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bstract

This paper presents a new design of the silicon-based photodiode detector for medical imaging, especially for the X-ray computed tomography
pplications. The new structure of the photodiode includes a conventional front-illuminated photodiode and a through wafer interconnection.
oreover, the through wafer interconnection is integrated into the photodiode by being placed inside the active area of the photodiode. This new

tructure is called via-in-pixel design. Truly 2D photodiode detector can be designed with maximum free space or minimum gap between each
wo photodiode elements by using the via-in-pixel design. In addition, 2D photodiode detector arrays can be constructed by tiling more edgeless
etectors. In the paper, the via-in-pixel photodiodes were demonstrated and the performances were measured. Together with the measurement

ata, a quasi-3D device simulation was performed to disclose the electrical characteristics of the via-in-pixel photodiode by using Synopsis
dvanced TCAD software. The results show that the via-in-pixel design of the photodiode detector can either meet or exceed the medical imaging

equirements.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In the X-ray computed tomography (CT) for medical appli-
ations, an X-ray source and an array of photodiode detectors
re oppositely fixed on a rotating gantry. The X-ray source gives
ut a fan beam or a cone beam of X-ray. The relative atten-
ation of the X-rays is recorded by each photodiode element
n the detectors when a patient is passing through the imag-
ng system. Thus 2D or 3D images of the interesting object
an be reconstructed from continuously collected data by using
omplex algorithms. 1D detectors have always been used in the
ystem, but image acquisition of the object is very slow. Quasi-

D (multi-slice) detectors with certain limitations are gradually
ntering the industry [1]. The trend of the modern CT system
s to further increase the scanning speed and the image quality.

∗ Corresponding author. Tel.: +358 40 5577716.
E-mail address: ji.fan@deetee.com (F. Ji).

i
s
c
o
o
i
h

924-4247/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2007.10.044
h wafer interconnection

or a modern spiral CT system [2], the scanning speed can be
iven by

= pMS

trot
, (1)

here d is the feed speed of the patient, p is the pitch factor
f the detector, M is the pixel number (slice number) of the
etector along the patient feeding direction, S is the slice width
nd trot is the time of one rotation of the gantry. From Eq. (1), the
canning speed can be greatly increased by simply using multi-
lice photodiode detector, which means large area detector. For
nstance, this gives an opportunity to construct cardiac imaging
ystems capable of completing the whole scan within one breath
ycle. Fig. 1 shows a sketch map of the human heart coverage

f one detector rotation cycle corresponding to the slice number
f the detector arrays. Moreover the resolution of the image
s generally known, dependent on the element size. Therefore,
igh percentage of the sensitive surface coverage of the large
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Fig. 1. Sketch map of detector coverage vs. slice number of detector.

rea photodiode detector with more elements in 2D is highly
emanded by the modern CT industry.

In the conventional CT detector construction, a major lim-
ting factor in providing more detector coverage is the need
o read out the signal from the individual photodiode element
f the detector through the metal line on the sensitive surface
acing the radiation source. The more photodiode elements on
he detector, the more space are needed for the readout line. In
ddition, the associated bonding pads and bonding wires con-
ume a lot of space on the edge of the detector. This prevents
he further construction of extended 2D tiled edgeless detector
rrays for the imaging systems. These limitations have been dis-
ussed in Refs. [3–6], and accordingly two methods have been
eported to overcome the problems so far. The first solution is
he back-illuminated photodiode (BIP) method [3,4], which has
he drawbacks in the fabrication and operation. One drawback is
he handling of thin wafers with the thickness typically 100 �m,
nd the other drawback is the low working bandwidth due to the
ight current collection by carrier diffusion mode. The second
olution is the conventional front-illuminated photodiode (FIP)
7] with a separated through wafer interconnection (TWI) [5,6].
ven though the signal of each photodiode element can be read
ut directly from the back side of the detector through the TWI,
ertain space, typically a few hundreds of microns, is still needed
or the TWI between each two photodiode elements.

