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SBA current-voltage characteristics
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1
SPIRAL BIASING ADAPTOR FOR USE IN SI
DRIFT DETECTORS AND SI DRIFT
DETECTOR ARRAYS

CROSS-REFERENCE TO A RELATED
APPLICATION

This is a 371 application of International Application No.
PCT/US/12/61573 filed Oct. 24, 2012, which in turn claims
priority to Provisional Application No. 61/551,367 filed on
Oct. 25, 2011, the entirety of both of these applications is
hereby incorporated by reference in their entirety.

STATEMENT OF GOVERNMENT LICENSE
RIGHTS

The present invention was made with government support
under contract number DE-AC02-98CH 10886 awarded by
the U.S. Department of Energy. The United States govern-
ment has certain rights in this invention.

FIELD OF THE INVENTION

This invention relates to radiation detectors. In particular,
this invention relates to a spiral biasing adaptor configured for
use in drift detectors and drift detector arrays.

BACKGROUND

Radiation detectors are well known and are regularly used
in various fields. Although originally developed for atomic,
nuclear, and elementary particle physics, radiation detectors
can now be found in many other areas of science, engineering,
and everyday life. Some examples of the areas where radia-
tion detectors are found are deep space imaging, medical
imaging, e.g., positron emission tomography, tracking detec-
tion in high-energy physics, and radiation-trace imaging for
the purpose of national security, among others. In experimen-
tal and applied particle physics and nuclear engineering, a
radiation detector is a device used to detect, track, and/or
identify high-energy particles such as those produced by
nuclear decay, cosmic radiation, or particles generated by
reactions in particle accelerators. In order to detect radiation,
it must interact with matter; and that interaction must be
recorded. The main process by which radiation is detected is
ionization, in which a particle interacts with atoms of the
detecting medium and gives up part or all of its energy to the
ionization of electrons (or generation of electron-hole pairs in
semiconductors). The energy released by the particle is col-
lected and measured either directly, e.g., by a proportional
counter or a solid-state semiconductor detector, or indirectly,
e.g., by a scintillation detector. Thus, there are many different
types of radiation detectors. Some of the more widely known
radiation detectors are gas-filed detectors, scintillation detec-
tors, and semiconductor detectors.

Gas-filled detectors are generally known as gas counters
and consist of a sensitive volume of gas between two elec-
trodes. The electrical output signal is proportional to the
energy deposited by a radiation event or particle in the gas
volume. Scintillation detectors consist of a sensitive volume
of'a luminescent material (liquid or solid), where radiation is
measured by a device that detects light emission induced by
the energy deposited in the sensitive volume.

Semiconductor detectors generally include a sensitive vol-
ume of semiconductor material placed between a positive
electrode (anode) and a negative electrode (cathode). Incident
radiation or particles are detected through their interactions
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with the semiconductor material, which create electron-hole
pairs. The number of electron-hole pairs created depends on
the energy ofthe incident radiation/particles. A bias voltage is
supplied to the electrodes, causing a strong electric field to be
applied to the semiconductor material. Under the influence of
the strong electric field, the electrons and holes drift respec-
tively towards the anode (+) and cathode (-). During the drift
of'the electrons and holes an induced charge is collected at the
electrodes. The induced charge generates an electrical current
which can be measured as a signal by external circuitry. Since
the output signal is proportional to the energy deposited by a
radiation event or particle in the semiconductor material,
charge collection efficiency primarily depends on the depth of
interaction of the incident radiation with the semiconductor
material and on the transport properties, e.g., mobility and
lifetime, of the electrons and holes generated. Thus, for opti-
mal operation, e.g., maximum signal and resolution, of the
detector, the collection of all electron-hole pairs, i.e., full
depletion, is desirable.

One member of the semiconductor detector family is a
Silicon (Si) Drift Detector (SDD) introduced by E. Gatti and
P. Rehak in 1983 (Nucl. Instr. and Meth. A 225, pp. 608-614,
1984; incorporated herein by reference in its entirety). In the
SDD, an additional electric field parallel to the surface of the
wafer is added in order to force the electrons in the energy
potential minimum to drift towards the n+ anode based on the
principle of the sideward depletion. This is achieved by
implanting two arrays of p+ electrodes on both sides of the
wafer, instead of the single p+ implants. The p+ electrodes are
suitably biased with a voltage gradient in order to provide an
electric field parallel to the surface. Once generated by the
ionizing radiation, the electrons are focused in the bottom of
the potential channel and driven towards the anode region of
the detector while the holes, driven by the depletion field, are
quickly collected by the nearest p+ electrodes. In the region
close to the collecting anode, the bottom of the potential
channel is shifted towards the surface where the anode is
placed, by suitably biasing the electrode on the opposite side.

The cloud of electrons induces to the anode an output pulse
only when the electrons arrive close to it because the electro-
static shelf of the p+ electrodes. The drift time of the electrons
may be used to measure one of the interaction coordinates
while the collected charge allows the energy released by the
incident ionizing event to be measured. SDD is characterized
by a very low capacitance of the electrode collecting the
signal charge independent of the active area of the device.

The spiral Si drift detector (SDD) is a special type of SDD
family of detectors that utilize the cylindrical geometry exem-
plified in FIG. 1A or a square geometry used for best packing
in space shown in F1G. 1B. FIG. 2 illustrates a cross section of
the SDD from FIG. 1A. The SDD has a small anode 2 (small
relative to a PIN diode anode) at one surface of the substrate
10 and an entrance window layer 6 at the opposite surface of
the substrate. Use of a smaller anode results in lower capaci-
tance and thus less of the undesirable electronic noise, result-
ing in improved resolution. The anode 2 can be surrounded by
multiple doped rings 15. The doped rings 15 are biased in
such a way that they result in an electric field which causes
electrons to flow towards the anode 2. The doped rings 15 can
have the same doping or conduction type as the entrance
window layer 6. The doped rings 15 and the entrance window
layer 6 can have the opposite doping or conduction type as the
substrate 10. However, usually the doped rings 15 and the
entrance window layer 6 are more highly doped than the
substrate 10. The anode 2 can have the same doping or con-
duction type as the substrate 10. However, usually the anode
2 is more highly doped than the substrate 10.
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As shown in FIG. 2, one voltage bias V, can be applied to
the innermost doped ring that is closest to the anode 2 and
another voltage V, can be applied to the outermost ring.
Because the rings are electrically coupled, the voltages at the
innermost and outermost rings can create a voltage gradient
across all of the rings. Another voltage V; can be applied to
the entrance window layer 6. The voltage applied to the
entrance window layer V; can be similar in magnitude to the
voltage V, on the outermost ring. The voltage on the inner-
most ring V, can have a lower absolute value than the voltage
at the outermost ring V, or at the entrance window V. Due to
the voltage gradient across the rings and the voltage applied to
the entrance window 6, the charge carrier can be drawn
towards the anode 2. If V, and V; are more negative than V,
and V, is more negative than the anode 2, then an electron
cloud resulting from impinging radiation can be directed to
the anode. Although the prior art SDDs can have reduced
electronic noise compared with the prior art PIN diode, such
SDDs with electrically coupled rings can be costly to manu-
facture.

