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Simulation Results From Double-Sided 3-D Detectors
D. Pennicard, G. Pellegrini, M. Lozano, R. Bates, C. Parkes, V. O’Shea, and V. Wright

Abstract—A new “double sided” 3-D solid-state detector structure, intended to simplify the 3-D fabrication process, is proposed.
In this structure, electrode columns of different doping types are
etched from opposite sides of the substrate, with neither set of
columns passing through the full substrate thickness. The finite-element simulation package ISE-TCAD is used to determine the
performance of this structure. The double-sided detector shows
similar electrostatic behavior to a standard 3-D detector, giving a
low depletion voltage and fast charge collection. However, unless
the electrode column length is very close to the substrate thickness,
charge deposited around the front and back surfaces of the device
is collected less quickly (though still rapidly compared with a
planar geometry device). The breakdown voltage is dominated by
high-field regions around the tips of the electrode columns and
shows little change when the oxide charge is increased.
Index Terms—3-D detectors, radiation hardening, semiconductor radiation detectors, simulation, three-dimensional.

I. INTRODUCTION

P

HOTODIODE detectors usually have a planar structure,
with n- and p-type electrodes on their front and back surfaces. The 3-D detector architecture, proposed by S. Parker et
al. [1], replaces these planar electrodes with two sets of n- and
p-type columns passing through the full thickness of the substrate. This new structure has significant advantages for applications such as high-energy physics experiments and the detection of X-rays.
In a planar detector, the spacing between the electrodes is determined by the substrate thickness—typically a few hundred
micrometers. In a 3-D detector, the pitch between the columns
can be as little as 50 m, so the electrode spacing is greatly reduced. This leads to a significant reduction in the device’s collection time and full depletion voltage. As a result, 3-D detectors can tolerate the charge trapping and increase in effective
doping concentration caused by high levels of radiation damage
[2]. Currently, the RD50 collaboration at CERN (the European
Organization for Nuclear Research) is researching tracking detectors with this full 3-D structure, and various alternative 3-D
structures, in order to meet the radiation hardness requirements
for the planned upgrade to the Large Hadron Collider.
The electric field pattern in 3-D devices tends to prevent carriers from diffusing from one pixel to another, so charge sharing
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Fig. 1. Structure of a double-sided 3-D detector. The dimensions and doping
used in the following simulations match the devices currently being fabricated
by CNM.

is reduced, improving the charge resolution and signal-to-noise
ratio [3]. Additionally, the processing methods used to produce
the electrode columns can also be used to produce a wall electrode around the edge of the detector array [4]. Incorporating
this “active edge” [5] electrode into the detector allows it to be
sensitive to within about 5 m of its edge. In contrast, standard
planar detectors with saw-cut edges have a dead area of at least
100 m. These advantages are particularly useful for detecting
X-rays in crystallography and medical imaging, where it is important to get as much information as possible out of every exposure taken.
The electrodes in 3-D detectors are fabricated by etching
holes in a silicon substrate, typically with deep reactive ion
etching (DRIE), and then filling them with polysilicon [6], [7].
This makes 3-D detectors considerably more complicated to
produce than planar detectors.
CNM (Centro Nacional de Microelectronica, Barcelona)
have proposed a “double-sided” 3-D architecture [8], which
has columns of one doping type etched from the front side
of the device, and the other type etched from the back side.
(See Fig. 1.) Neither set of columns passes through the full
thickness of the substrate. The columns etched from the front
side are used for readout, and the columns on the back side are
connected together and used to bias the detector.
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This structure is similar to a conventional 3-D detector, but
may be easier to fabricate. Firstly, standard 3-D detectors are
generally mounted on a carrier wafer during fabrication, to reduce the risk of them cracking associated with active edge sensors, thermal stress, and edge damage [6]. If a device has no active edges, like the double-sided detector described here, then
this precaution is not essential, as has been demonstrated by
the successful fabrication of “single-type-column” 3-D detectors without a carrier [9]–[11]. However, the carrier wafer is essential to the active-edge fabrication process described in [5],
and CNM have not yet attempted to develop a process for fabricating double-sided 3-D detectors with active edges. Secondly,
the set of columns on the back side can be easily connected together by etching windows in the oxide layer then coating the
entire back surface with metal. Having the bias contact on the
back side of the device (rather than the front side as in standard
3-D detectors) also makes it easier to couple the detector to standard readout electronics. Finally, the design of a 3-D detector
tends to be constrained by the maximum column depth that can
be etched. Using this structure makes it possible to have a substrate thickness that is greater than the column length, so more
charge will be deposited when a particle passes through the detector. (However, the simulation results that follow indicate that
the best charge collection speed is achieved if the column depth
is close to the substrate thickness.)
Currently, CNM are fabricating sets of these detectors as part
of RD50. Before producing detectors with this alternative structure, it is useful to use computer simulations to predict how these
detectors will behave and determine what can be done to optimize their design. Other publications have already addressed
how standard 3-D detectors behave, using a combination of experimental work and simulation [1], [3], [6], [12], [13]. This
paper focuses on simulating the behavior of double-sided 3-D
detectors, in particular:
• The basic electrostatic behavior of the device;
• The resulting I-V and C-V characteristics;
• The charge collection performance, and how this is affected by changes to the device structure;
• High-voltage breakdown effects.

