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Abstract—Already in 1993, sawtooth-shaped P strips were
proposed to diminish lateral diffusion in linear multi-anode sil-
icon drift detectors. The sawtooth structure generates small
electric fields directed parallel to the detector surface and per-
pendicular to the drift direction. These fields confine the drifting

electrons within a sawtooth period. In this paper the authors P,

present for the first time experimental proof of the applicability

of the concept. For a sawtooth period of 50«m, we have tested 2
o

the confinement of electron clouds as a function of injected charge
up to 5 x 10° electrons. The maximum number of electrons
for which full confinement is achieved has been measured as
a function of the potential gutter depth generated by different
sawtooth angles.
i _ mn

Index Terms—Charge sharing, electron cloud confinement, .

multi-anode linear drift detectors.

I. INTRODUCTION

HE MULTI-ANODE linear silicon drift detector (SDD)
allows us to obtain two-dimensional (2-D) position infor-
mation [1], [2]. In one direction, the drift direction, position
information is obtained from electron drift time measurement.
In the lateral direction anode Plxel S|gn§Is are used for pOSItI(!}E’. 1. Schematic of fabricated SDD’s with two sections showing sawtooth
measurement by means of interpolation, or the anode wiffips(a: = 60°) and rectangulafo = 0°) strips. The definitions of sawtooth
the highest signal is simply used. In these cases the SpaTﬁiio‘_ijr pitch p,,, and anglex are shown in detail. The rectangle indicates
resolution is determined by the anode pitch and electron clofig Smulated region.
broadening. The broadening is generally caused by thermal
diffusion and mutual electrostatic repulsion, which take placgollection of the full charge at one or at most two anodes is
during the electron drift toward the anode pixels. In thpreferred to achieve good energy resolution. This requires a
case of a relatively small anode pitch in combination withew SDD design.
a small amount of generated chargelQ00 electrons), the In 1993, Hijzenet al. [3] proposed a new drift detector
cloud broadening becomes a problem. The small signalsdalsign in which lateral diffusion is diminished by only an
the anodes do not allow us to determine the lateral positi@ppropriate change of the layout of thée fiield strips, the
accurately using interpolation. Another disadvantage of lateglwtooth concept. An effort to demonstrate the validity of the
broadening is deterioration of energy resolution. Supposi@gncept shortly after its introduction failed by then-occurring
generation of electrons by incident X-rays in front of theroblems with the SDD’s [4]. In 1996 Castoldit al. [5]
middle of an anode at a distance of 1.25 cm, the electron clogémonstrated the applicability of another approach, the deep
arriving at the anode pixel after 2,& (at a drift field of 300 p.implant “channel-stop” concept. They reported confinement
Vicm) will have an rms lateral width of 140m. In the case of yp to 32000 electrons within an anode pitch of &®. The
a linear SDD with an anode pitch of 230n, only about 63% channel-stop concept requires additional process steps. In the
of these electrons will then be collected at the central anod@ytooth concept only the masks are different from those of
the standard SDD process and additional process steps are
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theoretical expectation by experimental results which allow
us to predict the result for SDD’s with an anode pitch of 25( 240
#m, which is sufficient for anticipated soft X-ray diffraction

applications. 235

230

Il. DETECTOR DESIGN AND SIMULATION 225

Potential (V)

In Fig. 1, part of the layout of the studied SDD’s is © 220
presented. The definitions of the three important paramete

of the sawtooth, the periog,, pitch p,, and anglex, are 215 “3:::::::’:;‘.:.3.._‘“.3‘.‘_‘ !

also indicated. The detectors have a total active area 0k2.5 210 } i ““‘.:._Q:‘::::‘::o:':}:‘::‘:‘::‘:::;:‘;‘:-‘:-:::‘\f-‘:\*\ )

1.3 cn?, subdivided into two halves of 1.2& 1.3 cn? with 904" Y ;
anodes at the opposite outsides. Each half is divided into tw ) oS ‘:“‘:“ ':".:‘::‘:‘.::':::::::‘:‘:.::‘:‘.:-‘:}‘*e““:“-‘
sections (see Fig. 1). The four sections have the following e R S <0 30048
0° (rectangular strips), 30 45°, and 60. Strips have been + % ‘:.‘,‘.:,

designed on both front and back sides for appropriate biasin ”?/ S ] )

The back side can be illuminated with a laser beam because 1 207" g45 N

strips are not covered with aluminum. There are only narrow
(15 pm) metallization strips overlapping the edges of the p
strips to improve the breakdown properties.