In a spiral SDD, the ion implants are needed as both the
rectifying junction and voltage divider to create a potential
gradient (or drift field) in the SDD for carriers generated by
incident particles to drift to the collection anode, as shown in
FIG. 3 (illustrating a double-sided spiral SDD as described by
P.Rehak etal., IEEFE Trans. Nucl. Sci.,Vol. 36,No. 1, 203-209
(1989); P. Rehak et al., Nucl. Instr. and Meth. A, 624,260-264
(2010); W. Zhang et al., I[EEE Trans. Nucl. Sci., Vol. 47, No.
4, 1381-1385 (2000); E. Gatti and P. Rehak, Nucl. Instr. and
Meth. A, 225, 608 (1984); each of which is incorporated
herein by reference in its entirety).

The optimum surface potential profile ®(r) on the front
surface that gives a minimum drift time of electrons had been
approximated by P. Rehak etal. (1989) for a uniform backside
bias voltage of VZ when the radius of the spiral SDD (R) is
much larger than the detector thickness (d), i.e., R>>d. The
advantage of the spiral as voltage divider is that it can be
easily designed and fabricated with non-constant pitch (p(r))
and width (W(r)), which give a largely exotic surface poten-
tial distribution that guaranties a minimum drift time of car-
riers. To do the same with an external resistor chain, one may
have to choose resistors varying from hundreds of kQ’s to
MEQ’s of nearly random values. In general, a double-sided
spiral SDD, as shown in FIG. 3 can potentially have a better
surface field distribution needed for the minimum drift time
(see FIG. 4). However, since the rectifying junction and volt-
age divider are coupled together in such spiral SDD designs,
there is a constraint on the ratio of spiral width to pitch
(W(r)/p(r)) for more uniform drift field in the drift channel,
which results in a large current I for a given voltage differ-
ence (V,,,—V ;) between the start and end of the spiral. Also,
the heat generated by the spiral stays with the SDD, which
may cause problems in cooling down the detector. Further-
more, and most importantly, for a spiral SDD array of NxM,
the power consumption can be substantial, approaching
Watts, e.g., 1-5 W, for large arrays (>100 elements) based on
P=NxMx(V,,,~Vz )xIs. Therefore, there is a continuing
need to develop new SDD systems and SDD arrays that would
avoid overheating, high power consumption, and limitations
in the uniformity of the drift field.

SUMMARY

In view of the above-described problems, needs, and goals,
anew drift detector, preferably a silicon drift detector (SDD),
connected to a spiral biasing adaptor (SBA) is disclosed that
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can be configured to function as a voltage divider. Generally,
the design of the spiral biasing adaptor must satisfy the equa-
tion (1),

plar=E(r) Wrp(r), M

where p, is an implant sheet resistance, I is a current, ar is a
length of each turn of the spiral, E(r) is a surface electric field
potential at a radius r, W(r) is a spiral width of a spiral arm at
radius r, and p(r) is a spiral pitch at radius r. For example, for
a circular spiral, the radius (r) defines the distance between
the center of the SBA and a given ring. For a square geometry
used for best packing in space, e.g., FIG. 13A, the radius (r)
defines the distance between the center of the SBA and the
closest point of the square ring. In a preferred embodiment,
the spiral pitch and the spiral width increase with the radius of
the SBA from near zero to a maximum value and then
decrease with the radius of the SBA to a smaller value.

The spiral biasing adaptor can have a shape of a circular
spiral, a triangular spiral, a square spiral, a hexagonal spiral,
or some other polygonal spiral. The spiral biasing adaptor can
also have a shape that is defined around a fixed center point
stepwise or curvilinear at a continuously increasing distance
from the fixed center point. The spiral biasing adaptor can be
formed on the same wafer as the drift detector. Alternatively,
the spiral biasing adaptor can be formed on a separate wafer
from the drift detector.

In one embodiment, the spiral biasing adaptor can also
function as a rectifying junction. In the embodiment where
the spiral biasing adaptor does not function as a rectifying
junction, the drift detector has concentric ion-implant rings
configured to function as rectifying junctions, which are con-
nected to the spiral biasing adaptor. The drift detector can be
connected to the spiral biasing adaptor via wire bonding or
double-metal interconnections.

The drift detector has a front side and a back side with a first
electric field applied to the front side and a second electric
field applied to the back side. In one embodiment, the applied
first and second electric fields cause electrons liberated within
the drift detector to experience a constant drift field and to
follow a flat drift channel over a minimum drift time possible
for the drift detector. In another embodiment, the applied first
and second electric fields cause electrons liberated within the
drift detector to experience a constant drift field and to follow
a curved drift channel over a minimized drift time for the
configuration of first and second electric fields. The applied
first and second electric fields can be symmetric or asymmet-
ric.

The first electric field and the second electric field can be
defined by an identical or nearly identical spiral biasing adap-
tor pattern. Alternatively, the first electric field can be defined
by one spiral biasing adaptor pattern and the second electric
field can be defined by a different spiral biasing adaptor
pattern. The drift detector can be connected to a spiral biasing
adaptor only at the front side, or at both the front side and the
back side.

These and other characteristics of the spiral biasing adaptor
and a drift detector that employs such an adaptor will become
more apparent from the following description and illustrative
embodiments, which are described in detail with reference to
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an example of a conventional prior art
spiral Si drift detector (SDD) having a cylindrical geometry
(FIG.1A) or a square geometry used for best packing in space
(FIG. 1B).
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FIG. 2 illustrates a cross section of the prior art SDD from
FIG. 1A.

FIG. 3 is a schematic illustration of a prior art symmetrical
double-sided spiral Si drift detector (SDD) in square shape
showing the flow of electrons.

FIG. 4 is a 3 dimensional plot illustrating the negative
potential profile for the prior art double-sided spiral SDD of
FIG. 3.

FIG. 5 is a plot showing the possible and optimum drift
paths for carriers in an SDD according to the present inven-
tion.

FIG. 6 is a plot showing the curved channels in a symmetri-
cal SDD of the present invention.

FIG. 7 is a plot showing the front surface electric field
profiles in a symmetrical SDD as a function of y.

FIG. 81s a plot showing the backside surface electric poten-
tial profiles in a symmetrical SDD as a function of y.

FIG. 9 is a plot showing the barrier height profiles with
respect to the front surface in the drift channel in a symmetri-
cal SDD as a function of y.

FIG. 10 is a plot showing the constant drift field B, . in a
symmetrical SDD as a function of y.