respectively, which are discussed in [15]. This paper has primarily focused on the p-type substrate devices with n readout,
so that the effects of using p-stops can be fully considered.
In the p-type substrate devices with n readout, the substrate is 300 m thick, and has a doping concentration of
cm , giving 20 k cm resistivity. The rings of p-stop
cm , and have an inner radius of
have a boron dose of
10 m and an outer radius of 15 m. Previous work by CNM
[15] has shown that this boron dose provides reliable electrode
isolation in strip detectors, and that higher doses result in a reduced breakdown voltage. Simulations have shown that the electric field immediately surrounding an electrode in a 3-D detector
has approximate rotational symmetry about the electrode [1], so
a ring shape was chosen in order to make the field at the edge of
the p-stop as uniform as possible.
In the n-type substrate devices with p readout, a doping
cm was used, and there was
concentration of
no electrode isolation.
In both devices, the columns are 250 m deep, and have a
10 m diameter. This gives an aspect ratio of 25:1, which is approaching the maximum that can currently be achieved using
deep reactive ion etching. The devices have a 55 m pitch between adjacent readout columns, to match the 55 m by 55 m
pixel size of the Medipix2 readout chip [16]. To obtain larger
pixel sizes (such as 50 m by 400 m for ATLAS pixel detectors [17]) without using an excessively large spacing between
columns, sets of adjacent readout columns can be shorted together and connected to a single pixel on the readout chip.
Additionally, some simulations were done using the standard 3-D detector structure for comparison. In each case, the
substrate type, readout, isolation and device structure matched
the corresponding double-sided 3-D detector, except that the
column length was increased to 300 m to match the substrate
thickness, and all the contacts were made from the front side.
To model the effects of surface damage, the simulations used
a uniform layer of positive charge at the oxide-silicon interface.
cm (a typical value for
This had an area density of 1
an unirradiated device [18]) unless otherwise specified.
III. OVERVIEW OF THE SIMULATION PROCESS

II. STRUCTURE OF THE SIMULATED DEVICES
Unless otherwise stated, the structure and doping concentrations used in the following device simulations use the process
values for the devices currently being fabricated by CNM. See
Fig. 1.
In double-sided 3-D detectors, either the n or the p
columns may be etched from the front surface and used for
readout. If n readout is used, it is necessary to isolate the n
electrodes-for example, by using p-stops or p-spray [14]. This
prevents the electrodes from being shorted together by the layer
of electrons at the oxide-silicon interface that is attracted by
trapped positive charge in the oxide.
CNM plan to produce their first set of devices using a high-resistivity n-type substrate, and p columns for readout. A second
fabrication run will then produce devices with a p-type substrate
and n readout columns, with rings of p-stop around the n
columns chosen to provide isolation. These two sets of devices
are conceptually similar to “P-in-N” and “N-in-P” pad detectors