We used 2-10 R cm n-type wafers of 50@m thickness. 0.0
The pitch of p~ strips p, = 200 pm (180 um p* implant, -1
20 pum oxide). The periodp, = 500 um, while the n 02
anodes are 40pm wide. The anodes are insulated with a 2. 1-

(4]

B

\ | |

|
i |
B S S

.

.

pT implantation to avoid a leak of charge to adjacent anodes

caused by the small inter-anode resistance. The surroundingn £
guard collects the electrons generated outside the sensor active & -0.6
area. To avoid problems at high drift fields, the guard area is DD_ )

designed in such a way that every fiield strip is attached 087
to a guard strip. The oxide width between guard strips is the 10
same as between field strips. '
To simulate the influence of sawtooth strips on the potential 327
distribution in the detector, we have used the SEMISIM 3.0

package [3]. This package calculates the quasi-static potential f_
distribution by solving only the Poisson equation using the 3 28
L . . - . 3
finite difference algorithm. The simulation shows that the =
sawtooth-shapedp strips generate a confining potential in
the z-direction. This effect propagates from the surface down X (mm)
to the center of the wafer [see Fig. 2(a) fer= 250 nm]. b)

The depth of these potential gutters depends on the three S o o
sawtooth design parametgrs,p,, anda, and on the potential (.2, (4 Poenta, dstbulon of e rectanguiregon nciated 7.1
distribution applied to theb sawtooth strips. The influence ofat a depth in the:-direction corresponding to the potential minimum. The
the sawtooth parameters was extensively discussed in [3]. SRytooth parameters ags. = 500 pm, py = 200 um, anda = 60°. The
highlight general design aspects we will comment here only gﬁft field is 250 V/cm. The arrows indicate the drift direction for electrons.
the important conclusions. As for the sawtooth parameters, the

depth of potential gutters increases with increasing sawtodtie potential difference applied between adjacent sawtobth p
periodp,. and anglex. On the contrary, the pitch, influences strips, i.e., to the drift field. To obtain the required confining
mainly the effect of the sawtooth in the middle of the stripeffect the suitable drift field has to be applied.

To induce the confining effect in the middle of a strip as well, All simulations of designed sawtooth SDD’s have been
the pitchp, has to be chosen small enough compared with tiiene using a drift field of 250 V/cm corresponding to the
periodp,.. As one can expect periqg. especially is of great measurement conditions. The potential minimum in the
importance. This parameter is equal to the anode pitch aglidection is located in the center of the wafer-£ 250 um).
therefore directly linked to the position resolution of the SDCFig. 2(a) shows the potential distribution in the SDD of the
Thus by designing a sawtooth SDD with a given resolution iectangular area indicated in Fig. (= 500 gm, p, = 200

the lateral directionp,, is fixed. Next the sawtooth angteand m, anda = 60°) at the depth of the potential minimum
pitch p,, have to be properly chosen to obtain potential guttefsr electrons £ = 250 xm). One can see the potential gutter
deep enough for confinement of a desired electron capaciimarked by an arrow) through which the electrons will travel
The depth of generated gutters is also linearly proportional tmwvard the anode. To clearly see the depth and the profile of
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Ill. EXPERIMENT
1.4 w0 =30° AV, =045V .
e =45° AV, =069V The SDD’s were tested using a pulsed laser beam. Special

s N 4 @=60°AV, =110V N attention has to be given to the biasing of the sensor. We have
2 400 . K applied on the front-side strips a negative potential which is
% o . K increasing in uniform steps from the first strip (closest to the
g * * i anode) to the outermost strip. The negative voltage applied
2 061 " * . L on the backside strips has a “V"-shaped potential distribution
£ L et C LT close to the anodes. This shifts the potential minimum close
B e Nt LTt N to the anodes in the-direction and provides a more effective

