There would
no variation with interaction depth, and no variation wi
lateral position within the boundary of a pixel. Interactio
outside the pixel boundary would produce no signal~assum-
ing there are no spreading effects, such as diffusion,
would cause carriers to move laterally!. In the real world,
CdZnTe and other compound semiconductor materials
are used as gamma-ray detectors have always been pla
with carrier traps. Even though material quality has stead
improved over the last decade, trapping, especially of ho
remains a major impediment to attainment of good ene
resolution in planar detectors. Typical values of the me
drift length, l5mtE at a nominal field strength ofE
51000 V/cm~m is the carrier mobility andt is the trapping
time! are 2 cm for electrons and 0.02 cm for holes. In t
instance, electrons traveling across a 2 mmthick detector
will lose less than 10% of their population. When holes a
made to travel the same distance only one in 22 000
make it to the other side. In single-element detectors, wh
the signal depends only on the total distance that carrier
both signs travel, it is the difference in drift lengths th
causes the tail in the pulse-height spectrum. If electrons
the same drift length as holes, the average signal would
weak, but all the pulses would be the same height.

In multipixel detectors, the signal can be calculated
ing the weighting potential as in Eq.~21!. The signal at any
given time is the sum of signals due to the presence of
carriers in the detector volume, whether in motion, trapped
the bulk, or recombined at the electrodes. At first, whe
small cloud of electron–hole pairs is created at locationri

5(xi ,yi ,zi), positive and negative carriers cancel each ot
out, and the net charge distribution is zero. As the packet
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carriers move in opposite directions under the applied b
field, some charge is left behind in deep traps. We assum
simple trapping model with one characteristic trap time
each carrier type and no detrapping. More realistic model
charge distributions include the effects of carrier diffusi
and Coulomb repulsion between like charges. After all c
riers have had time to drift across the detector, the cha
distribution in the detector volume is given by

FIG. 4. Final charge distribution in the detector volume, shown for th
interaction depths. The number of carriers that have drifted to the electr
is represented in the figure by the length of the horizontal bars.~a! Interac-
tion near pixel plane atz/L50.1. Nearly all electrons have reached the pix
plane, while nearly all holes are trapped in the medium.~b! Interaction in
middle, atz/L50.5. Most electrons reach the pixel plane and most holes
trapped.~c! Interaction near the top, atz/L50.9. Most electrons still reach
the pixel plane, while a fraction of the holes have reached the top electr

FIG. 5. Weighting potential and expected signal as a function of interac
depth.~a! Weighting potential~top! and final signal strength~bottom! for
interactions in the center of a 375mm pixel. Dots in the lower plot corre-
spond to the interaction depths ofzi50.1, 0.5, and 0.9 whose charge distr
butions are plotted in Fig. 4.~b! Weighting potential~top! and final signal
strength~bottom! for interactions just outside the pixel boundary. A negati
pulse results for most interaction depths except those very near the
electrode. The electric field across theL51500mm thick detector is 1000
V/cm with the continuous electrode biased negative with respect to the p
plane. The electron drift length is,meteE52.3 cm, and hole drift length is
mhthE50.018 cm.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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r~z;zi !

5H 1

le
e2~zi2z!/le1e2zi /led~z!, 0<z<zi ,

2
1

lh
e2~z2zi !/lh2e2~L2zi !/lhd~z2L !, zi<z<L.

~42!

The exponential terms in Eq.~42! represent the trail of
trapped charges, and the delta functions represent the
maining untrapped charges that drifted to the electrodes
the negative-bias configuration we are considering, the e
tron distribution is given positive value and the hole dist
bution is assigned negative value. These charge distribut
are illustrated in Fig. 4 for three interaction depths.

The net charge signal sensed in the readout circu
obtained by multiplying the weighting potential by th
charge distribution~both polarity carriers! and integrating
over the detector volume. Since we have assumed
charges move only in thez direction, the integral reduces t
one dimension,

Qpix~zi !5E
0

L

dzFw~z!r~z,zi !. ~43!

