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Charge Transfer in a Multi-Implant Pinned-Buried
Photodetector
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Abstract—This work presents a charge transfer model for a ~ The present work studies the charge transfer characteristics of
multi-implant (graded) pinned-buried photodetector for high  photodetector by taking into account the area or initial charge of
frame rate imaging applications. The model takes into account jqjigualimplant and the effective transitlength associated with
the initial charge of each implanted region which is divided into - . o
a large number of small areas and the maximum effective transit near a”‘?' far ele_ctrons. I_nthls paper, theth_eoretlcal QnaIySIS is de-
length of the far and near electrons by taking into account the Scribed in Section 1. This section starts with a description of the
fringing field effect due to graded implants under uniform illumi-  effect of thermal diffusion and fringing field in a multi-implant
nation condition. The model predicts1.5 us for a single-implant  photodetector. This is followed by the derivation of the charge
and 500 ns for a three-implant photodetector for collection of o nsfer model where electron transfer from the individual im-

90% of the initial charge. The computed values agree well with . . - - .
the (:experimental resul?s for a threep-implant 70 m?l X 45 pm planted regions is considered. In Section Ill the results obtained

photodetector measured at a rate of 19 frames/s with uniformly by this model are compared with that of a single-implant pho-
illuminated by 100 ns LED pulses. todetector and with the experimental results. The conclusions

Index Terms—Charge transfer, high frame rate image sensors, drawn from this work were embodied in Section IV.

photodetector, transit time.
Il. THEORETICAL ANALYSIS

|. INTRODUCTION To describe the photodetector charge readout time with multi-
MAGE acquisition at very high frame rate is required foimplants, a thermal diffusion model [9] was developed by taking
studying rapid mechanical motion and transient phenomeigo account free charge transfer theory in charge-coupled de-
such as optical wavefront measurements, explosion study atiees [10]. According to this model the photodetector with
hypersonic gas turbulence imaging. The required time resoflutype detector implants is made up/df constant potential re-
tion for such applications is betwe®nl s to 1 us. To meet gions each with an effectivé.y separated by a step potential
this requirement burst image sensors with very high frame rateabout 0.5 V. The effective photodetector charge readout time
were developed [1]-[8]. These image sensors are designedstestimated as the thermal diffusion time for the longest con-
capture images at frame rate®1flames/s or higher by con- stant potential region plus an effective charge transfer between
tinuously storing the last frames at the pixel location. In gemhese regions. The cross-sectional view of a three-n type implant
eral, ann x n element image sensor is designed in the forpinned-buried photodetector is shown in Fig. 1(a). The implant
of four quadrants each with/2 x n/2 pixels, wheren is the concentrationV; is BCCD implant plus the first photodetector
number of pixels. Each pixel consists of a photodetector and $@plant, N, is IV, plus second photodetector implant, aig
ries-parallel combination of buried-channel charge-coupled de-V, plus the third photodetector implant. These three implants
vice (BCCD) registers for continuously storing the last imagesult in a graded potential profile along the photodetector as
frames. The imager with a large photodetector is required éaown in Fig. 1(b). The potential profile divides the photode-
obtain a complete charge readout in much less thanis. A tector into three sections where section 2 acts as a charge sink
multi-implant (graded) pinned-buried photodetector is used fgr section 1, and section 3 acts as a charge sink for section
reduce the effective travel time or the readout time. To achievg_apina"y, the potential well under the charge-collecting gate
high-speed detection, with essentially zero frame-to-frame laghts as a sink for the charge collected by the photodetector. The
graded potential steps are created in the photodetector by vajigage acquisition cycle is the most important cycle of the im-
tion of dc_)ping concentration of implants. To d(_escribe the charg@er_ During this cycle the charge signal, which is detected by
transfer in the photodetector a thermal diffusion model was dge photodetector, is transferred in series into the registers for
veloped [9]. This model does not take into account the argaiection of successive frames 9.
or initial charge of individual implant and the effective transit Thermal diffusion and fringing field drift govern the elec-
length for near and far electrons. tron motion in a photodetector. The effect of thermal diffusion
is studied by introducing the current density relation into conti-
Manuscript received March 27, 2000; revised November 5, 2000. This woﬂyity equation, and solving the partial differential equation. The
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Fig. 1. Cross-sectional view of the thre¥-type photodetector implant
(a) graded potential profile and operation (b) showing the effect of fringing
fields in electron transport.
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where