In order to maximize the coverage of sensitive surface and
ive more flexibility of the photodiode element arrangement, this
aper presents an integrated structure of the photodiode with
WI inside the photodiode active area, called the via-in-pixel

VIP) design. Integrating the TWI into the photodiode active
rea will have certain impacts on the performances of the VIP
hotodiode. In order to disclose the electrical characteristics of
he whole structure, especially the behavior of the PN-junction
rea next to the TWI, a powerful quasi-3D device simulation
oftware is used to simulate the operation of the demonstrated
hotodiode under non-illuminated conditions. Furthermore, dif-
erent electrical parameters are measured from the demonstrated
amples, and compared to the simulation results.
. Design and fabrication

The test VIP photodiodes were designed and demonstrated
n this paper. The dimension of the photodiode was optimized

i
o
u
i

ig. 2. Detector structure and the cross section of one VIP photodiode element.

or the applications in the medical CT imaging. A typical VIP
hotodiode detector with 3 × 3 matrices of photodiode elements
nd the cross section of the VIP photodiode element can be seen
n Fig. 2. The active area of each photodiode element is about
mm2, and the TWI is inside of the photodiode active area hav-

ng the dimension of φ 50 �m. The TWI consists of the isolated
idewall and the conductive filling plug. The anode of the photo-
iode is connected to the top end of the TWI by a vertical metal
ar directly on the front surface, and the corresponding contact
ad of the anode is connected directly to the bottom end of the
WI on the bottom surface. The silicon substrate serves as the
ommon cathode for each photodiode element with a metal pad
onnected on the bottom surface as well. The width of the anode
etal bar on the front surface is 30 �m and the size of the anode

ontact pad on the bottom surface is about 160 �m × 160 �m. It
an be seen from the cross section that the incoming light impacts
n the front surface of the photodiode, and the photocurrent is
ollected by the space charge region of the diode junction, then
he signal can be read out directly from the bottom through the
ontact pad. Since the metal bar contact for the anode on the
ront surface is needed whether the TWI is used or not, the extra
ctive area taken by the TWI from the photodiode active area
s negligible, only 0.12% calculated for the 1 mm2 photodiode
ctive area.

The fabrication of the VIP photodiodes includes two parts.
he first part is the processing of TWI by using inductive
oupled plasma (ICP) etching, thermal oxide isolation, in situ
oron-doped polycrystalline silicon filling and the wafer sur-
ace planarization [8]. The ICP etching created a high aspect
atio through wafer via structure on the wafer. Thermally
rown silicon dioxide thereafter protected the whole wafer sur-
ace including the sidewall of the through wafer vias. Heavily
oron-doped polycrystalline silicon was uniformly deposited
fterwards by using low-pressure chemical vapor deposition
LPCVD) method, which totally filled the through wafer vias.
he planarization of both wafer surfaces was performed by using
rinding and chemical mechanical polishing (CMP). Because
he wafer with TWIs is fully compatible with the standard sil-
con processing technologies, basically all the semiconductor
rocessings can be integrated directly onto the pre-processed
afers. This gives great advantages for the productivity. The sec-
nd part of the fabrication is the photodiode structure. It mainly

ncludes the formation of the PN-junction near the top surface
f silicon wafer. Lithography, implantation and annealing were
sed to form the active area of the photodiode. The contact open-
ngs and contact pads on both sides of the TWI were thereafter
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con, the main component of the total leakage current switches to
the impact ionization current. It is generated only at high electric
field “hot spots” at the outer edge of the photodiode and at the
corner areas of TWI next to the PN-junction of the photodiode.
Fig. 3. The processing flow of the VIP photodiode samples.

rocessed by using the well known wet and dry etching, sput-
ering and patterning. The rough processing flow can be seen
n Fig. 3, where the steps 4–6 shows the cross section from the
ength direction of the contact metal bar on the front surface.
he cross section from the width direction of the contact metal
ar can be seen in Fig. 2. In the large area photodiode detectors,
he gap between each two photodiode elements is depended on
he requirement of the cross talk. Even though this paper only
resents a relatively simple way of making photodiodes, there
s no limitation of placing more features like usually used guard
ing structures and channel stops. The final thickness of the pho-
odiode samples is about 300 �m, it can easily reach 400 �m or
ven thicker for more robust processing.

. Measurement results and discussion

The electrical performance of the demonstrated VIP pho-
odiodes was measured within a dark probe station. The

easurement results mainly include the leakage current under
ifferent bias voltages, series resistance, shunt resistance, break-
own phenomenon and the capacitance of the VIP photodiodes.
he measured IV and CV characteristics of the VIP photodiode
re also compared with the simulation results. More explanations
bout the simulation results will be given in the next section. In
ddition to the measurement under the non-illuminated condi-
ions, the light current result shows the preliminary operation of
he VIP photodiode.