Figure 5 demonstrates the method of calculating the
nal Qpix from the weighting-potentialFw using the charge
distribution plots of Fig. 4. On the top row of Fig. 5 ar
plotted weighting potentials for interaction positions in t
center of a pixel~a! and just outside the edge of the pixel~b!
as a function of the interaction depthz/L. On the bottom row
the resulting signal strengths are plotted. Each point on
lower graphs is found by calculating the final profile
trapped and untrapped charge from Eq.~42!, multiplying by
the weighting-potential curve, and integrating the result. T
three points marked on the lower graphs correspond to
example charge distribution of Fig. 4. When the interact
position is within the pixel boundaries, as in Fig. 5~a!, the
weighting potential has unit strength on the pixel plane,
z50, which is where most of the electrons end up. T
negative-valued distribution of trapped holes causes s
lowering of the signal for interactions near the pixel ele
trode but, in this example, has little effect abovezi /L>0.2.
When the interaction falls just outside the pixel boundary,
in Fig. 5~b!, the weighting potential is zero at thez50 plane,
and the electron distribution, still largely clustered at t
pixel plane, counts for nothing. At interaction depths near
pixel plane, the distribution of trapped holes, scaled by
small weighting potential, results in a netnegativesignal in
the readout circuit.

Figure 6 shows the variation of the signalQpix with lat-
eral position for two interaction depths: at the pixel planez
50 ~a!, and at the top electrode plane,z5L ~b!. In the latter
case, the signal is strong inside the pixel boundaries,
nearly zero outside the boundaries. In the case shown in
6~a!, the variation in signal within the pixel and the negati
signal outside the pixel are due largely to the contribution
the trapped holes.
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VI. THE NEAR-FIELD EFFECT

A consequence of the theory of charge transport in m
tielement detectors is the realization that the signal indu
in a pixel electrode is not independent of the location of
carriers, nor is it constant in time.20 A strong signal is in-
duced in a pixel electrode only when carriers move within
hemispherical region, roughly the size of the lateral pix
dimensions, where the weighting potential is strong. T
so-called near-field region is apparent in the weighting
potential plots of Fig. 2, and in the upper graph of Fig. 5~a!.
Outside of this region, motion of charge carriers induc
little signal.

The near-field concept provides a convenient framew
for explaining charge-transport effects in pixel detectors. F
example, the temporal form of the developing signal pu
can be deduced from the shape of the weighting-poten
curve. The signal at any time is found from Eq.~43!, with the
moving charge distributionr(z,zi) evaluated at the given
time. If only electron transport is considered, where trapp
can be neglected, the packet of electrons can be appr
mated as the moving delta functionre(z,zi)5d(zi1net).
The ~normalized! signal at timet takes the value of the
weighting potential at pointzi2net. A small-pixel, electron-
only signal should follow the shape of the weightin
potential curve, rising very slowly until the electrons a
close to the pixel electrode; then sweeping upwards shar
If the electrons are caused to move away from the pi
electrode by reversing the polarity of the bias voltage,
signal should look like the previous case in reverse, ris
steeply at first, then tapering off as the electrons move ou
the near-field region. On the other hand, if we conside
large pixel whose near-field region extends across the de
tor, we would expect the signal to rise more gradually.

The limiting case of an infinite-size pixel is equivalent
a single-element detector. The traditional way to think ab
signals from single-element detectors is to assume that
current flow is proportional to the number and speed of
carriers, regardless of their position, as in Eq.~1!. The charge

FIG. 6. Lateral variation in the induced signal.~a! Interaction at the pixel
plane.~b! Interaction at the top electrode. The experiment being simulate
a thin beam alpha particle being scanned across a 380mm pixel, along thex
axis. There is no gap between the pixel pad and surrounding pixels. Mat
parameters used are the same as in Fig. 5.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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building up across an integrating capacitor in the read
circuit grows linearly with time, or where trapping is signifi
cant, rounds over according to the Hecht relation@as in Eq.
~2! with z/l terms replaced witht/t#. This same equation
arises from the infinite-pixel model, where the weighting p
tential follows a straight line extending from the pixel to th
front electrode. The resulting signal from electron transp
rises linearly, except for some rounding over due to trapp
In the infinite-pixel case, the signal should follow the sam
curve in time whether the carriers are moving toward
pixel or away from it.