The ISE-TCAD [19] finite-element semiconductor simulation package was used to determine the electrical behavior of
these devices. Reference [12] includes a useful discussion of
this package.
The behavior of a semiconductor can be described by a series of differential equations, such as the Poisson and carrier
continuity equations. In finite-element simulation, a “mesh” of
discrete elements is used to approximate the structure of a device. The differential equations are applied to each element in
the mesh, resulting in a system of equations that can be solved
numerically to determine the device’s behavior [20]. The speed
and accuracy of the simulation are highly dependent on the design of the mesh.
Although simpler devices can often be approximated using
a 2-D mesh, for these devices 3-D simulations were necessary.
The meshes were designed using MESH, and the electrical simulations were done using DESSIS, both of which are subprograms in ISE TCAD.
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The simulation applies Neumann (reflecting) conditions at
the boundaries of the mesh. The simulation will be accurate if
the mesh boundaries correspond to planes of symmetry in the
real device, where the electric field and current density normal
to the boundary will be zero. So, it is possible to simulate the behavior of the double-sided device using just a quarter of a pixel,
reducing the number of points in the mesh and hence the simulation time. (In Fig. 1, three of these quarter-pixels are shown
to illustrate the device structure more clearly.)
In real devices, the behavior at the outer side of the oxide
layer can vary. With a “clean” wafer, Neumann boundary conditions are a good approximation to the oxide behavior. However, moisture and pollution can cause a film to develop across
the oxide surface. In a planar detector, this film will short the
outer surface of the oxide to the bias voltage at the electrode on
the same side [21]. However, for standard 3-D detectors the resulting boundary conditions will be difficult to determine, since
this film will make contact with both the n and p contacts.
Hence, to simplify the simulation and allow direct comparison
between the double-sided 3-D and standard 3-D device simulations, Neumann conditions were chosen at the outer side of the
oxide layers.
To give an accurate simulation, the mesh must closely match
the structure of the device, and have small elements in the regions with high electric field, current density or charge generation. So, the meshes used here had a high density of elements
at the columns, in the surrounding high-field regions, and at the
front and back faces.
The doping profiles used in the columns and the p-stops were
obtained using the ISE-TCAD DIOS process simulation program, in order to give more realistic results. The parameters in
the process simulation were chosen to match CNM’s fabrication
processes.
The mobility of the carriers was taken into account using
doping-concentration-dependent and high-field-saturation-dependent physical models. Doping-dependent recombination
models were used, and the effects of avalanche generation were
also included when appropriate.
In the following simulations, the p-type substrate, n readout
device structure was used, unless otherwise specified.
IV. DEPLETION
A simulation was carried out where the bias applied to the
device was increased from zero in a series of small steps, and
the resulting electric field, current density etc. were plotted at
regular intervals.
Fig. 2 shows the space charge distribution in the device at
0 V, 1 V and 10 V bias. When p-type material is depleted,
the resulting depletion region has negative space charge due to
the presence of ionized acceptors. So, the distribution of space
charge shows the growth of the depletion region as the applied
bias is increased.
p junction
At 0 V, the depletion region is present at the n
between the n column and the p-type substrate. As the bias increases, the depletion region grows cylindrically outwards from
the n column, much like in a standard 3-D detector. At 1 V,
most of the volume of the detector is depleted, due to the low
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Fig. 2. Depletion behavior of a double-sided 3-D detector. The space-charge
distribution in the device is shown at 0 V, 1 V and 10 V bias. Undepleted regions
have zero space charge and appear black. The depleted substrate has 7:0
10 cm charge, and appears white.

0 2

substrate doping and short distance between the columns. However, there are still undepleted regions around the p column,
and also at the base of the device, because the n column only
extends to a depth of 250 m. Full depletion of the substrate
down to the base of the device is reached around 8 V, though
the heavily-doped p and n columns will continue to deplete
very slowly. This depletion voltage is higher than that of a standard 3-D detector with the same dimensions (which is around
2 V) but is still much lower than that of a planar detector fabricated on the same substrate, which is around 50 V.
V. ELECTRICAL CHARACTERISTICS
I-V and C-V curves were simulated for the double sided detector and a standard 3-D detector.
In a photodiode, most of the bulk leakage current is due
to electron-hole pairs being produced by Shockley-Read-Hall
(SRH) generation [22] in the depletion region, which are then
swept to the electrodes by the electric field. The generation rate
is dependent on the concentration of deep traps in the silicon,
which will vary from one device to another depending on the
quality of the substrate wafer and the effects of processing. The
SRH model in DESSIS does not directly use the trap concentration as a parameter. Instead, the generation rate depends on the
value of the electron and hole lifetimes (with shorter lifetimes
giving a high generation rate) and the trap concentration can
be taken into account by choosing the values of the maximum
carrier lifetimes [19]. The default lifetimes in DESSIS correspond to an excessively high trap concentration, so instead
maximum lifetimes of 0.4 ms for electrons and 0.12 ms for
holes were chosen, corresponding to a trap concentration of
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Fig. 3. Simulated I-V curves for double-sided and standard 3-D detectors. Both
devices show a rapid initial rise in current due to the low depletion voltage. The
simulated devices have p-type substrates, p-stops, and 10 cm oxide charge.

