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Charge Transfer in a Multi-Implant Pinned-Buried
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Abstract—This work presents a charge transfer model for a
multi-implant (graded) pinned-buried photodetector for high
frame rate imaging applications. The model takes into account
the initial charge of each implanted region which is divided into
a large number of small areas and the maximum effective transit
length of the far and near electrons by taking into account the
fringing field effect due to graded implants under uniform illumi-
nation condition. The model predicts1 5 s for a single-implant
and 500 ns for a three-implant photodetector for collection of
90% of the initial charge. The computed values agree well with
the experimental results for a three-implant 70 m 45 m

photodetector measured at a rate of 106 frames/s with uniformly
illuminated by 100 ns LED pulses.

Index Terms—Charge transfer, high frame rate image sensors,
photodetector, transit time.

I. INTRODUCTION

I MAGE acquisition at very high frame rate is required for
studying rapid mechanical motion and transient phenomena

such as optical wavefront measurements, explosion study and
hypersonic gas turbulence imaging. The required time resolu-
tion for such applications is between to . To meet
this requirement burst image sensors with very high frame rate
were developed [1]–[8]. These image sensors are designed to
capture images at frame rate 10frames/s or higher by con-
tinuously storing the last frames at the pixel location. In gen-
eral, an element image sensor is designed in the form
of four quadrants each with pixels, where is the
number of pixels. Each pixel consists of a photodetector and se-
ries-parallel combination of buried-channel charge-coupled de-
vice (BCCD) registers for continuously storing the last image
frames. The imager with a large photodetector is required to
obtain a complete charge readout in much less than . A
multi-implant (graded) pinned-buried photodetector is used to
reduce the effective travel time or the readout time. To achieve a
high-speed detection, with essentially zero frame-to-frame lag,
graded potential steps are created in the photodetector by varia-
tion of doping concentration of implants. To describe the charge
transfer in the photodetector a thermal diffusion model was de-
veloped [9]. This model does not take into account the area
or initial charge of individual implant and the effective transit
length for near and far electrons.
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The present work studies the charge transfer characteristics of
photodetector by taking into account the area or initial charge of
individual implant and the effective transit lengthassociatedwith
near and far electrons. In this paper, the theoretical analysis is de-
scribed in Section II. This section starts with a description of the
effect of thermal diffusion and fringing field in a multi-implant
photodetector. This is followed by the derivation of the charge
transfer model where electron transfer from the individual im-
planted regions is considered. In Section III the results obtained
by this model are compared with that of a single-implant pho-
todetector and with the experimental results. The conclusions
drawn from this work were embodied in Section IV.

II. THEORETICAL ANALYSIS

To describe the photodetector charge readout time with multi-
implants, a thermal diffusion model [9] was developed by taking
into account free charge transfer theory in charge-coupled de-
vices [10]. According to this model the photodetector with
n-type detector implants is made up of constant potential re-
gions each with an effective separated by a step potential
of about 0.5 V. The effective photodetector charge readout time
is estimated as the thermal diffusion time for the longest con-
stant potential region plus an effective charge transfer between
these regions. The cross-sectional view of a three-n type implant
pinned-buried photodetector is shown in Fig. 1(a). The implant
concentration is BCCD implant plus the first photodetector
implant, is plus second photodetector implant, and
is plus the third photodetector implant. These three implants
result in a graded potential profile along the photodetector as
shown in Fig. 1(b). The potential profile divides the photode-
tector into three sections where section 2 acts as a charge sink
for section 1, and section 3 acts as a charge sink for section
2. Finally, the potential well under the charge-collecting gate
acts as a sink for the charge collected by the photodetector. The
image acquisition cycle is the most important cycle of the im-
ager. During this cycle the charge signal, which is detected by
the photodetector, is transferred in series into the registers for
detection of successive frames [9].

Thermal diffusion and fringing field drift govern the elec-
tron motion in a photodetector. The effect of thermal diffusion
is studied by introducing the current density relation into conti-
nuity equation, and solving the partial differential equation. The
solution is given by [10]

(1)
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Fig. 1. Cross-sectional view of the threeN -type photodetector implant
(a) graded potential profile and operation (b) showing the effect of fringing
fields in electron transport.

where
charge at time;
initial charge;
diffusion coefficient;
diffusion time constant;
transit length

shown in Fig. 1(b) is different from the lifetime in the material.
The diffusion coefficient is related to the electron mobility

[11] by

(2)

where
Boltzmann constant
temperature in degree Kelvin
electronic charge and
effective density of states in the conduction band.

It can be seen from (1) that charge decreases exponentially
with time from its initial value. The time constant of diffusion
mechanism is inversely proportional to and directly pro-
portional to the square of the transit length. For a high-speed
photodetector should be small and should be large. A
multi-implant photodiode, therefore, reduces the charge readout
time.

The layout of a three n-type-implant pinned-buried photode-
tector is shown Fig. 2. The total area of the
photodiode is and , and are the areas of implant re-
gions. The charge transfer in a photodetector takes place from
the entire area. To include charge transfer from different por-
tions of the detector it is more accurate and reasonable to divide
the entire photodetector area into small areas. It is quite pos-
sible to divide the photodetector into various sizes and shapes
such as circular areas or triangular areas, in that case there could
be some unaccounted for or overlapping areas. As a result, the
charge transfer estimation could be inaccurate. For simplicity

Fig. 2. Layout of a three n-type implant pinned-buried photodetector showing
various small sections with associated transit lengths for electrons. Individual
small sections are enlarged for clarity wherex-x indicates a break in the
distribution of these small sections.