.1. The IV characteristics

The photodiodes are typically optoelectronic PN-junction
evices used under a reverse bias. The current generated by
he photodiode under reverse bias without light illumination is
alled the leakage current, and the leakage current presents the
ackground noise in the CT imaging system. The leakage cur-
ent mainly includes three parts. The first part is the saturated
iffusion current [9], and it can be calculated by

dc = qAPNni

(
De

NdLe
+ Dh

NaLh

)
, (2)

here q is the electronic charge, APN is the PN-junction area,
e/Dh is the electron/hole diffusion coefficient, Le/Lh is the
lectron/hole diffusion length in the quasi-natural region, ni
s the intrinsic concentration of silicon, Na/Nd is the doping
oncentration of acceptor/donor. It can be seen from Eq. (2)
hat the diffusion current is not related to the bias voltage,
s A 145–146 (2008) 59–65 61

ut much depended on the material. The second part is the
eneration–recombination current [9], and it can be calculated
y

grc = qAPNniW

τg−r
, (3)

here W is the depletion region width of the PN-junction, τg−r is
he carrier generation–recombination lifetime within the deple-
ion region. It can be seen from Eq. (3) that at fixed conditions
he variable W is only dependent on the reverse bias voltage V
ith W proportional to

√
V . The third part but not the last part is

he surface leakage current [10], and it can be calculated by

slc = qniAsurSsur

2
, (4)

here Asur is the PN-junction depletion area on the silicon–oxide
nterface, Ssur is the surface recombination velocity. Asur is not
nly dependent on the reverse bias voltage, but also dependent
n the fixed oxide charge density. In the VIP photodiode, the
urface leakage current is generated in two specific locations,
hich are at the edge of the photodiode and at the sidewall

urface of the TWI next to the junction of the photodiode. In
eneral, the saturated diffusion current is negligible compared to
he other two parts. There are also auger recombination and high
eld triggered leakage current, but they are also very small and
early constant under normal working conditions. Fig. 4 shows
he measured IV curve and the simulated IV curves. At the full
epletion condition, Eq. (3) gives 13 pA, which corresponds very
ell the measured value around 4 V. It indicates that the leakage

urrent is dominated by the generation–recombination current
ver the surface leakage current. Even though the surface recom-
ination velocity is proportional to the damage of the silicon
urface on the sidewall of TWI caused by the TWI processes, it
s only considered as a minor effect to the total leakage current
nd Ssur should have a small value. At the high voltages, when
he electric field begins to reach the breakdown voltage of sili-
Fig. 4. The measured and simulated leakage current of VIP photodiode.
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The breakdown of the conventional photodiode usually hap-
ens at the outer corner of the junction edge where there is
he highest electrical field. Moreover, the breakdown for a pure
WI without the integrated photodiode is the oxide sidewall
reakdown and the breakdown voltage is more than 200 V
btained from our previous report [8]. Since the VIP photo-
iode is the integration of the conventional photodiode and the
WI, the breakdown may happen at different place with differ-
nt breakdown voltage. The measured breakdown voltage of the
emonstrated VIP photodiode is about 160 V. In order to find
here the breakdown is, simulations were performed by using
ifferent oxide sidewall thickness of the TWI. The breakdown
oltage changes dramatically according to oxide sidewall thick-
ess changes, and the thinner the oxide sidewall thickness the
reakdown voltage is smaller. Fig. 5 shows the beginning of the
reakdown of the VIP photodiode with the measured and sim-
lated data. The dependence on the oxide sidewall thickness of
he TWI gives the clue that the breakdown takes place at the ‘hot
pot’ at the corner areas of the TWI next to the PN-junction of the
hotodiode. In addition, the electrical field of the PN-junction
ffects the electrical field of the oxide sidewall of the TWI with
ach other, and all together decreases the breakdown voltage.

The series resistance of the VIP photodiode mainly includes
he resistances from TWI, bulk silicon, and the terminal contacts.
t can be calculated by using the dynamic current value under the
V forward bias condition [5], which gives the average value
f 210�. The resistance of TWI holds most of the series resis-
ance of the VIP photodiode. The rest resistance components
re negligible with the resistivity of the bulk silicon in milliohm
ange and the good ohmic contacts. The dark current of the VIP
hotodiode, which is the current directly measured under the
0 mV reverse bias, is about 1 pA on average. This dark current
s well compatible with the dark current from the conventional
hotodiode without TWI. Based on the gate-controlled diode
tructure [11], the silicon surface next to the sidewall of the
WI is not depleted with certain positive fixed oxide charge in
he sidewall oxide at such low bias voltage. The dark current
s mainly from the generation–recombination current as it is in
onventional photodiode. Moreover, the n-type autodoping of

ig. 5. Measured and simulated junction breakdown leakage current with the
idewall oxide thicknesses of 1, 1.5 and 2 �m.
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he silicon surface next to the TWI sidewall during the oxida-
ion process also helps to postpone the depletion of the silicon
urface. The beginning of silicon surface depletion can be seen
ater in Figs. 9 and 10. The shunt resistance of the VIP photo-
iode can be easily calculated by using the voltage current ratio
nder the 10 mV reverse bias, and it gives 10 G� on average.