around
cm [23]. This is a conservative choice, since
lifetimes more than a factor of ten longer can be achieved in
high-resistivity substrates [24], which would lead to a correspondingly lower leakage current. However, this simulation did
not take into account the introduction of additional deep levels
by the reactive ion etching process.
The resulting I-V curve (Fig. 3) increases most rapidly from
about 0 V to 2 V, as most of the substrate volume becomes depleted. This effect is seen in both the double-sided and the standard 3-D devices. The curve then levels out as the device becomes fully depleted, though this is not an abrupt change because, as shown above, the region at the base of the p column
only becomes depleted at a higher voltage. Beyond this, the current only increases slowly with the reverse bias, until breakdown
is reached at 230 V in the double-sided device. (The breakdown
behavior is discussed more fully later.)
To simulate the C-V characteristics of the device, a mesh was
created with four n quarter-electrodes, and one full p electrode between them. The capacitance seen at a single n readout
electrode will be affected not only by the adjacent p bias electrodes, but also by the other n electrodes in the neighboring
pixels, and (to a lesser extent) by the further away p and n
electrodes in the device. The simulation mesh used here will
take into account the effects of the nearest neighboring p and
n electrodes on the readout electrode’s capacitance, but not the
effects of the further away electrodes. Since there are practical
limits on how many elements may be used in a simulation, this
setup was chosen as a reasonable compromise between using
as many electrodes as possible and maintaining a suitably small
element size in the mesh.
The C-V curve in Fig. 4 shows the capacitance seen at a single
n readout electrode when a 10 kHz a.c. signal is applied to it.
(When repeated with a 1 MHz signal, the change in the C-V
curve is negligible.) Like in a planar detector, the capacitance
drops rapidly as the depletion region grows. Most of this decrease happens over the first 2 V, as the depletion region around
the n column grows to meet the p column. At higher voltages, there is a very gradual decrease in capacitance, as the outer
regions of the n and p columns deplete.
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Fig. 4. Simulated C-V curves for double-sided and standard 3-D detectors.
Both devices show a rapid initial fall in capacitance due to their low depletion
voltages. The double-sided 3-D detector has lower saturation capacitance, due
to the shorter columns.

At full depletion, the capacitance seen at a single n readout
electrode is 102 fF (for a 55 m by 55 m pixel size). This
total capacitance consists of a 68 fF capacitance between the
n readout column and the neighboring p bias columns, and
a total of 34 fF capacitance between the readout column considered and the eight n readout columns in the adjacent pixels. As
described above, the contribution from further away electrodes
was not considered.
The large capacitance of the double-sided 3-D detector is a
consequence of its small electrode spacing and the relatively
large surface area of the electrode columns. The C-V characteristics of a standard 3-D detector are also shown. Although
the form of the graph is the same, the standard 3-D detector has
roughly 25% higher capacitance because the columns are longer
(300 m rather than 250 m) and there is no vertical offset between them.
VI. ELECTRIC FIELD
The electrostatic behavior of the double-sided device was
simulated over a range of applied voltages.
In the region where the columns overlap, extending from a
depth of 50 m to 250 m, the electric field is very similar to
that in a standard 3-D detector. As an example, a 100 V bias
was applied across the device, and a horizontal cross-section
was taken at a depth of 150 m (Fig. 5). Note that since the
readout electrode is normally held at ground, the n column
is at 0 V and the p column is at
. The solid contour
lines indicate the electrostatic potential, and the dashed lines
are “streamtraces” pointing in the direction of the electric field,
with the length of the dashes proportional to the field strength.
Around each column, the field is strong and points radially outwards from the column; towards the corners of the cell, the field
weakens. Any free carriers will be swept horizontally towards
one of the nearest columns. The corresponding cross-section
through a standard 3-D detector with the same doping and dimensions gives the same results.
However, near the front and back surfaces of the detector,
the behavior changes. A vertical cross-section passing through
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Fig. 5. Electrostatic potential (V) in a horizontal cross-section of a doublesided 3-D device at 100 V bias. The cross-section is taken at a depth of 150 m.
The electrostatic potential is shown by labeled solid black lines. The dashed
black lines indicate the direction of the electric field, with the dash length proportional to the field strength.