we have divided the photodetector only into small rectangular
areas. The implant area is divided into number of
small sections with an area of each. Similarly, implant area

and are divided into and number of small
sections with an area of and for each small sections,
respectively. The ideal number of small sections could be infi-
nite but as per the layout of the experimental photodetector the
number of small areas selected here are adequate enough for
this study. Increasing the number of small areas in each section
beyond this does not add to significant improvements to accu-
racy. The total charge in the photodetector at any timecan be
obtained by the superposition of charges in all small sections at
time . Mathematically it can be expressed similar to (1) as

(3)

where
th area of implant region ;
th area of implant region ;
th area of implant region ,

diffusion coefficient of implant region ;
diffusion coefficient of implant region ;
diffusion coefficient of implant region ;
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Fig. 3. Electron transfer characteristics of all small areas as a function of time
for different implanted region for uniform illumination corresponding to 20 000
electrons when the illumination is turned off att = 0.

effective maximum transit length of electrons inth
area of implant region ;
effective maximum transit length of electrons inth
area of implant region ,
effective maximum transit length of electrons inth
area of implant region .

It is to be noted that one small section could be sink for some
other small section. The resulting equation would be more com-
plicated than (3). For simplicity we have kept that derivation step
out of the scope of this model.

III. RESULTS AND DISCUSSIONS

The experimental set-up developed by Princeton Scientific
Instruments [9] for the operation of photodetector has a test
pattern uniformly illuminated by 100 ns LED pulses. The
switching operation of LED at any frame rate is controlled by a
computer. The optical pattern is detected by the photodetector
at frame rate up to . The output signal of the
photodetector is readout by dual-slope correlated-double
sampling to eliminate reset noise. After analog to digital
conversion, the signal is read by computer and stored. For
the photodetector shown in Fig. 2, the experimental values
of the doping concentrations are ,

and which
are used in our model for electron transit time estimation.
The corresponding electron mobilities for these concentra-
tions are , ,

. These mobilities give three dif-
ferent diffusion coefficients ,

, and for three
implant regions respectively. The effective maximum transit
length of each section was computed by subtracting the
length due to fringing fields from the physical length of
the implanted region as shown in Fig. 1(b). We have neglected
the transit time of electrons for as the electron pass over a
potential step.

Fig. 3 shows the number of electrons present in each small
section as a function of time after the uniform illumination

Fig. 4. Separate electron transfer characteristics of all three implanted
regions and of the photodetector as a function of time for uniform illumination
corresponding to 20 000 electrons when the illumination is turned off att = 0.

intensity corresponding to 20 000 electrons incident on the
photodetector is turned off at . It can be seen that the
number of electrons transferred from a small section to the
collecting gate at time depends on its initial number of elec-
trons and maximum effective transit length or location from
the collecting gate. The electrons are transferred from nearer
sections to the collecting gate in smaller time, whereas the
electrons are transferred from periphery of the photodetector
in longer time. On the average, the electron transfer mech-
anism from implant region is slowest and fastest from
implant region

The total number of electrons in the photodetector is obtained
by the superposition of the contribution of number of electrons
from each small section. Fig. 4 shows the number of electrons
present in three implanted regions and the photodetector as a
function of time after the uniform illumination intensity corre-
sponding to 20 000 electrons is turned off at . It can be
seen that electron transfer from each implant region depends on
the initial number of electrons and the maximum transit length.
The readout time for 90% electron transfer from each implant
region is different. For the multi-implant photodetector, for 90%
of electrons transfer the readout time is about 500 ns.

Present model was used to compute the charge transfer for
single n-type implant photodetector where

was . The corresponding electron mobility
and diffusion coefficient are and
respectively. Fig. 5 shows the comparison of electron transfer
characteristics for single n-type implant and three n-type
implant photodetectors after the uniform illumination intensity
corresponding to 20 000 electrons is turned off at . It can
be seen that the charge readout time for three n-type photode-
tector is much smaller than one n-type implant photodetector.
For 90% electron transfer the readout time for three-implant
detector is about 500 ns and for single implant detector readout
time is well above .

Charge readout comparison between the experimental re-
sults measured at a frame rate of 10frames/s with uniformly
illuminated by 100 ns LED pulses and the results obtained by
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Fig. 5. Comparison between electron transfer characteristics for single n-type
and three n-type implant photodetectors for uniform illumination corresponding
to 20 000 electrons when the illumination is turned off att = 0 showing that
90% of electrons are collected within 500 ns for the three-implant photodetector.

Fig. 6. Charge readout values obtained by the present model is compared
with the experimental charge readout values obtained at a frame rate of
10 frames=s.

using the present model is shown in Fig. 6. It can be seen that
the charge transfer characteristics are identical. For 90% of
electron transfer the experimentally observed readout time and
the readout time obtained by the present model is about 500
ns. The insignificant deviation in low time range, where only
50% of electron transfer has taken place, could be due to the
simplicity of this model and the selection of number of small
areas in each implanted region. If the illumination is nonuni-
form the scope of this model is limited as we have assumed
uniform electron concentration in all the small areas and in all
implanted regions.

IV. CONCLUSION

In conclusion, the present model takes into account the
initial charge of each implant region of a multi-implant pho-
todetector and the maximum effective transit length of the

far and near electrons in addition to taking into account the
fringing field effect due to graded implants. The electron
transfer characteristics from each small section were obtained
by considering the associated initial charge weight function
under uniform illumination condition. The electron transfer
characteristics, obtained for a three n-type implant photode-
tector was compared with that of a single n-type implant pho-
todetector using the present model. The results obtained by
this model fairly agree with the experimental values obtained
by photodetector measured at a frame rate
of 10 frames/s with uniformly illuminated by 100 ns LED
pulses. This model can, therefore, be applied to five-implant or
seven-implant photodetectors where the electron transit time
will be further reduced.
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