FIG. 11A is a plot that shows the position of drift channel
in the SDD for uniform backside biasing (y=0) with or with-
out consideration of the non-zero field in the x-direction.

FIG. 11B is a plot that shows the field on the front surface
in the SDD of FIG. 11A.

FIG. 12A is a plot that shows the position of drift channel
in the spiral SDD (y=0.3) with or without consideration of the
non-zero field in the x-direction.

FIG. 12B is a plot that shows the field on the front surface
in the SDD of FIG. 12A.

FIG. 13A is a schematic illustration of an exemplary spiral
biasing adaptor (SBA) chip.

FIG. 13B is a schematic illustration of an exemplary
matching SDD cell to the SBA in FIG. 13A with
Pspp()=Pps(0); and W ey (1)=0.8 ppp(r).

FIG. 14 is a schematic illustration of an exemplary SDD
array (3x3) with interconnected SBA chip.

FIG. 15A is a plot that shows pitch and width of an SBA
and matching single SDD cell as a function of radius (r) for
Pspp(O)™Pas41), and Wopn (O MPspp(D).-

FIG. 15B is a plot that shows the negative potential (V)
profiles of an SBA and matching single SDD cell as a function
of radius () for pspp(1)=Pas.(t), and W gpp (1 NPspp()-

FIG. 16 is a schematic illustration of an exemplary SBA
chip with narrow implants to reduce current, e.g., 5 mA, and
the matching single SDD cell with wider implant rings for
Pspp(O)™Pas41), and Wepn(r)=0.8 popp(r).

FIG. 17 is a schematic illustration of an exemplary SDD
array with interconnected SBA chip. The pitch of the p* rings
of the single SDD cell is the same as that of the SBA
Pspp0)Pps4(1))-

FIG. 18 is a schematic cross-sectional illustration of an
exemplary SDD array with an interconnected SBA chip.

FIG. 19A-19B is a square spiral SBA prototype with 23
rings and Al bonding pads. The dimensions of the SBA are 3
mm by 3 mm and the total resistance is 5.7 MQ(17.6 pA at
100V). FIG. 19A is the upper left corner region of the SBA.
The corresponding Al bonding pads are connected to a
closed-ring SDD of the same p(r). FIG. 19B is the center
region of the SBA.

FIG. 20A is a plot that shows the current-voltage charac-
teristics of the SBA having linear resistor behavior.
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FIG. 20B is a plot that shows the voltage distribution of the
SBA with designed specification.

DETAILED DESCRIPTION

A drift detector, preferably a silicon drift detector (SDD),
connected to a spiral biasing adaptor (SBA) by a double metal
connection or a plurality of wire bonds is disclosed. In one
embodiment, the SDD can form an array, e.g., NxM, of SDD
detectors that are interconnected between closed rings. The
array can use one or more implant chips of spiral biasing
adaptor (SBA). Such SDD detectors or SDD detector arrays
are less prone to overheating and have lower power consump-
tion than conventional SDD detectors, and minimize con-
straints in the uniformity of the drift field in the drift channel
compared to conventional SDD detectors.

The implementation of the SBA with the drift detector or a
drift detector array allows a skilled artisan to design a drift
detector or a drift detector array with any geometry having
minimum current and minimum drift time of carriers, as long
as the design of the SBA satisfies equation (1),

plar=E(r) Wrp(r), M

where p, is an implant sheet resistance, I is a current, ar is a
length of each turn of the spiral, E(r) is a surface electric field
at a radius r, W(r) is a spiral width of a spiral arm at radius r,
and p(r) is a spiral pitch at radius r. This calculation (eq. (1))
can also be used to design a drift detector or an array of drift
detectors, preferably of the SDD type, having a minimum
current and a minimum drift time of carriers, while retaining
the advantage of the implant spiral as a voltage divider.
Throughout this specification, the drift detector and the bias-
ing adaptor will be described using one or more sets of param-
eters and configurations due to the advantages provided by
their use. However, those skilled in the art would understand
that such description does not limit the scope and breadth of
the disclosed invention.
(1) Parameters to Obtain Minimum Carrier Drift Time of
Electrons

The parameters that provide the minimum carrier drift time
of electrons are obtained from the calculation of the surface
potential profile ®(r) by assuming that the negative electrical
potential ¢(r,x) of the drift detector in cylindrical coordinates
(1, %, 0) satisfies the conditions (2):

ag(r,x,0)  dP(r, x,0) 2)
ar < ax
9¢(r,x,0) _ B
30 =0 or ¢(r, x, 0) = $(r, x)
Then the Poisson Equation can be approximated as (3),
Fpr,x) Ny ®)

Ix2 &,&

where N is the effective doping concentration of the SBA.
The solution of equation (3) is

X Y(r) -0 - Vg 4)

o(r, x) = vfd(g)z + ( y ]x +O(n)
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where

qNDd2
2808

Vi =

is the full depletion voltage, d is the thickness of the SBA/
SDD, and ®(r) and y(r) are the potential profiles of the front
side and the backside (x=d), respectively (5):

D(r)=¢p(rx=0) and p(r)=p(rx=d) ®

The optimum drift path, that gives a minimum drift time of
carriers, can be calculated from point S, to point S, as shown
in FIG. 5. In general in a path connecting S, and S, (trial path
S ), if coordinates are changed from X(x' x*)=(r,x)=x’ (i=1,
DtoY(y',y)=(S,,8 )=y (j=1,2) where S is tangentand S | is
perpendicular to the path S, respectively, for the covariant
vector electric field (carrier drift field) along the path

9¢(X)
dxt

Euri(X) =
transforms as (6):

_ Bx;E(X)‘ _ (6)
s Oy

AXap(X)
gyjaxi

ag(Y)
dys

Egj(Y) =

where the Einstein summation convention of summing the
indices (up and low) is used. In the present case, it provides (7,
8):

E (Y)_5¢(Y) _0rdgX)|  8x04(X) @]
ST T, s aSidr | 8s50x S_
cos@Eyy (X) + singE . (X)
L8| 9rde(x)| | rdg(x)|
Eans. ()= 55| = 5.0 | @507 |, -
—singpEy,,(X) + cospEy(X)
(8

{ E(X)? = Egp (XY + Egpp(X)? = Egp (Y + Ears. (V)

ds? = di® + dr* = dS} +ds®

For the path S to be a drift channel, i.e., electrons are
confined on the path, E; and dS, must be 0, which gives (9):

9¢(r, %) )

aS.