.2. The CV characteristics

The capacitance of the photodiode together with the series
esistance also contributes to the noise of the signal in the data
cquisition system. Keeping the capacitance of the photodiode
n certain level is required. The total capacitance of the VIP
hotodiode includes mainly three parts. The first part comes
rom the PN-junction, and it can be given by

PN = APNεs

W
, (5)

here εs is the permittivity of silicon. The second part comes
rom the TWI it can be evaluated by using MOS structure
12,13], and the calculation at high frequencies can be given
y

F =
√
Nd

ni

√
−(vs + 1) + evs +

(
ni

Nd

)2

e−vs ,

Qs = −Sign(υs)
kTεsF

qλi
, V + Qf

Cox
− ψps = Qs

Cox
+ kTvs

q
,

Cs = sign(vs)ATWI
εs(evs − 1)√

2λn
√−(vs + 1) + e−vs

,

ox = εoxATWI

dTWI
,

1

CTWI
= 1

Cs
+ 1

Cox
(6)

here F is the dimensionless electric field, Qs is the silicon
urface charge density per unit area, vs = qψs/kT and ψs is the
and bending potential along the silicon surface, λi is the intrin-
ic Debye length, λn is the silicon bulk Debye length, Qf is the
xed oxide charge density per unit area,ψps is the work function
ifference between the boron-doped polycrystalline silicon and
he bulk silicon, ATWI is the sidewall surface area of the TWI, εox
s the permittivity of the silicon dioxide, dTWI is the oxide thick-
ess of the TWI sidewall. Fig. 6 shows the CV curves measured
nd simulated from a pure TWI at 1 MHz frequency and in the
ark condition. It can be seen that the capacitance introduced by
he TWI is very small, and the change of the capacitance with
he bias voltage sweep is negligible. The third part of the capac-
tance comes from the contact pad and it can be estimated by
sing Cpad = εoxApad/dpad, where Apad is the pad area and dpad is
he oxide thickness beneath the pad. The fixed oxide charge den-
ity is estimated to be 5 × 1010 cm−2 by using the measurement
ata from the pure TWI structure according to Eq. (6). It can be
een in Fig. 6 that the simulated CV curve moves horizontally
ith different fixed oxide charge density values. The CV curve

ith fixed oxide charge density of 5 × 1010 cm−2 fits the mea-

urement data the best. The measured and simulated CV curves
rom the VIP photodiode are shown in Fig. 7. The capacitance
ifference between the measurement and simulation is mainly
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with a Monte Carlo mode with 200,000 particles. The device
simulation grid had in total around 40,000 calculation points
and the grid was made denser along all the silicon–oxide inter-
ig. 6. Measured and simulated TWI capacitances with different fixed oxide
harge densities.

ue to the missing contact pad for the simulated VIP photodi-
de device. The VIP photodiode structure for the capacitance
imulation can be later seen in Fig. 9.

.3. The optical characteristics

When a silicon-based photodiode is illuminated by the light
aving the energy greater than the silicon band-gap energy, the
ight is absorbed by the semiconductor and the electron–hole
airs are generated. The electrons and holes are separated by
he electric field within the depletion region of the PN-junction,
nd the light current is thereafter read out from the anode of
he photodiode. When the VIP photodiode is illuminated by
he light, the light current is generated and the measurement
esults can be seen in Fig. 8. In the CT imaging system, the
hotodiodes usually work at −10 mV bias voltage, where it gives
he maximum current signal.

. Quasi-3D simulation
Synopsis advanced TCAD quasi-3D simulations, i.e. a
D simulation carried out in the cylindrical coordinates, of
he VIP photodiode were used to model the device opera-

ig. 7. Measured and simulated capacitances of the VIP photodiode. The sim-
lation does not include the capacitance of the contact pads.

f

F
T
d

ig. 8. The light current compared with the dark current measured from the VIP
hotodiode.

ion, especially the PN-junction area close to the TWI. The
ree parameters of the simulation, such as the fixed oxide
harge density, surface recombination velocity and the car-
ier generation–recombination lifetime, were obtained from the
easurement data of the demonstrated TWI structures and VIP

hotodiodes.
The simulated 2D structure, shown in Fig. 9(a), has a total

hickness of 300 �m with a 25 �m thick high resistive n-type
pitaxial layer on top of the conductive n-type silicon bulk.