When the motion of holes is considered, trapping effe
become as important as near-field effects. In the case w
holes are starting at the pixel plane and moving away fr
the pixel, small pixels will give the strongest signal sin
most of the holes will pass through the near-field reg
before they are trapped. Larger pixels will end up with low
signals since holes are being trapped as they move thro
near fields of larger extent. If the bias voltage is revers
from the usual situation and holes are made to move tow
a small pixel, the signal will be very weak since few of the
are left by the time the charges move to within the near fie
In this situation, signals will be higher for larger pixel
where the near field extends farther into the detector,
more untrapped holes are available to induce signal. In
infinite-pixel case, the signal will again be exactly the sa
regardless of the direction of hole travel.

Differences in pulse shapes between CdZnTe strip de
tors of differing widths were first reported by Hamelet al.21

Simulations of temporal pulse shapes and corresponding
perimental observations are discussed in Sec. VII A.

Another effect predicted by the charge-transport the
is the appearance of negative pulses, which represent cu
flowing ‘‘the wrong way’’ out of a pixel, as mentioned at th
end of Sec. V. This should occur when a gamma ray is
sorbed just outside the pixel boundary, at a depth near
pixel plane. The phenomenon can be described by refere
to the form of the weighting potentials, as is shown picto
ally in Fig. 5~b!. Another way to view this effect is in term
of current continuity between the front electrode plane a
the pixel electrode plane. The experiments presented
VII B confirm that current not sunk by the pixel electrode
taken up by the surround electrode.

The near-field effect has interesting implications for t
quality of pulse-height spectra. In most applications the o
quantity that is measured for each gamma absorption is
pulse height, and large numbers of pulse-height meas
ments are histogrammed to form a pulse-height spectr
Ideally, a monoenergetic beam of gammas would produc
delta-function pulse-height spectrum in which all the cou
fall within a single bin of a multichannel analyzer. Th
would happen if the pulse heights were the same for all
teraction depths~and all lateral interaction locations!. Figure
7 shows the relationship between pulse height, interac
depth, and pixel size. In the largest pixels, the pulse he
varies nearly linearly with interaction depth. In this regim
the pulse height depends only on the distance that the c
ers travel. Since holes are strongly trapped, the signal is
erated almost entirely by motion of electrons and is strong
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when the electrons have the farthest to travel. On the o
end of the pixel-size scale, the pulse height depends only
the number of carriers that come within the near field of
pixel. In the small-pixel limit, the curve is also nearly linea
but the incline is much shallower and slopes in the oppo
direction. In this case, the signal strength depends only
how many electrons are trapped before making it to the p
electrode.

Figure 8 shows an overhead view of the pulse-hei
plot of Fig. 7. The central line plots the interaction depth th
results in the maximum pulse height for a given pixel siz
This peak value falls at the point where the optimal balan
is struck between the distance the electrons travel and
proximity of the holes to the pixel electrode. On either si
of the peak line are lines that delineate a region of interac
depths that result in a pulse height within 2% of the pe
This region gives a qualitative view of the part of the dete
tor that contributes to the photopeak in a pulse-height sp
trum. For the material parameters used, the pixel with asp
ratio of W/L>0.25 has the largest ‘‘good’’ region. It is in
teresting to note that pixels can be too small as well as
large. Experimental pulse-height spectra are presente
Sec. VII C.

FIG. 7. Induced signal~vertical axis! as a function of pixel size and depth o
interaction. For large pixels, the variation of signal with interaction depth
nearly linear. For small pixels, there is only a small variation with intera
tion depth except near the pixel electrode.

FIG. 8. Optimal interaction depth vs pixel size. The central line shows
interaction depth that gives the peak signal for a given pixel size. The re
between the outer lines delineates the range of depths that result in si
within 2% of the peak value. Gamma rays absorbed within this ‘‘sw
spot’’ region will all have pulse heights falling under the photopeak. For
material parameters used in the simulation, a pixel of width-to-length r
of 0.25 gives the largest photopeak fraction.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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VII. EXPERIMENTAL RESULTS

A series of experiments was performed to confirm
predicted pulse shapes for pixels of various sizes.22 A test-
pixel pattern was fabricated on a series of Cd0.9Zn0.1Te slabs,
each 1.5 mm thick. The test pattern consisted of seven sq
pixel pads ranging in size from 125 to 2000mm, with a 25
mm gap between the pixel and the surrounding electro
The test pixels could be operated as detectors by contac
the pixel pad and the surround electrode with tungsten
gold point probes, as shown in Fig. 9. In the experimen
both the pixel and surround were held at ground poten
either directly or through the summing node of a char
sensitive preamplifier. In the following, the patterned side
the detector will be referred to as theback electrode, while
the continuous electrode, to which the bias voltage is
plied, will be called thefront.