=Egs, (r,x)=0
s

as the definition of the drift channel. This provides that (10)

EgulX) _dx
EgrX) _ dr "

Ear(X) = Ears(X) = Ears (X), dS = dS),

10
tang =

20

25

30

35

40

45

50

55

60

65

8

-continued
as N da? + ar B
EasX) " B X2+ By X2
dr (%)2 +1
dr

Eara(X) ]2
Ears(X)

Egn(X) (

B dr
" EusX)
dx

Thus, the carrier drift time (t,,) following any path S con-

necting S; and S, is (11),
T I A
far = a8 - | g IR
s x] ﬂas

St H3ss L Farls

an

wherer, is the radius of the inner most ring and R is the radius
of the outer most ring. In contrast to Rehak et al. (1989), the
present approach provides a generalized way to find the ¢(r,x)
on path S, i.e. ¢(r,x)l,, that gives the shortest drift time t,,.
Specifically, the method provides that (12),

# (12
o= [ L8, 0r
7

and

1 1
Lir ¢ ) = L) = —5 = -5
ﬂg s

which have no explicit dependence on rand ¢ so ¢(r,x)|,, is the
solution of the Euler-Lagrange Equation (13):

oL _d oL _, (13)
op droy -
that gives (14),

. 39r.x)
9= ar

14

= E4,.,(r, x) = constant = Eg,. .
s

Eq. (14) says that the r-component of the drift field on the
optimum drift path is a constant. In fact, from Eq. (10), the
same conclusion for the E-field components can be derived on
the other two directions (S, x) (15):

Eg s(Y)=E g 5L s (WX)=Eg,., 15)

and Eg, , (£X)=Eg, .

So the generalized optimum drift path (or channel) is path
B in FIG. 5, a straight line with constant E-field along the
path. In contrast to the findings of Rehak et al. (1989), the
x-component of the E field on the optimum drift channel is a
constant (E,, ) and not zero. Only the S, -component of the
E-field on the optimum drift channel is zero (see Eq. (9)). This
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observation is supported by the fact that the displacement in
the x-direction is not zero, i.e., d>Ax>0, when an electron
drifts from point S, to point S, (see FIG. 5).

The solution obtained by Rehak et al. (1989) is similar to
Eq. (14), although in the vector transformation,

9p(X)

Egre(X) = ——

was assumed to be zero, which can be a good approximation
if

R >>d since

d

9p(X) _99(X)
—| tan
le} sR—r

99(X)
T or <<

Eg (X)) =
drx(X) ar |

if d<<R-r(~R).

(See Rehak et al. (1989) and Zhang et al. (2000).) Another
generalization taken from Rehak et al. (1989) is that the drift
channel (S), or x_,(1), is defined by (16):

aP(r, x)
ax

(16)

=E4,#0
s

which gives (17),

_A[ Y0 -0 4 Ea an
Fen(r) = 5[ T Va ] 2Vald
B d Egx
= Xin (1) + 3 Vaid
where x,,,,,,(r) was defined as the drift channel by Rehak et al.

(1989). As shown in Eq. (17), the real position of the drift
channel is shifted towards the backside by

which is negligible if R>>d. The potential in the drift channel
is (18):

Y(r) —-0(r) gNpd (18)

d

PO xn) = %‘;xmmz + Jrea(r) + ()

2e,8

and therefore the equation to define the surface potential
profile(s) is (19):

IP(r, Xen(r)) _ 0¢(r. x) a9

ar ar g
1 (d%) . d¢(r)) 1 [(\Pm - ¢(r)>](dwm B d¢(r))
2\ dr dr 2 Vi dr dr

10
In Eq. (19),
B * dr @0
5 = T30 )
I PR
R
B dr
- f w(d¥(r) do(r)
10 1 5( dr dr )_
# [(\Pm —<I>(r))][dwr> B dfb(r)]
2 Vi dr dr
R
= f L@, 0, ¥, ¥)dr
15 !
does not depend on the value of E, .. The variation method
can be applied again to derive directly the functions of surface
electric potentialgproﬁles D) D(r) =V, DR)=IV,,,l and
YO, )=V 2l YR)=IV,, 7l that give minimum drift
20 time, and once again prove Eq. (14). From Eq. (11), t,, can be
derived (20):
B * dr @0
25 = T30 )
I PR
R
B dr
- f w(d¥(r) do(r)
10 i 5( dr dr )_
# [(\Pm —<I>(r))][dwr> B dfb(r)]
2 Vi dr dr
R
= f L@, 0, ¥, ¥)dr
1
35
The Lagrange function (21),
40 Li®, &, ¥, W) == ! @b
T g(d‘P(r) . d¢(r))_
2\ dr dr
¢ [(\Pm - ¢(r))][dwm B daﬁ(r)]
2 Via dr dr
45 _ 1
Fproy H[¥ 2w _o
z(q‘ +®)—5[ Ve ][‘l‘ -]
has no explicit dependence on r. The Euler-Lagrange equa-
30 tions are now (23):
, AL 23
L-® Fr C; (C; and C, are constants)
55 ,aL
L-¥ - =C
This leads to (24):
60
-2k w2 e -c @9
BT T
65 By carrying out the partial derivatives in Eq. (24) using Eq.

(21), 3L=C,; is obtained. From Eq. (21), for an optimum drift
path, the following equation has to be satisfied (25):
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9(r, Xen(r)) = (25)
ar B
1id¥r) dor) 1[¥(r) =) [d¥(r) dOr) _
5( dr dr ]_5[ Via ][ dr  dr ]_

constant = Ey, ,

which is the same as Eq. (14). Eq. (25) can be used to find the
best surface potential profiles ®(r) and Y(r) in order to get a
minimum t,,. Rehak et al. (1989) obtained the solution for a
constant backside potential, y(r)=VZ=constant, which only
satisfies Eq. (25). However, while Eq. (25) is the necessary
condition to determine the best surface potential profiles ®(r)
and (r) that will give aminimum t;,, it is insufficient because
the drift channel has to be a straight line as well. From Eq.
(17), Eq. (26) can be derived

O(r)—yp(r)=4r+B(4 and B constants) (26)
Therefore the full set of conditions is (27):

L(d¥(r)  dor) @n
5( dr dr ] B

1[¥(r) —D(r ] d¥(r) dd(r) _ -F

§[7Vfd ](—dr S ) = constant = Ey,,
O(r)-¥(r)=Ar+B

D(ry) = Vi |, OR) = Vol, ¥iry) = VAL, YR = VEyrl

Without being bound by theory, it is believed that approxi-
mated results can be derived where only one of the conditions
(Eq. (25) or (26)) is satisfied. However, the approximated
results may be adequate for the design of the SBA, they are
not the absolutely optimal designs. In one exemplary embodi-
ment, the backside potential is set to be proportional to that of
the front side (28),

Y(r)=IVpl+y®(r)(0=y=1) (28)

At y=0, Eq. (28) is reduced to {(r)=IVl. Under these
conditions, the backside surface electric potential profile is
defined by the same spiral pattern designed for the front side.
It is therefore symmetrical to the front side and can be called
asymmetrical SBA. When y=0, the system describes a state of
uniform backside bias, which is good for soft X-rays and for
radiation hardness. For hard X-rays and relaxed radiation
hardness requirements, however, a backside bias gradient can
significantly extend the bias voltage range (29):

Eurs | Egryr = 29
Xonin(R) = Xpnin(r1) __ d[ (1= 9)IVou | - VL] o a
(R—r1) 2 (R-ri)Vy R
0if d<<R
Eq. (25) can be solved analytically for ®(r) and
B dd(r)
En=—"

and E(r) can be used to design the spiral implant pitch and
width, although, since ®@(r) (fory=1) does not satisty Eq. (26),
the drift path is curved, and the resulting t ;. is not the absolute
minimum drift time.