radius of 25 �m polycrystalline silicon plug with a 1.5 �m
hick sidewall oxide was used to define the TWI. To perform
he simulation in the cylindrical coordinates the radius of the
hotodiode was selected such that the total active area of the
imulated VIP photodiode matches with the demonstrated VIP
hotodiode. Thus the active area with radius of 0.564 mm on
he front surface was set to give the total active area of around
mm2. The 2D doping profile of the p-type implantation for the
ctive area was extracted by using synopsis process simulator
aces down to around 1 nm between each two calculation points.

ig. 9. (a) Doping profile of the structure used in the quasi-3D simulations.
he Y-axis at X = 0 was considered as the axis of rotation. (b) The potential
istribution at the common operation condition.
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o the TWI with respect to the electron concentration.
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Table 1
Summary of the key parameters obtained for the simulation

Parameters Value

Carrier lifetime (ms) 3
Surface recombination velocity (cm/s) 3
Fixed oxide charge density of TWI sidewall (cm−2) 5 × 1010

F
O

t
v
d
T
v
f
t
c
t

d
a

5

Fig. 10. The depletion of the PN-junction next t

ig. 9(b) shows the potential distribution of the simulated VIP
hotodiode at its operation voltage.

The carrier generation–recombination lifetime, τg−r, was
xtracted by using Eq. (3). The lifetime of 3 ms was obtained
rom the measured leakage current value of 13 pA at 4 V reverse
ias. As seen in Fig. 10, the high resistive epitaxial layer is fully
epleted at 4 V. Moreover, the silicon surface of the epitaxial
ayer next to the sidewall of the TWI is inverted at 4 V reverse
ias as seen in Fig. 6. So, the surface leakage current should
ave a very small contribution to the measured leakage current.

For the simulated leakage current, Ssur, the surface recombi-
ation velocity of 3 cm/s was found to give proper behavior of
he current up to −30 V, as seen in Fig. 4. The target sidewall
xide thickness of the TWI, 1.5 �m, which is used in the pro-
ess, has been verified by using the simulations. Fig. 5 shows
he breakdown of the measured and simulated VIP photodiode
ith different oxide thicknesses of the TWI sidewall. The target
xide thickness of 1.5 �m is shown to give approximately cor-
ect breakdown voltage behavior. In addition, Fig. 6 has a more
rofound meaning. It verifies that the sidewall oxide thickness
f the TWI has a major impact on the breakdown of the VIP pho-
odiode and implies that the breakdown of the VIP photodiode
akes place in the corner of PN-junction next to the TWI.

The fixed oxide charge density of the TWI sidewall, which

as used in the simulations for the surface oxide as well, was
etermined by the individual TWI measurement. The best fitting
f the fixed oxide charge density was found to be 5 × 1010 cm−2

rom Fig. 6. With the determined fixed oxide charge density,
p
t

ixed oxide charge density of surface oxide (cm−2) 5 × 1010

xide thickness of the TWI sidewall (�m) 1.5

he depletion of the region around the TWI with different bias
oltages can be seen from Fig. 10. The sharpening of the electron
ensity at the bottom corner of the epitaxial layer next to the
WI is being visualized at 7 V reverse bias. At the reverse bias
oltages higher than 30 V, the n-type bulk begins to be depleted
rom this corner and a region of high electric field is created
here. This is a favorable region for the impact ionization current
reation and finally the device breakdown happened there prior
o the outer edge of the photodiode.

Table 1 summarizes the simulation parameters to correctly
escribe and understand the behavior of the measured currents
nd capacitances.

. Conclusions
The novel VIP design of the photodiode presented in this
aper gives a promising solution for truly 2D extendable pho-
odiode detector in medical CT imaging application. The 2D
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hotodiode detector can be constructed with maximum free
pace or minimum gap between each two photodiode elements.
n addition, more detectors can be tiled together in 2D to have
arger detector arrays. IV characteristics, CV characteristics and
ptical characteristics were measured and discussed from the
emonstrated VIP photodiode. Quasi-3D VIP photodiode device
as constructed and simulated. The simulation results match

he measurement results quite well with proper key parameters
btained. The impact of integrating TWI into the photodiode
ctive area was analyzed by using simulated and measured
esults. It shows that the effect of the sidewall on the VIP design
s negligible under normal operation conditions. The perfor-

ances and characteristics of the demonstrated VIP photodiodes
how that it can meet or exceed the application requirements
rom the industry.
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