A. Temporal pulse shapes

Alpha radiation was used to observe separately the tr
port of electrons and holes. A 5.1 MeV alpha from239Pu is
absorbed within the first 20mm in CdZnTe. At this shallow
depth, the carriers of the sign that drift to the near electr
do so within a few nanoseconds; the observed current flo
then due almost entirely to motion of those carriers that d
toward the opposite electrode. Pulses from the cha
sensitive preamplifier were captured by a digitizing oscil
scope at sampling intervals as short as 5 ns. The rang
energies of the alpha particles incident on the detector
rather broad, resulting in significant variation in the observ
pulse heights. Since we were interested in observing
shape of the pulses rather than the absolute pulse heigh
digitized wave forms were renormalized to unit height. Th
process, shown in Fig. 10, facilitated averaging of succes
wave forms to reduce electronic noise. A base-line per
before the pulse and a saturation period after the pulse w
identified. The mean value within these regions determi
the overall pulse height, and all pulses were rescaled in
plitude and were also shifted horizontally so that the m
points matched. When superimposed on a graph, wave fo
processed this way generally lay right on top of one anot

FIG. 9. Point probe test setup. The samples are edge pieces from Cd
wafers patterned with test pixel structures ranging in size from 125mm to 2
mm on a side. A 25mm gap separates the pixels from the common s
rounding electrode. The test pieces are 1.5 mm thick and have a contin
‘‘front’’ electrode on the opposite side. Bias voltage is applied to the fr
electrode through a conductive rubber pad, which has a hole in it to let a
radiation through. The pixel and surround electrodes are contacted
point probes with short leads to a preamplifier.
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except for occasional rogue pulses arising from hits near
pixel edge. In the pulse shape studies plotted in Figs. 11
12, the traces shown are usually averages of four succes
pulses. After averaging, the wave forms were rescaled a
to match the pulse height in the corresponding theoret
plot.

The four combinations of electron/hole transport a
front/back irradiation were studied. In each case, the tren
pulse shape as a function of pixel size follows the expec
theoretical result. The theoretical plots shown on the ri
side of Figs. 11 and 12 were generated using the im
charge formulation of Eq.~18!, but evaluated at timet
,tmax. In the model, the alpha particles were assumed
interact in the center of a circular pixel. This approximati
is generally valid, as pulse shapes do not vary significantl
the interaction point varies laterally within the pixel boun
aries. In the theoretical curves only signal induction effe
are included. Several other phenomena would tend to s
down and smooth the theoretical curves if taken into
count. Chief among these effects are scattering of the
ondary particles from the point of initial interaction, diffu
sion, and Coulomb repulsion of the liberated charges,
detrapping of trapped charges.

In Fig. 11 the induced signal from motion of electrons
shown. Since few electrons are trapped during transit ac
the detector, the signals show the near-field effect clea
with little interference from trapping. A small variation i
final pulse height is due to electron trapping. For electro
moving toward the pixel plane in Fig. 11~a!, the smaller
pixels have a lower final pulse height because the mov
packet of electrons has lost a few percent of its charge be
inducing the signal when the packet nears the pixel e
trode. When electrons are moving away from the pixel pla
as in Fig. 11~b!, smaller pixels have a higher pulse height,
the signal has been generated early, before any trapping
taken place.

In the case of an infinite pixel~or a single element!, the
signal follows the Hecht formula, rounding over slightly. A
expected from symmetry, the shape of this curve is exa
the same whether electrons are moving back to front in F

Te

-
us

t
ha
ith

FIG. 10. Averaging of multiple traces.~a! Wave forms as captured by a
digital oscilloscope show differences in base-line voltage and start time
well as variations in pulse height due to the range of energies in the a
source.~b! After base-line correction, alignment on the time axis, and n
malization to final pulse height, successive pulses show the same under
shape and may be averaged to improve the signal-to-noise ratio.
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11~a!, or front to back in Fig. 11~b!. In pixels of finite size
the signal is strongest and rise time fastest when the elect
are near the pixel electrode. The curves bend concave u
the front-to-back motion and concave down for the back-
front motion, with the pulse shapes for a given pixel bei
nearly symmetrical in time.