12

In another exemplary embodiment, the backside potential
is set to be proportional to that of the front side as in (28) but
where y=1 (30),

() = Egyp(r—11) + Va1 30

() = [Vl + D)

[Vou!| = Vel
Er) = Eg(r) = B0 x) = Egry = —p——

For this case (y=1), the drift channel is flat (a straight line)
and parallel to the surface (E,, ,=0), and the complete set of
conditions (Eq. (27)) is satisfied. However, for y=1, the drift
channel is curved, and the curvature goes to maximum when
y—0, or the classical uniform backside potential case, e.g., as
described in Rehak et al. (2010).

For this case (y=1), the drift channel is very close to the

front surface (31):
20
= 21 1) 6D
Xeh = Xmin = P Val
25
and the barrier height near the front surface is quite shallow
(32):
30 2 32
G, i) = D) = B i) == % + % - 'V—;' = .

I IV5I=V .y, x,,=0 and Ag=0, the drift channel is right on
the front surface. The finite value of V, can be used to keep
the drift channel away from the front surface. If V; is chosen
in such way that the combined effect of V ; and V, will fully
deplete the detector,

35

then V and x , are (33):
40
Vel 63
|Vl =V 1 -2 v + Vel
't
Vi 1 Ve
45 vy =d [VE1l -1 [Veil
Vfd 2 Vfd

For example, in one embodiment, for d=300 um, V,=-7
V, V,7=100 V, the remaining parameters are V;=-54 V,

> A¢p=5.3V, and x_,=69 um, which are quite far away from the
front surface. Alternatively, V5 can be solved using Eq. (34).
3 1 (34
55 Vel =V —VEil = vad(lvEll_vad)
L, ]
KXpin = §d’ and Ag = o
60  Employing Eq (34) produces Vz=-75V, A¢p=1.6 V, and

X,,=38 um, which are reasonable since the potential barrier
height is larger than the Si energy band gap, and the drift
channel is much deeper than the ion implantation depth
(about 1) that defines the doped rings 15. In another exem-
plary embodiment where y#1, a constant drift field compo-
nent in r is (B, (rx(r))=E,. ) and the drift channel is
curved, with a constant drift field E, . defined by (35):

65
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its dependence on ®(r) diminishes, and it becomes more like
o (L= [[A=pIVal+ (L +MV v 2 (35) a straight line (or flat). In this case, the approximation is
4= AV a(R—11) H =77 ~Val] - acceptable (when y—1). FIG. 6 shows the curved drift chan-
L AlVal 4 (1 4V » nels (shown here for x,,,, (r), since X, (r) and x,,,,,,(r) have the
- % - IVomI] } 5 same curvature, and X _,(r)=x,,,,,(r) for R>>d) as a function of

r(cm) for an SDD having the following parameters: resistivity
p=6kQ-cm, d=280 pm, r; =200 um, R=1500 um, v, =2V,
and front surface electric potential (®(r); 36) and electric field and Vz==V . As shown in FIG. 6, the largest curvature is at

(E(r); 37) are: vy—0, or constant backside bias V. As y increases, the drift
(=PIl + (L)W L=Vl + L+ y)Ver 2 AV Ear—r) 36)
() = ; - : V| -
1=y 1-» (-
WeEpr [T(L=PIVgl+(1+7)V 2 AV, E, (r— 37
Ey = 2 dz, \/[( Vel + (1 + ¥V —|V51|] _ WVuls, ("2 )
1-» (l-» 1-»

For a set of parameters r,=0, VEI.:Os Vout:._z Vi v=0, and 59 channel becomes straighter and shorter. Aty=1, itis a straight

?;%?_Vfd’ the front surface electric potential and field are line parallel to the front surface. Therefore, by increasing the

’ value of'y, the non-uniformity of the electric field on the front

side (and backside) can be reduced, as shown in FIG. 7. In

(38) particular, the surface field near r=R can be significantly

] 2 reduced. It appears that y=0.3 is a reasonable choice, since it

makes the drift channel reasonably straight; significantly

" reduces the surface field near r=R; does not make the backside

JIT% bias voltage unreasonably high (see FIG. 8); and maintains a

30 high enough barrier height in the drift channel with respect to
the front surface (see FIG. 9).

| =

() = vfd[1 - f1-

<

E(r) = %

However, E(r) has a singularity at r=R, which makes the

design of the spiral impractical near r=R. To avoid this sin- As illustrated in FIG. 10, the constant r-component of the
gularity, Eq. (34) and (36) can be solved to give (39) and set driftfield (B, ) also increases withy. Aty=0.3, it is about 450
the upper limit for IV, I: 35 V/cm on the average, which gives a drift time of't ,=35 ns for

R=1500 um. Since the drift time is determined by

R
" pEa,

Vel < Vg (39)
1=yIVel+ (L +p)V, 2V,
|V0m|<( YIVel (2 VIV - fd2
1-» 1-» 40 I3

For uniform backside voltage (y=0), IV,,l,o<IVgl+
V<2V . For example, for a symmetrical SBA with y=0.3, which is independent of the length of the actual drift channel
IV oily=0 34V, which doubles the upper limit for [V (curved or flat), the actual value of the constant field of E,, .
is minimum (270 V/cm) for the channel (y=0) with highest

Since the drift field E,;, .. is roughly proportional to
curvature, and maximum (640 V/cm) for the flat channel
(y=1). The corresponding drift times are t,"*“*=58 ns (y=0)

[Voul [Vour| min__ —
= (Ed”~ . ) and t,""'=24 ns (y=1).

outl'

45

5o The x-component of the drift field B, . may be negligible
if R>>d (Eq. (29)). When R~d, however, the drift channel
X ,(r) will be shifted significantly from x,,,,(r). As shown in
FIG. 11A, for an SDD with R=500 pm (~d=300 pum) and y=0,

IV, has to be large enough to ensure a modest drift field,
especially for large R or for small V, (high resistivity Si (>10
kQ-cm) or thin wafers (d<200 um)). A much higher upper

limit of IV, | helps in these situations and only the symmetri- _ the drift channel is shifted towards the backside by about 70
cal SBA (y>0) is feasible. 55 um and out of the detector boundary near the backside (see
The drift channel is located at (40): FIG. 11B) with a large surface electric field near r=R. By way
of'example, by choosing a design with y=0.3 as shown in FIG.
12, it is possible to keep the drift channel within the detector;
o) = d (1 _ Vsl + &y — DO )] L4 B _ 40 reduce the surface electric field by a factor of 10; and make the