Q(t) charge at time;

Q(O) initialcharge; Fig.2. L t of ath t implant pinned-buried photodetector showi

; ; SRR ig. 2. Layout of a three n-type implant pinned-buried photodetector showing
Dn, d!ffus!on qoefﬁment, various small sections with associated transit lengths for electrons. Individual
T diffusion time constant; small sections are enlarged for clarity where:’ indicates a break in the
L transit length distribution of these small sections.

shown in Fig. 1(b) is different from the lifetime in the material.
The diffusion coefficientD,, is related to the electron mobility ;o have divided the photodetector only into small rectangular

pn [11] by areas. The implant are4, is divided intop = 26 number of
(KT ) small sections with an area df, _; each. Similarly, implant area

D, = A, and Az are divided intay = 27 andr = 9 number of small
¢ ) sections with an area of,_; andA;_; for each small sections,

—99x%x10-3 <£> .. } @) rgspectively. The ideal number of smgll 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 tiroen be

e electronic charge and obtained by the superposition of charges in all small sections at

N, effective density of states in the conduction band.  {ime ¢, Mathematically it can be expressed similar to (1) as
It can be seen from (1) that charge decreases exponentially

with time from its initial value. The time constant of diffusion

n
1+0.35335 —
{ + ) O<N

C

C

k Boltzmann constant
7 temperature in degree Kelvin

b

mechanism is inversely proportional 13,, and directly pro- Qt) = 8 QO ZAl—z exp [_” Dlnt}
portional to the square of the transit length. For a high-speed w? A P 4L7
photodetector. should be small and>,, should be large. A q 72Dyt
multi-implant photodiode, therefore, reduces the charge readout + Z Ax_jexp 102 i
time. j=1 2—j

The layout of a three n-type-implant pinned-buried photode- r 72Dyt
tector (70 pm x 45 pm) is shown Fig. 2. The total area of the + ZAg—k exp [— 102 H 3)
photodiode isA and A, A; and A3 are the areas of implant re- k=1 3—k

gions. The charge transfer in a photodetector takes place from
. : . vtyhere

the entire area. To include charge transfer from different por- th area of implant reqiont:

tions of the detector it is more accurate and reasonable to divideAl_" L, h i pl g_ mll !

the entire photodetector area into small areas. It is quite pos<2—J jtharea o |_mp ant regl.o 2

sible to divide the photodetector into various sizes and shapeg!s-« #th area of implant regioals, .
such as circular areas or triangular areas, in that case there coulflin d!ﬁUS!O” coeﬂ‘!c!ent of !mplant reg!oml;
be some unaccounted for or overlapping areas. As a result, thé2.  diffusion coefficient of implant regionls;

charge transfer estimation could be inaccurate. For simplicityDs,,  diffusion coefficient of implant regioni;
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olr ieren r']mp ahn e.” region for uni ormdl uﬁmlnaolon corresponading to egions and of the photodetector as a function of time for uniform illumination
electrons when the illumination is turned offiat= 0. corresponding to 20 000 electrons when the illumination is turned of&af).

Ly effective maximum transit length of electronsith  yensity corresponding to 20 000 electrons incident on the

area of implant regionl, ;  photodetector is turned off at = 0. It can be seen that the
Ly; effective maximum transit length of electronsjith 1, her of electrons transferred from a small section to the

area C,’f |mpla'nt reglomg,. , collecting gate at timeé depends on its initial number of elec-
Lk effectwg maX|mum_tranS|t length of electronsth 55 and maximum effective transit length or location from

area of implant region. the collecting gate. The electrons are transferred from nearer