Figure 12 shows the case of hole transport. Here, tr
ping dominates over pixel-size effects. Whether mov
back to front in Fig 12~a! or front to back in Fig 12~b!, all
curves round over due to trapping, with only a small upwa
swing for the smaller pixels in Fig. 12~b!, which was too
subtle to observe in practice. The main feature of the h
transport curves is the difference in final pulse height. Wh
holes travel front to back, most are trapped before they re
the near field of the pixel. This effect is most prominent f
the smallest pixels. When holes start out at the pixel surf
and move away from it, many can contribute significantly

FIG. 11. Experimental~left! and theoretical~right! pulse shapes for electron
transport as sensed through pixel electrodes of various size.~a! Alpha ra-
diation is incident on the front electrode; a bias voltage of2100 V moves
electrons toward the pixel electrode.~b! Alpha radiation is incident on the
pixel electrode, a bias of1100 V on the front electrode moves electron
away from the pixel. No experimental trace appears for the smallest p
because the probe tip used to make electrical contact blocked the inc
radiation. In both~a! and~b! rise times are faster for smaller pixels, but th
final pulse heights vary only slightly due to the minimal trapping
electrons.
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the signal before they are trapped, and this effect also
strongest in the smallest pixels. This means that the fi
pulse height for back-to-front hole transport is higher f
small pixels and is the main reason why the pulse-hei
spectrum is much improved in the small-pixel case.

In Fig. 12 there is a disparity in time scale between t
theoretical and experimental curves. Observed motion
holes was significantly slower than predicted by the mod
which used values ofmh and th extracted from measure
ments of pulse height versus bias voltage. At this time we
not have a satisfactory explanation for the observed slow
times.

B. Signals in surrounding pixels

The principle of current continuity requires that, at a
moment in time, the current flowing into the detector throu

el
ent

FIG. 12. Experimental~left! and theoretical~right! pulse shapes for hole
transport as sensed through pixel electrodes of various size.~a! Alpha ra-
diation is incident on the pixel electrode; a bias of2300 V applied to the
front electrode moves holes away from the pixel. The rise time is fastest
pulse height strongest for the smaller pixels, where holes have a chan
move within the near field before they are trapped. No experimental cu
appears for the smallest pixel as incident alpha particles were blocked b
probe tip.~b! Alpha radiation is incident on the front electrode; a1300 V
bias moves holes away from the front electrode. Note the smaller ver
scale than the other plots. No experimental curves are shown for the
smallest pixels as the signal was too weak to be captured.
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the front electrode must equal the sum of currents flow
out of the detector through all of the pixel electrodes. In Fi
13 and 14 this effect is demonstrated for electron and h
currents on a 500mm pixel. In this set of experiments, thre
charge-sensitive preamplifiers were used to simultaneo
measure the signal in the pixel, the surround, and the f
electrode. The preamplifiers were calibrated to the same
sponsivity and time delay. The traces shown are from
single alpha absorption; no averaging of curves was p
formed. In the case of electron flow from front to back, t
integrated current through the front electrode is alwa
higher than the pixel signal, with the final pulse height en
ing up only slightly higher than the pixel pulse height, t
difference being due to trapping of electrons. The measu
surround signal faithfully follows the difference between t
front and pixel signals, as can be seen by the plot of
difference signal which falls on top of the measured curve
Fig. 14 signals due to hole transport from back to front
illustrated. In this case, the pixel signal is stronger than
front signal, and the difference measured in the surroun
negative.

FIG. 13. Continuity of electron currents: measured signals on the left, si
lation on the right. The signal from an alpha particle incident on the fr
electrode opposite a 500mm pixel is sensed simultaneously in the fro
electrode, the pixel, and the surround. The~d! symbols plot the mathemati
cal subtraction of the pixel signal from the front signal, which lies, as
pected, right on top of the surround signal plot.