2 Via 2Vuld 89 drift path straighter.
= X(r) + 4 Eux In summary, the surface potential and field profiles can be

2Vuld used to design an optimal SBA and/or SDD. For both, the

spiral pitch p(r), width W(r), front surface field E(r), implant

where E,, . is a constant and approximated by Eq. (29). 65 sheet resistance p,, current I, and length of each turn ar are

As shown in Eq. (36), since neither ®(r) nor x_,(r) (nor related based on Eq. (1). For a given E(r) (Eq. (37)), and a
X, (1)) 18 linear in r, the drift channel is curved. But as y—1, given pitch p(r), the spiral is calculated in (41):
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rxdr (41
Pl = f —
n PO

with the spiral width in (42):

B pslar
T Enp(n

W 42)

For example, for a pitch p(r) proportional to square root of
rin (43):

_ ¥r
i) =p1 o)

The spiral can be designed as (44),

43)

44

r:[\/?+

iy r

4nr,

with the width profile calculated according to (45),

 pulaV )

M= o

This design gives a constant drift field in r, and a curved
drift channel. To avoid the singularity in E(r) at r=R (reach-
through), the conditions described by Eq. (46) have to be
satisfied in and the detector operation.

Vel < Vg
L=Vl + L+ Vg - AL
(1-p? -yt

(46)

[Voul <

If y=0, the designed SBA is a symmetrical SBA, and the
backside has the same spiral pattern, but biased according to
Eq. (28). With a symmetrical SBA and/or SDD design, the
bias voltage range of the outer ring can be significantly
increased, thus increasing the drift field of the SBA and/or
SDD. This can also make the drift channel straighter (nearly
“flat”), making the drift time close to the absolute minimum.
Thus, in a preferred embodiment, the spiral pitch can be
chosen from a constant, to an arbitrary function of r, and the
spiral width will generally change with r according to (42).
(2) Spiral Biasing Adapter Design

The SBA is interconnected with the closed rings of the
SDD and preferably designed to give minimum drift time of
carriers as described in Section (1) for a given set of biasing
voltages and the spiral current. Specifically, the pitch of the
SBA (p(r)) and its implant width (W(i)) are defined by the
calculations that give a minimum drift time of carriers (t,,).
The SBA typically has spiral-shaped ion implants that define
the desired voltage profile. The spiral-shaped ion implants
include a circular spiral, a triangular spiral, a square spiral, a
hexagonal spiral, a polygonal spiral, or a shaped spiral that is
defined around a fixed center point stepwise or curvilinear at
a continuously increasing distance from the fixed center
point.
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The radial dependence of the pitch of the spiral within the
SBA (psz,(1)) is the same as that of the SDD single cell
(pspp(r)), which in general varies with radius. In a preferred
embodiment, the pitch of the single SDD cell is the same as
that of the SBA (p (1) =P s5.4(1)), but its width can be freely
defined. That is, the width of the implanted spiral does not
have to equal to that of the SDD single cell, and can be made
small to minimize the current. In contrast, the width of SDD
can be increased, i.e., W (1)=W (1), to minimize the sur-
face area on the SDD. Thereby, the geometry of a single SDD
cell can be defined by concentric rings of ion implants with
maximum width (W ¢, ,(1)>Wg (1)) to minimize the surface
current. In a preferred embodiment, as illustrated in FIG.
13B, W50 Npspp(r) where n=0.6. For example, in one
embodiment, n can be set to 0.7, 0.8, 0.9, 1.0, etc. and any
value therebetween. In general, however, n can be set to
O<m<l.

The SDD and the SBA can be formed on a same wafer as
the SDD or the SDD array. Alternatively, the SBA can be
formed on a separate wafer from the SDD. Preferably, the ion
implant of the SBA is the same as that of the SDD, which
allows fabrication of the SBA as a by-product of the SDD
fabrication. Since both SBA and SDD are fabricated in a
similar fashion, the overall composition of these devices will
be described together with reference to the exemplary
embodiments illustrated in the drawings. It should be under-
stood that no limitation of the scope of the invention is
intended. Alterations and further modifications of the inven-
tive features illustrated in this disclosure, and additional
applications of the principles of the inventions as illustrated in
this disclosure, which would occur to one skilled in the rel-
evant art and having possession of this disclosure, are to be
considered within the scope of the invention.

The SDD has a front side and a back side with a first electric
field applied to the front side and a second electric field
applied to the back side. In one embodiment, the applied first
and second electric fields cause electrons liberated within the
SDD to experience a constant drift field and to follow a flat
drift channel over a minimum drift time possible for the SDD.
In another embodiment, the applied first and second electric
fields cause electrons liberated within the drift detector to
experience a constant drift field and to follow a curved drift
channel over a minimized drift time for the configuration of
first and second electric fields. The applied first and second
electric fields can be symmetric or asymmetric.

The first electric field and the second electric field can be
defined by an identical or nearly identical SBA pattern. Alter-
natively, the first electric field can be defined by one SBA
pattern and the second electric field can be defined by a
different SBA pattern. The SDD can be connected to an SBA
at the front side, or at both the front side and the back side. In
particular, for single-sided SDD (with uniform bias voltage
on the back side), one SBA is needed for each SDD array. In
contrast, for a double-sided SDD with potential gradients on
both surfaces, at least two SBAs are needed for each SDD
array.

Referring to FIG. 18, an SBA/SDD includes a substrate 10
having a first conduction type, and with a top 17 and a bottom
16 surface. The top 17 and bottom 16 surfaces are opposite
one another and can be oriented in any direction. A layer 11
having a second conduction type can be disposed at the bot-
tom 16 surface of the substrate 10, and can define an entrance
window layer. Typically, the entrance window layer, or bot-
tom surface 16, faces incoming radiation. An island region 12
having the first conduction type can be disposed at the top
surface 17 of the substrate 10. The island region 12 can be an
anode or a cathode. For the n-type substrate 10, the island
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region 12 is an anode and the rings 15 are a cathode, whereas
for the p-type substrate 10, the island region 12 is a cathode
and the rings 15 are an anode (switch of doping). In addition,
the SBA/SDD can include a plurality of rings 15 (a, b, c, etc.)
disposed at the top surface 17 of the substrate 10 and substan-
tially circumscribing the island region 12. The number of
rings is not particularly limited and can range from 1 to 100’s,
with 2-30 being preferred for small cells (small R<1500 pm).
The plurality of rings 15 can be doped and are electrically
isolated from each other. In another embodiment, the SDD
can have one or more field plate rings. There is no overlap of
conductive contact over an adjacent doped ring. Also, there is
no doped layer in the substrate 10 connecting one doped ring
to another doped ring. However, since the SBA is a spiral, all
the rings are connected.