adjacent n and p columns was taken at 100 V bias. Fig. 6
shows the region of this cross-section near the front surface of
the device. The region below about 50 m matches that in a
standard 3-D detector, with a minimum field of 25000 V/cm.
However, there is a region of lower field near the front of the
detector, and within about 15 m of the front surface the field is
less than 5000 V/cm. Also, whereas free electrons near the front
surface will drift a short distance horizontally to the n column,
free holes must drift a greater distance to reach the tip of the p
column. As a result, charge generated in this region is liable to
be collected more slowly. A similar low-field region is seen at
the back surface of the device.
Additionally, a high-field region has formed around the tip
of the p column, which could potentially lead to breakdown.
Another high-field region occurs at the tip of the n column,
near the back side of the device
It can be seen that the field is distorted in the region around
the p-stop, with a region of higher field at its inner edge, and a
lower-field region at its outer edge. When this simulation was
repeated using the n-type substrate, p readout device, which
does not have a p-stop, the electric field was very similar to that
in the n readout device, but without this distortion.
VII. CHARGE COLLECTION TIME
To investigate the charge collection behavior in these devices
a series of transient simulations were produced. At the start of
each simulation, a cloud of charge was produced in some region
of the device, and the resulting electrode currents were then simulated over time. For these simulations, the device mesh was altered to create a region of high mesh density around the starting
position of the charge cloud, to ensure the total charge deposited
was integrated accurately.
Firstly, a minimum ionizing particle (MIP) was simulated.
Charge was created along a uniform 300 m-long track through
the full thickness of the substrate, passing midway between
the n and p columns. The lateral distribution of charge was
Gaussian, with a standard deviation of 1 m. Experimentally,
the energy deposited by individual MIPs will vary, with the
resulting spectrum following the Landau distribution [25]. In

Fig. 6. Detail of the electric field (V/cm) in a vertical cross-section of the
double-sided detector passing through adjacent n and p columns. The
columns are 250 m long, in a 300 m-thick substrate; only the region around
the front surface of the device is shown here. The detector is at a bias of
100 V. There is a low-field region around the front surface of the device, and a
high-field region at the tip of the p column.

+

+

+

these simulations the total charge deposited was chosen to be
3.5 fC, which [26] gives as the most probable value of charge
deposited by a MIP in a 300 m-thick silicon detector. The
simulation then calculated the resulting transient current flow
in the detector.
This simulation was carried out at 100 V bias for both a
double-sided and a standard 3-D detector. The readout currents
are shown in Fig. 7. Both devices show a large current pulse
lasting for less than 0.5 ns. However, the double-sided 3-D detector also shows a long tail-off signal. As a result, it takes
0.75 ns to collect 90% of the charge from the double-sided device, but 2.5 ns to collect 99%. This compares with 0.35 ns for
90% collection and 0.5 ns for 99% collection in the standard 3-D
detector. Although the double-sided detector has slower collection than standard 3-D, it is still much faster than a planar detector, which has a collection time of 10–20 ns [2].
The electrostatic simulations have shown that there are lowfield regions near the front and back surfaces of the double-sided
detector, which are the most likely cause of the slower collection. To test this, further charge collection simulations were
done where the long charge track used in the MIP simulation
was replaced with shorter charge tracks at different depths in
the device. The variation in the collection time with depth is
shown in Fig. 8. A single long track was used from 100 m to
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Fig. 7. Current signals produced by a minimum ionizing particle passing
through a double-sided detector and an equivalent standard 3-D detector. Both
detectors were simulated at 100 V bias with the MIP passing midway between
the n and p columns.