0.2- \:\EA‘ A //./ charge collection, but it does not influence the depth of the

o LN L i}? potential gutter [3]. The applied drift field was 250 V/cm. We

250 200 -100 o 100 200 250 hqve measured a maximal electron drift time of 45for a

X (um) drift distance of 1.25 cm.

. . . A pulsed laser source (675 nm) has been used to generate
Fig. 3. The influence of the sawtooth angieon the potential in the gutter. . . . .
The maximal gutter depthA Vamax) is indicated for each angle. The other Signal electrons in the detector. The laser intensity was ad-
parameters arg, = 500 um, p, = 200 pm, and the drift field is 250 V/iem. justed using pinholes and filters to generate from %.72.0°

to 5 x 10° electrons per pulse. The laser spot has a Gaussian

the confining potential, we have subtracted the correspondidigtribution with standard deviation = 60 .m for the smaller
potential distribution of the rectangular strip configuration. Theharge levels@ < 4.2 x 10°), ando = 90 um for the higher
resulting potential gutter is plotted in Fig. 2(b). At the bottongharge levels@ > 4.2 x 10°).
of the potential gutter there is a small modulation along the Information on the electron cloud broadening is obtained
drift direction which, however, does not exceed a few percelny measuring the charge collected at an anode for different
of the maximal depth of the gutter. position of the laser spot and at different distangepdsition)

The influence of the magnitude ef on the depth of the from the anode. The measurements have been repeated for
potential gutter is shown in Fig. 3. Plotted again is the potentis¢veral anodes. The results reproduced well. Fig. 4 shows the
difference caused by the sawtooth strips. The potential guttdrarge collection over the active area of one an@de- 60°)
becomes deeper as we increase the angle for 3.0 x 10* electrons. We can see that the charge collection

To estimate the number of electrons which can be confingduniform along the whole drift length and the lateral profile
within a potential gutter, we have to distinguish two situationsemains unchanged. This implies that the electron broadening
For small charge levels¢] < 10000 el.) only diffusion is well controlled.
broadens the electron cloud and a lateral potential barrier aghe measurements have been done for all four sections,
small as a few thermal voltages{ = 0.025 V at room with o = 0,30,45, and 60°. Fig. 5 shows the cross sections
temperature) is sufficient. When we increase the number &if charge collection after 4s of drift time (corresponding
injected electrons, the mutual electrostatic repulsion becomgsy = 11 mm) for & = 0, 30,45, and 60°. We have used
prevailing. The average repulsion energy per electbp, a charge level of 3x 10! electrons. The injected charge is
for N electrons uniformly distributed inside a sphere of radiugell confined within one sawtooth period for angles of 30,
R is expressed by [6] 45, and 60. The top of the measured profiles is not well

¢ 3N uniform due to the narrow metallization strips overlapping the
Ame 5 R (1) edges of the P strips. Part of the laser spot is reflected and