FIG. 14. Continuity of hole currents: measured signals on the left, sim
tion on the right. The signal from an alpha particle incident on the 500mm
pixel electrode is sensed simultaneously in the front electrode, the pixel
the surround. The~d! symbols plot the mathematical subtraction of th
pixel signal from the front signal, which lies, as expected, right on top of
surround signal plot.
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C. Pulse-height spectra

Figure 15 shows pulse-height spectra for six pixel siz
The spectra were taken with 140 keV gammas from a99mTc
flood source impinging on the front electrode, which w
held at 2150 V. Since gamma rays interact at all dept
within the detector, a range of pulse heights will resu
When a histogram of a large number of pulse heights
plotted as a pulse-height spectrum, some qualitative obse
tions can be made about the spectral and spatial resolutio
the detector. Two general trends are apparent in the p
The highest quality spectra—those showing well-defin
photopeaks and the largest photopeak fractions—lie in
middle range of pixel sizes. Larger pixels show the tail ch
acteristic of hole trapping. In the smaller pixels, char
spreading becomes significant, which causes two feature
the spectrum. Gamma rays initially absorbed within the pi
boundary, but whose interactions lead to charge being de
ited in surrounding regions, cause a tail in the spectrum
the left of the photopeak. Escape ofK-shell x rays is the
farthest ranging of the mechanisms of nonlocal charge de
sition. A characteristic escape peak shows up in the lar
pixels but is overwhelmed by other types of scatter for
smaller pixels. Absorption events that take place outside
pixel boundary, but which result in charge spreading into
pixel region, account for the appearance of a large of num
of low-energy counts, whose number tapers off toward
higher energies.

VIII. CONCLUSIONS

The induced currents in multielement gamma-r
detectors are seen to arise from changes in surface ch
density at the pixel plane, which are due to changes in
potential distribution within the detector volume. This pote
tial is found by solving the Laplace equation with the aid
Green functions. Two versions of the Green function a
proach, one using an expansion into basis functions and

u-
t

-

-

nd

e

FIG. 15. Pulse-height spectra of 140 keV gamma rays from99mTc incident
on the front electrode. Bias is2150 V applied to the front electrode. Pulse
from the preamplifier were processed by a spectroscopy amplifier with
ms shaping time, then digitized by a multichannel analyzer. The plots h
been scaled vertically to contain equal counts in a window above 30 k
Spectral quality is best for the midsize pixels. Larger pixels suffer fr
trapping of holes, while smaller pixels show the effect of charge sha
between the pixel and the surrounding area.
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other using and infinite series of image charges, are show
be equivalent. An alternate route to finding the induced s
nal is to use the Ramo–Shockley theorem, which reduces
problem to finding a weighting potential. This turns out to
equivalent to the normal derivative of the actual potentia
the detector integrated over the pixel area. An easy nume
method is available for calculating the weighting potentia
any plane in the volume by propagating it from the know
potential at the pixel plane. There is even a closed-form
lution for the weighting potential that applies to the tw
dimensional case of strip detectors. In all cases, the indu
signal is found by multiplying the weighting potential or i
equivalent over all charges, trapped or untrapped, within
detector volume.

Plots of induced signal as a function of interaction de
can be used to predict detector performance, includ
temporal response and the form of the pulse-height spect
The predicted temporal pulse shapes have been confir
with experiments using alpha radiation incident on test str
tures of various sizes. The predicted phenomenon of nega
pulses has also been observed. Pulse-height spectra
gamma radiation confirm the expected trend of redu
trapping effects for smaller pixels, but with attendant int
ference from charge spreading from neighboring pixels.

It is clear from the analysis and experiments that
signals generated in multielement detectors depend stro
on the electrode geometry. The aspect ratio of the pixel v
ume ~pixel width/detector thickness! determines the relative
contribution of electrons and holes to the total signal.
choosing the aspect ratio to be small and the pixel electr
to be the anode, electron-mostly signals are obtained, and
problem of hole trapping becomes largely irrelevant. T
induction model predicts the temporal shape of signal pul
and the signals induced in neighboring pixels. Scattering
charge spreading effects become significant for detec
with fine pixel pitches. These effects must be included i
model that accurately predicts pulse-height spectra in im
ing detectors.
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