+

+

with the previous results using 250 m columns. (Fewer contour levels are shown, for the sake of clarity.) It can be seen
that increasing the length of the columns reduces the size of the
low-field regions.
MIP simulations were carried out for these new meshes, using
the same conditions as before. With 270 m columns, the collection time is 0.4 ns for 90% and 1.0 ns for 99%. For 290 m
columns, it is 0.35 ns for 90% and 0.5 ns for 99%, the same as
for a standard 3-D detector. So, the double-sided detector can
match the charge collection performance of the standard 3-D
detector if the column length is only slightly shorter than the
substrate thickness.
The MIP charge collection was simulated for a device
without a metallized backplane. The charge collection time was
unchanged.
Finally, a MIP simulation was done using the n-type substrate, p readout device. Interestingly, this device gave a
slightly shorter time of 2.1 ns for 99% collection. This may be
because the absence of the p-stop results in a more uniform
electric field around the front surface of the device.
IX. BREAKDOWN BEHAVIOR

Fig. 8. Charge collection times for charge deposited at different depths in the
double-sided device (100 V bias). In each case, the charge was deposited along
a short path running parallel to the p and n columns, lying midway between
them. The length of each path is indicated by the “error bars”.

+

+

200 m, because the electric field did not vary significantly with
depth in this region. Also, the lengths of the short charge tracks
were adjusted to ensure that they passed through several mesh
elements, to improve the accuracy of the charge integration.
The charge deposited in the region where the columns overlap
(50 m to 250 m depth) is collected in about 0.5 ns, the same as
in a standard 3-D detector. However, the charge collection time
from the front and back surfaces is much longer, explaining the
long tail-off in the MIP signal.
VIII. EFFECTS OF ALTERING THE DEVICE STRUCTURE
The previous simulation results have shown that the low-field
regions near the surfaces of the device cause slower charge collection. To investigate how the detector can be improved, further
simulations were done for devices with 270 m and 290 m
columns in a 300 m substrate. Fig. 9 shows the electric field
distribution near the front surfaces of these two devices, along

If the electric field in some region of a detector is excessively
high, avalanche breakdown can occur, leading to a large reverse
current. This limits the maximum operating voltage of the device.
A device’s breakdown voltage can be affected by unexpected
defects or variations in its structure, meaning that experimentally measured breakdown voltages often differ from the simulated values. Nevertheless, these simulations are useful for identifying the main causes of breakdown, and also determining
changes in the breakdown behavior when the device structure
or operating conditions are altered.
In the following simulations, the top and bottom regions of
the device were simulated separately, in order to distinguish between different sources of avalanche ionization and to allow
finer meshes to be used in the high-field regions. Then, additional simulations were done for the full device, to ensure that
the results obtained from the smaller meshes were consistent.
In each simulation, the point of breakdown was determined by
calculating the I-V characteristics of the device.
When a device is irradiated, there is a build-up of charge in
the oxide layer. This attracts a layer of electrons to the interface
between the oxide and the substrate. This can lead to regions of
higher field, lowering the breakdown voltage. For example, in
planar detectors the field around the edge of a p-stop increases
with the oxide charge [14]. So, these simulations were carried
cm ,
out using both a typical unirradiated oxide charge of
cm [18].
and a saturated oxide charge of
This approach will successfully model the effects of X-ray
irradiation, which produces only surface damage. However,
hadron irradiation will produce both surface damage and bulk
damage [27]. The effects of bulk damage have not been considered here, and hence the following results are not applicable
to hadron irradiation (particularly at high fluences, where bulk
damage can be expected to dominate the devices’ behavior).
This is demonstrated by experimental tests of standard 3-D detectors, which show an increase in breakdown voltage following
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Fig. 9. Detail of the electric field distribution in double-sided 3-D detectors with 250 m, 270 m and 290 m columns at 100 V. Labeled contours indicate the
field strength in V/cm, showing the extent of the low-field region.