wherec is the elementary charge andhe dielectric constant. the number of generated electrons changes. Without saw teeth
To the first approximation we can estimate the number ot = 0°) we see broadening of the measured profile due to
electrons)V that can be confined as follows. We assume thité free diffusion and an extra broadening caused by mutual
the charge cloud of given width is initially positioned in theelectrostatic repulsion.
center of the gutter. The repulsion energy will spread theA relatively smooth profile of the confining potential near
charge cloud until the lateral barrier of the confining guttdhe edges of the gutter (see Fig. 3) can imply that an electron
compensates repulsion. Once in equilibrium, the electrons walpud generated in this region could be shared between two
travel to the anodes without additional broadening. adjacent gutters. To highlight the charge-sharing between two
Assuming that the electron cloud has a Boltzmann-likedjacent anodes, we have plotted charge collection profiles at
energy distribution, with an average electron energy equaltgo adjacent anodes in Fig. 6. Fitting the experimental points
(¢ + Viep), the condition by a convolution of a Gaussian and the rectangular function
of the anode, we can determine the laser spot size. The thus
(¢ + Viep) < %AV‘“aX (2) obtaineds of the laser spot matches the value measured by
is necessary for sufficient confinement &f electrons [6]. other methods rather well. This allows us to conclude that
From (1) and (2) withR = p,/2 = 250 pm and AV,,., for @ = 3 x 10* electrons charge sharing near the edges is
as indicated in Fig. 3, the number of confined electrons cassentially only caused by the finite size of the laser spot. A
be obtained. We have calculated that= 4.1 x 10%, 6.7x 10°>, small extra broadening near the edges is observed for charge
and1.1 x 10 electrons fore = 30, 45, and60°, respectively. levels@ > 1 x 10° electrons. This effect is due to the initial

erep =
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Fig. 4. Normalized charge collection over the whole active area of one anode£060°. The center of the anode is located at position (0, 0). We have
injected 3.0x 10" electrons. The profile is not symmetric incoordinate due to a small misalignment of laser spot motion and detector.
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Fig. 6. Normalized charge collection at two adjacent anodes as a function
of xz-position of injection after 4us of drift time for« = 60°. The dashed

es show fits of the experimental points by a curve obtained by convolution
ethe Gaussian laser pulse intensity and the rectangular function of an anode
solid line).

Fig. 5. Normalized charge collection at one anode as a functierpafsition
of injection after 4us of drift time fora = 0, 30,45, and60°. The dashed
line shows the calculated profile in the case of thermal diffusion (Withotlf
electrostatic repulsion). The thicker line on the horizontal axis represents
width of the potential gutter.

repulsion which is not fully compensated near the edges @most empty. Forv = 60°, a charge level of 7.75 10°
the gutter. electrons was found to be the maximal one which still allows
Because the estimated maximum of confined electronsci@nfinement within one gutter, provided that charge injection
much higher than 3x 10* electrons, we have performedoccurs at the center of the gutter. Off-center charge injection
measurements for electron injection up to<51(° electrons. suffers from some overflow. Another increase of the number
Fig. 7(a)—(d) shows the set of charge collection profiles at oné charges causes also overflow from the gutter center into
anode as a function of the lateral position for the followingdjacent gutters. Nevertheless, all injected electrons are still
charge levels: 4.% 10°, 7.75x 10°, 2.5 x 10°, and 5.0x 10°  confined within the central and both next-neighboring gutters,
electrons. We have focused our attention on the sensor sectigpsto 5.0 x 10° electrons. Fore = 0°, the electron cloud
with o« = 30 and 60°, because the estimated maxima diffeis very strongly widened over many anodes by the mutual
significantly for these two cases. From the charge collectioepulsion which dominates over the lateral diffusion.
for « = 30° shown in Fig. 7, we can see that the potential Because the injected charge was varied with large steps,
gutter is able to confine maximally 4,2 10° electrons. When the experimental maximum of confined electrons cannot be
we increased the charge level, the electrons start to fill theund more accurately than at the lower side of the range
next neighboring gutters. Further increasing of the charge leve—6.2x 10° electrons fora = 30°, and in the range 7.75
(Q = 2.5 x 10% electrons) leads to spreading of injecteck 10°-2.5 x 10° electrons fora = 60°. The theoretical
electrons also to the second neighboring gutters, i.e., injecestimates are located at lower sides of these intervals for both
electrons are confined within five sawtooth periods. It mu80 and 60 angles. Therefore, assuming that our theoretical
be noted, however, that the second neighboring gutters remaiadel is accurate enough, we can approximately calculate the
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Fig. 7. Comparison of normalized charge collection at one anode as a functiorpasition of injection aty = 11 mm, i.e., 4us of drift time, for
«a = 0,30, and60° for different injected charge levels: (8§ = 4.2 x 10° electrons, (bY? = 7.75 x 10° electrons, (c)Q = 2.5 x 10° electrons, and
(d) @ = 5.0 x 10° electrons. The thicker line on the horizontal axis represents the sawtooth period.