Itis to be noted_ that one sma!l sectlon_could be sink for SOMd& ctions to the collecting gate in smaller time, whereas the
ot_her small section. The re_sgltmg equation would be_ MOre CO/MYa tyons are transferred from periphery of the photodetector
plicated than (3). Forgmphmtywe have kept that derivation stqﬂ longer time. On the average, the electron transfer mech-
out of the scope of this model. anism from implant regiom; is slowest and fastest from
implant regionAs
IIl. RESULTS AND DISCUSSIONS The total number of electrons in the photodetector is obtained
The experimental set-up developed by Princeton Scientifiy the superposition of the contribution of number of electrons
Instruments [9] for the operation of photodetector has a tdgem each small section. Fig. 4 shows the number of electrons
pattern uniformly illuminated by 100 ns LED pulses. Th@resent in three implanted regions and the photodetector as a
switching operation of LED at any frame rate is controlled by &nction of time after the uniform illumination intensity corre-
computer. The optical pattern is detected by the photodetecgponding to 20 000 electrons is turned offtat= 0. It can be
at frame rate up td0°® frames/s. The output signal of the seen that electron transfer from each implant region depends on
photodetector is readout by dual-slope correlated-doulitee initial number of electrons and the maximum transit length.
sampling to eliminate reset noise. After analog to digitalhe readout time for 90% electron transfer from each implant
conversion, the signal is read by computer and stored. Fegion is different. For the multi-implant photodetector, for 90%
the photodetector shown in Fig. 2, the experimental value§electrons transfer the readout time is about 500 ns.
of the doping concentrations af¥; ~ 1.4 x 10'7 cm™3, Present model was used to compute the charge transfer for
Ny =~ 2.6 x 1017 cm™2 and N3 =~ 3.6 x 10'7 cm™2 which single n-type implant photodetecttf0 yam x 45 pm) where
are used in our model for electron transit time estimatiotv; wasl.4 x 1017 ctn—3. The corresponding electron mobility
The corresponding electron mobilities for these concentrand diffusion coefficient arg00 cm?/V -s and18.145 cm? /s
tions arep:, ~ 700 cm?/V -sec, p2, & 600 cm?/V -sec, respectively. Fig. 5 shows the comparison of electron transfer
pan ~ 500 cm?/V -sec. These mobilities give three dif- characteristics for single n-type implant and three n-type
ferent diffusion coefficientsD;,, =~ 18.145 cm?/sec, implant photodetectors after the uniform illumination intensity
Dy,, ~ 15.576 cm? /s, and D3,, ~ 12.994 cm? /s for three corresponding to 20 000 electrons is turned off at 0. It can
implant regions respectively. The effective maximum trandiie seen that the charge readout time for three n-type photode-
length L of each section was computed by subtracting thector is much smaller than one n-type implant photodetector.
lengthél due to fringing fields from the physical lengfty of For 90% electron transfer the readout time for three-implant
the implanted region as shown in Fig. 1(b). We have neglectddtector is about 500 ns and for single implant detector readout
the transit time of electrons fail as the electron pass over @ime is well abovel us.
potential step. Charge readout comparison between the experimental re-
Fig. 3 shows the number of electrons present in each smalllts measured at a frame rate of ¥tames/s with uniformly
section as a function of time after the uniform illumination illuminated by 100 ns LED pulses and the results obtained by
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20000 ¢ far and near electrons in addition to taking into account the
‘ _ _ ] fringing field effect due to graded implants. The electron
| Uniform lllumination Intensity .. . )
16000 || corresponding to 20,000 turned off at t=0 transfer characteristics from each small section were obtained
3? by considering the associated initial charge weight function
g \é{ 1 :::m::::.:. under uniform illumination condition. The electron transfer
§ 12000 | o Toea g | characteristics, obtained for a three n-type implant photode-
T} tector was compared with that of a single n-type implant pho-
"5_ 8000 todetector using the present model. The results obtained by
2 this model fairly agree with the experimental values obtained
4000 | by 70 um x 45 pum 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
0 ‘ ‘ ‘ , seven-implant photodetectors where the electron transit time
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will be further reduced.
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Fig. 5. Comparison between electron transfer characteristics for single n-type ACKNOWLEDGMENT
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