proton irradiation, both for devices with p readout electrodes
and those with n readout electrodes [13]. In contrast, the
following simulations show a fall in breakdown voltage due to
surface damage.
A. Breakdown at the Column Tips in Double-Sided Detectors
In simulations performed with the oxide charge of a non-ircm , the electric field is substantially
radiated device
higher at the tips of the p and n columns than in other regions of the device. For example, with a bias of 100 V the maximum field at the p tip is 130000 V/cm, roughly double the
field at the edge of the p column away from the tip. This can
be seen in Fig. 6. So, the column tips are the main source of
breakdown when the oxide charge is low, for both the p-substrate, n readout device with p-stops and the n-substrate, p
readout device without any isolation.
For a device with 250 m columns, avalanche breakdown
occurs at both sets of column tips at 230 V. Fig. 10 shows the
electric field around the p tip at 215 V, just before breakdown.
The field strength is indicated by the contour lines. The highfield region appears around the curved edge of the cylindrical
column, where the shape of the column causes a large electric
flux to pass through a small region.
The overall “shape” of the doped column, and hence the field
distribution, is affected by two factors: the geometry of the
etched hole and the diffusion profile of the dopant added to it.
This simulation used a realistic diffusion profile (which tends
to smooth out the curved edge of the column) and a cylindrical
hole. Using a hole with a realistically rounded base (rather
than the flat circular base of a cylinder, which has sharp edges)
could potentially reduce the maximum field, but unfortunately,
MESH is not flexible enough to produce a suitable structure.
As an alternative test of the effect of the column geometry on

+

Fig. 10. Electric field around the tip of the p column in a double-sided 3-D
detector at 215 V, just before breakdown. Shading and contour numbering indicate the field strength in V/cm. The device simulated here has 250 m-long
columns in a 300 m-thick substrate.

the breakdown, the simulation was repeated using columns
with square profiles. The square columns break down at 180 V,
with the greatest field appearing at the corners. So, even with a
distinctly suboptimal design, the breakdown voltage is of order
20 times greater than the depletion voltage.
Next, the length of the columns was varied, to investigate
the effect on column tip breakdown. The results were strongly
affected by the presence of the metal layer across the entire
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backplane of the device. Without the metallized backplane, the
column tip breakdown voltage increases as the columns are
made longer, reaching 280 V with 290 m columns. As the
column tips approach the surfaces of the substrate, the electric
field becomes more like that of a standard 3-D detector. The
field around the column tips becomes more uniform, reducing
the maximum field. However, in devices with a fully metallized
backplane, the electric field around the tip of the n column
grows stronger as the tip approaches the backplane, and the
breakdown voltage falls to 175 V with 290 m columns. This
is because the potential difference between the p and n
columns is applied across the oxide layer and the relatively
narrow region of substrate between the backplane and the n
column tip. So, if the column length is extremely close to the
substrate thickness, coating the back surface with metal could
cause problems.
B. Effect of Increasing Oxide Charge on the Breakdown of
Double-Sided and Standard 3-D Detectors
Double-sided and standard 3-D detectors (with both of the
device configurations described previously) were simulated
with
cm oxide charge, to determine the effect of surface
damage on the breakdown behavior.
1) Double-Sided 3-D: P-Type Substrate Device With
Column Readout and P-Stops: At the front surface of this device, high-field regions develop between the p-stop ring and the
n column. Also, at the back surface of the double-sided device, a high-field region develops where the accumulated electron layer meets the base of the p column. However, even with
cm oxide charge, the electric field is greatest around the
tips of the electrode columns, and the eventual breakdown at
210 V is primarily due to avalanche breakdown at the column
tips.
As seen in Fig. 6, using the double-sided detector structure
reduces the electric field strength around the front and back surfaces. This means that the high-field effects seen at the interfaces
in other silicon devices are less significant here. Additionally,
the electron concentration at the back side of the device falls as
the voltage is increased, due to the negative bias applied to the
fully metallized back surface. This tends to reduce the electric
field at the base of the p column.
2) Double-Sided 3-D: N-Type Substrate Device With
Column Readout and No Isolation: These devices have no
p-stops because the readout columns do not need to be isolated.
This means that the high-field regions occur at the column tips
and at the front side of the device where the p readout column
meets the layer of electrons at the interface.
cm
to
When the oxide charge is increased from
cm , the breakdown voltage falls from 230 V to 210 V.
Although there is some impact ionization around the p
column, most of the impact ionization occurs around the
column tips. So once again the breakdown is primarily due
to column tip effects, even with relatively high oxide charge
present.
Column
3) Standard 3-D: N-Type Substrate Device With
Readout and No Isolation: These 3-D detectors have no electrode isolation. The highest-field regions are found at the front