number of confined electrons fpy, = 250 um. Performing the the time of 10 ns, a Gaussian-shaped cloud of #730°
calculation under the same working conditions, the maximalectrons broadens fromm = 40 um to & = 57 um due
depth of the potential gutter is 0.080 V for = 60°. Such to the uncompensated electrostatic repulsion [7]. This means
a potential barrier should be able to confine up to about 2{at there is only a small cloud broadening and hardly any
x 10° electrons which would be produced by a photon Ghgtion of electrons in the:-direction toward or away from

~10 keV stopping in the detector. the center of the gutter during the traveling of electrons from
the detector surface to the drift potential minimum. Therefore,
IV. DISCUSSION AND CONCLUSION essentially only the potential gutter at= 250 um determines

The electron confinement has been tested for laser-lighe electron cloud broadening. Consequently, the laser-light
generated electrons, i.e., electrons generated at a depthgerierated electron cloud experiments are sufficient proof for
z < 10 pm. At this depth the confining potential is muchconfinement. This allows us to expect that the sawtooth gutters
deeper than at the center of the wafer and one might B4l also work for other types of radiation-generating electrons
tempted to think that the experiment with laser light is a rath@eeper in the sensor (such as X rays).
favorable case. However, though the light is absorbed neafeasurements have been done with charge levels ranging
the surface the'co'nflnlng conditions are determlneq_by.t%m 1.5 x 10° to 5.0 x 10° electrons. The confining effect
sawto_oth potential in the center_of the wafer. qu clar!flcatlollg clearly observed, both at small charge levels where electron
we will analyze, by means of smgle-electron_3|mu|at|on, tht?roadening is mainly caused by thermal diffusion, and at high
time scale of the following processes: the motion of electronﬁ:1ar level h | . lsion i d .

1) from the detector surface to the drift potential minimu ge levels where electrostatic repuision Is omman_t. Al
(z = 250 um); 2) from the edges of the gutter to the cented charge level of §.O< 1P electrons, the charge collection
of the gutter; and 3) in electron cloud broadening. AssumirRjCfile for a = 0° is strongly broadened over many anodes,
the working conditions used above, the electrons need |¥4dile in the cases of = 30 and60° all injected electrons are
than 10 ns to travel from the surface to the drift potentigistributed over five and three potential gutters, respectively.
minimum, whereas it takes about 100 ns to travel from th&e have experimentally confirmed the maximum confinement
edge of the sawtooth gutter to its centerzat= 10 ym and charge levels forx = 30 and60° which have been estimated

even much longer, about 500 ns, at= 250 pum. During using an electrostatic model.
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Due to the agreement between simulations and experimergaitooth concept is the dependencédt,,.. on the periog,.
measurements we estimate confinement of about:2I0® (=anode pitch). We expect that, ~200 m is the smallest
electrons for a sawtooth SDD with an anode pitch of 280 value allowing confinement of a small number of electrons.
and o = 60°. If necessary, deeper potential gutters allowingurther decrease qf, would result in negligible confining
confinement of larger electron capacity can be realized bffects. Thus the sawtooth concept cannot achieve as good a
increasing the potential difference between adjacent stripspgisition resolution as reported for the “channel-stop” concept
by drifting closer to the surface of the wafer. Larger values ¢§]. The sawtooth concept is mainly intended to eliminate
AVi..x Can be also achieved by enlarging the sawtooth angleterioration of energy resolution due to the lateral broadening.
a. However, high electric fields, which are generated aroud energy resolution comparable with that of a circular SDD,
sharp edges of strips with very large angles, may causd@ving one central anode, can then be achieved with a multi-
breakdown. It should be noticed that the depth of the potenttode sawtooth SDD.
gutters in the center of the wafer is also dependent on the bulk
resistivity and the thickness of the wafer.
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