In one embodiment, the SBA can also function as a recti-
fying junction. In the embodiment where the spiral biasing
adaptor does not function as a rectifying junction, the SDD
has concentric ion-implant rings configured to function as
rectifying junctions, which are connected to the SBA. The
SDD can be connected to the SBA via wire bonding or
double-metal interconnections as illustrated in FIG. 17 and
FIG. 18.

In a preferred embodiment, the SBA and the SDD or the
SBA and the SDD array are detached, e.g., diced apart, and
the rings in the SBA are interconnected with the correspond-
ing rings in the SDD or one single SDD cell in the array by
wire bonding 13, as illustrated in FIG. 17 (also see FIG. 18).
The wire bonding is made by standard semiconductor manu-
facturing techniques and is desirable because there is no heat
generated in the SDD or the SDD array, since the SBA is
physically separated from the SDD. The wire bonding is also
desirable because for small arrays and small SDD (typically
no more than 30 rings), the wire bonds avoid any possibility
of short circuit and/or system breakdown compared to the
possible short circuit and dielectric breakdown in double-
metal technology between 1° and 2" metal. Finally, the wire
bonding is desirable because the wire bond length is less than
the size of the single SDD, which is usually less than 5 mm.

Alternatively, a double-metal technology can be used to
interconnect the SBA and the SDD or the SDD array. (Park et
al., International Electron Devices Meeting Dec. 7-10, 1997.
IEDM °97. Technical Digest; incorporated in this disclosure
by reference in its entirety). This method of interconnecting
the SBA and the SDD is simple and can be easier than wire
bonding to implement. However, a shortcoming of the
double-metal technology is that it may provide an undesirable
heat source for the SDD since SBA has to be on the same
wafer of SDD. In yet another alternative embodiment illus-
trated in FIG. 17, the double-metal interconnections can be
used to provide simple, robust connectivity between SDD
cells in the array, while the wire bonding interconnections can
be used to provide reliable connectivity between the single
SDD cell and a detached SBA to avoid heat from SBA. The
wire bond connection between the single SDD cell and a SBA
on the same watfer can also be used.

The width of the SBA can be made smaller than that of the
SDD at a given r in order to reduce the current flow, since the
restriction for the implant width in a SBA can be relaxed
compared to the spiral SDD. As illustrated in FIG. 16, the
desired current can be 5 pA. For the matching single SDD
cell, however, the implant width of corresponding rings can
still be made wider, e.g., 0.8-Ps,(r), to reduce the surface
area and to provide a much better field profile in the bulk for
carrier to drift to the anode.

In summary, the design of the SBA interconnected with the
SDD or SDD array via double metal or wire bonds can be
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obtained from the calculations of the surface potential pro-
files that provide the minimum carrier drift time. The size of
the SBA can be the same as that of a single SDD in the array,
thus it can be very compact. The SBA can be fabricated on the
same wafer as the SDD array with the same processing
parameters. The SBA can also be fabricated on a separate
wafer (in this case, SBA is naturally detached from SDD
and/or SDD array) The power consumption by the SDD array
is minimal. The heat generated in the SDD array can be zero
or at least very minimal if detached from SBA. The current in
the SBA can be further reduced by reducing the implant spiral
width; while the corresponding width of implant rings in a
single SDD cell can be made wider to reduce the SDD surface
area and to provide a better bulk field profile. Finally, the
double-metal interconnections provide simple, robust con-
nectivity between single SDD cells in the array, while the wire
bonding interconnections provide reliable connectivity
between the SBA and the SDD cells in the array. Although,
the wire bonding interconnections provide reliable connec-
tivity between the SBA and the SDD cells in the array, it is
mostly applicable to the systems with small number of rings,
e.g. <30 rings, and small number of arrays, e.g. <5x5 array.
(3) Method of Forming an SBA/SDD Detector

An SBA/SDD detector can be made by standard semicon-
ductor manufacturing processes (Rehak etal., Nucl. Instr. and
Meth. A,624,260-264 (2010); Zhang et al., IEEE Trans. Nucl.
Sci., Vol. 47, No. 4, 1381-1385 (2000); each incorporated in
this disclosure by reference in its entirety) using standard
semiconductor materials such as silicon, germanium, silicon-
germanium, silicon-carbide, CdTe, CZT, or equivalents
thereof. Other semiconductor materials that also may be used
are CdMnTe, Hgl,, T1Br, HgCdTe, CdMnTe, HgZnSe, GaAs,
Pbl,, AlSb, InP, ZnSe, ZnTe, PbO, Bil;, SiC, Hg Br, 1,,
Hg Cd, 1, wherein X is greater than 0 and less than 1, Inl,,
Ga,Se;, Ga,Te,, TIPbl;, Tl Hel,, Tl;As,Se;, TlGaSe,, or
AgGaTe,. It should be noted, however, that the disclosed
embodiments are not limited to specific semiconductor mate-
rials. Those materials can be selected, in accordance with the
application’s requirements, as best understood by those of
ordinary skill in the art. The dopants can be selectively chosen
in accordance with a particular application requirement. Suit-
able dopants may be selected based on the atomic properties
of the dopant and the material to be doped.

For example, for group IV semiconductors such as silicon,
germanium, and silicon carbide, the most common dopants
are acceptors from group III elements or donors from group V
elements. Boron, arsenic, phosphorus, and occasionally gal-
lium are typically used to dope silicon. Boron is the p-type
dopant of choice for silicon integrated circuit production
because it diffuses at a rate that makes junction depths easily
controllable. Phosphorus is typically used for bulk-doping of
silicon wafers, while arsenic is used to create junctions,
because it diffuses more slowly than phosphorus and is thus
more controllable. By doping pure silicon with group V ele-
ments such as phosphorus, extra valence electrons are added
that become unbonded from individual atoms and allow the
compound to become an electrically conductive n-type semi-
conductor. Doping with group III elements, which are miss-
ing the fourth valence electron, creates “broken bonds”
(holes) in the silicon lattice that are free to move. The result is
an electrically conductive p-type semiconductor. In this con-
text, a group V element is said to behave as an electron donor,
and a group III element behaves as an electron acceptor.