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 54, NO. 4, AUGUST 2007

Fig. 11. Detail of the electrostatic potential (V) around the front surface of an
cm oxide charge.
n-substrate standard 3-D detector at 20 V bias with
Labeled contour lines indicate the potential. The n and p columns are shown
by the light grey shading.

+

10

+

and back surfaces, where the electron layer induced by the poscm oxide
itive oxide charge meets the p column. With
charge, breakdown occurs at 330 V, which is higher than in
cm oxide
the double-sided 3-D detector. However, for
charge, breakdown occurs at the much lower bias of 55 V.
With this device structure, the layer of electrons at the interface makes contact with both the n and p columns. When
the electrostatic potential in the device is plotted with 20 V bias
cm oxide charge (Fig. 11) it can be seen that the
and
electron layer is at the same potential as the n column. As a
result, the full applied bias drops across a narrow region where
the electron layer meets the edge of the p column, leading to
breakdown at a relatively low voltage. The double-sided device
avoids this effect because its columns are etched from opposite
sides of the substrate.
Column
4) Standard 3-D: P-Type Substrate Device With
Readout and P-Stops: Standard 3-D detectors with n column
readout require electrode isolation on both their front and
back sides, to prevent the electron layer from shorting the n
columns together. (As with the double-sided devices, rings of
p-stop have been used here.)
cm oxide charge, the highest electric field is
With
found between the inner edge of the p-stop and the n column.
The device breaks down at 170 V. However, the p-stop rings
used in these simulations were placed very close to the n
column. Although there is supposed to be a 5 m gap between
the column and the p-stop, their lateral doping profiles mean
there is only about 3 m of undoped material between them. To
test the effect of the p-stop radius on the breakdown behavior,
a second simulation was done using a p-stop with an inner radius of 12.5 m and an outer radius of 17.5 m. The breakdown
voltage increased to 195 V, because increasing the gap between
the p-stop and the n column reduced the maximum field.
cm oxide charge, the device breaks down at
With
85 V. High-field regions are present at both the p-stop and the
p column (though the p column shows more impact ionization). In this situation, the presence of the p-stop actually leads
to a higher breakdown voltage than in the n-type device, because
it prevents the electron layer from directly linking the n and
p columns together. When the p-stop ring was given a greater
radius as described above, the device broke down at 90 V, a
slight improvement.
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C. Summary of Breakdown Results
Overall, the double-sided detectors break down at around
230 V, primarily due to the high-field regions at the tips of
the electrode columns. The oxide charge does not have a
large effect on the breakdown voltage (tested up to a value
cm ). Although the n-type substrate, p readout
of
standard 3-D device initially has a higher breakdown voltage, it
shows a dramatic fall in breakdown voltage as the oxide charge
increases. The breakdown voltage of the p-type substrate, n
readout 3-D device is also reduced substantially by increasing
oxide charge. However, it is important to note that this paper
has only considered one method of isolation, and that different
isolation techniques could give different results. For example,
in planar detectors moderated p-spray isolation can give better
performance with high oxide charge than p-stops [14], [21].
Furthermore, in order to model the effects of hadron irradiation,
bulk radiation damage would also need to be included in the
simulation.
X. CONCLUSIONS
In this paper, the double-sided 3-D detector structure has been
described and simulated. Throughout most of the device, the
electrostatic behavior matches that of a standard 3-D detector.
However, the regions near the front and back of the detector deplete more slowly and have a lower electric field. Overall, the
double-sided detector described here has a substantially lower
depletion voltage and collection time than a planar detector, but
does not fully match the performance of a standard 3-D detector
unless the column length is very close to the substrate thickness.
Further simulations have shown that the breakdown voltage of a
double-sided detector is limited by the high-field regions around
the electrode columns, but is less strongly affected by the presence of oxide charge than in standard 3-D detectors.
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