Doped rings can be made by masking oft desired areas of
the substrate with a photoresistive mask and doping the rings
by a standard method such as ion implantation. This tech-
nique is especially useful in cases where the chemical or
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structural change in the semiconductor material is desired
near the surface of the detector. However, it may be possible
for ion implantation with very high-energy ion sources and
appropriate masking materials could reach ion ranges of up to
10 or even 20 micrometers. For example, an enhanced
implantation process could enable the fabrication of 3D
detectors with substantially thin substrates equivalent to the
average range of'ions. Advantageously, forming a 3D detector
with 3D electrodes, where the electrodes are formed by a
high-energy implantation processes can be equivalent to
forming a planar or 2D detector, which implies that the manu-
facturing process can be simplified. The anode can be created
by a similar method. To form the field plate rings, an insulat-
ing layer can be added on top of the substrate by any suitable
method such as thermal oxidation. (Appels et al., PHILIPS
RESEARCH Reports, vol. 25, no. 2, pp. 118-132, April 1970;
incorporated in this disclosure by reference in its entirety) In
addition, where appropriate and required, a plurality of guard
rings can be formed by doping at least one surface of a single
cell detector utilizing the above-described doping processes.
A mask can then be applied and in regions where it is not
desired the oxide may be etched away by any suitable method,
such as dry etch, wet etch, and reactive ion etch. (Wolf, S. et
al. (1986). Silicon Processing for the VLSI Era: Volume
1-Process Technology. Lattice Press. pp. 531-546; incorpo-
rated in this disclosure by reference in its entirety). The
desired conductive material for the field plate rings can be
sputtered onto the surface, followed by the application of a
mask and the etching away of the conductive material from
undesired regions by a suitable means, such as a wet etch, and
reactive ion etch. (Wolf, 1986). The field plate rings can be
made of an electrically conductive material. For example, the
field plate rings may be metallic or a metallic alloy. After the
n-type and/or p-type regions have been doped, the substrate
can be subjected to a high temperature annealing process to
provide slight diffusion of the dopants into the single crystal
substrate and to activate the n-type and p-type regions.

Doping concentrations for the above-described ring forma-
tion may be in the range of 10'° cm™ to 10*° cm™, or pref-
erably in the range of 10*° atoms per cubic centimeter (cm?)
in the volume of the semiconductor material. However, it is
also envisioned in an alternative embodiment that the doping
concentration for the above-described rings and electrodes
can be so high that it acts more like a metal conductor than a
semiconductor and is referred to as a degenerate semiconduc-
tor. It is believed that at high enough dopant concentrations
the individual dopant atoms may become close enough neigh-
bors that their doping levels merge into a dopant band and the
behavior of such a system ceases to show the typical traits of
a semiconductor, e.g., its increase in conductivity with tem-
perature. Nonetheless, a degenerate semiconductor still has
far fewer charge carriers than a true metal so that its behavior
is in many ways intermediary between semiconductor and
metal.

In yet another alternative embodiment, and in particular for
the high-7Z semiconductor materials, instead of the highly
doped semiconductor(s) described above, the electrodes may
be produced from the metallic conducting material, such as
for example gold (Au) or any other similarly situated metallic
materials.

EXAMPLE
Example 1

In this example a conventional SDD was compared to an
SDD that utilizes an SBA type implant chip. As shown in FIG.
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1B, for a conventional spiral SDD (square type) with a side
length of =3 mm (or a drift radius of R=1.5 mm), the width
W(r) was fixed to be %5 of the pitch p(r) to assure a more
uniform drift electric field in the substrate (bulk). For a con-
stant drift field in the drift channel, the Ohmic current running
through the spiral that defines the front surface potential
profile has to be about 20 pA at a bias of 126 volts. For one
spiral SDD, its power consumption is about 2.5 mW. How-
ever, since the heat generated by the spiral heats up the SDD,
the cooling down process can be challenging. Furthermore,
for an SDD array of at least 100x100 elements, in addition to
the heating problem, the power consumption can be too large
as well, close to 25 Watts for an SDD array of modest size.
Anything above 1 W is considered unreasonable power con-
sumption for the SDD array.

Example 2

In contrast, the SBA was designed and fabricated on the
same wafer as the SDD array with the same processing
parameters (see FIG. 14), based on the following specifica-
tions:

I 20 pA 1 200 pm Va=Vsg 628V

R 1,500pm B, 403Viem V=2V, 126V

P 4kQ-cm d 300 pm tar =i, min 0.23 ps
The pitch (pgz,) and width (Wgz,) for the SBA were

obtained from the calculations of the surface potential pro-
files that provide the minimum carrier drift time by applying
Eq. (1) as a function of radius (r). As illustrated in FIG. 15A,
the radius of the inner most ring (r, ) is set to 200 um and the
radius of the outer most ring (R) is set to 1,500 pum (or side
length of 3 mm). The SBA illustrated in FIG. 13A is config-
ured to mimic pitch (pgz,) and width (W) obtained from
FIG. 15A. In this exemplary embodiment, the radius depen-
dence of the pitch of the spiral within the SBA (pgz,(r)) was
set to be the same as that of the SDD single cell (ps,(r))
shown in FIG. 13B. But the width of the single SDD cell can
be freely defined, as long as it satisfies Wy, (1)=Npspp(r)
where 120.6. Generally, a wider SDD can minimize the sur-
face area. For example as illustrated in FIG. 16, the current in
the SBA can be further reduced by reducing the implant spiral
width, while the corresponding width of implant rings in a
single SDD cell can be made significantly wider to reduce the
SDD surface area and to provide a better bulk field profile.
FIG. 13B illustrates an SDD having pg,,(r)=pzs.(1), and
W pnp(1)=0.8p (1) or W o1y 5(1)=0.8p5,(t). The power con-
sumption by the SDD array when interconnected with the
SBA is minimum and stays at 0.5 mW. FIG. 15B illustrates
the resulting negative potential profiles in the SDD cell. The
profile shows that drift channel is nearly flat.

Referring now to FIG. 17, the SBA can be interconnected
with the SDD or SDD array via double metal or wire bonds.
If the connectivity is established using wire bonds, any suit-
able conductive metal can be used, such as Al, Cu, Ag, Au, Ti
and alloys of these metals, although Al is preferred. The width
of the wire should be in the range of 15-30 um, while the
length is less than the size of the single SDD, which is usually
<5 mm. Based on wire bond interconnections between the
SDD and the SBA, the heat generated in the SDD array can be
zero or practically zero. As shown in FIG. 17, the double-
metal interconnections can be made between the SDD cells
within the array to provide simple and robust connectivity
within the array. Preferably, the metal used for double metal
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connections is Al, Cu, Ag, Au, Ti and alloys of these metals
(Al, Cu, Ti are usually for Si substrate).

Example 3

This example describes a prototype of SBA fabricated at
the Brookhaven National Laboratory. As shown in FIG. 19A-
19B, the SBA prototype is a square spiral with 23 rings and Al
bonding pads. The dimensions of the SBA are 3x3 mm? and
the total resistance is 5.7 MQ (17.6 pA at 100V). FIG. 19A is
the upper left corner region of the SBA. The corresponding Al
bonding pads are connected to a closed-ring SDD of the same
p(®). FIG. 19B is the center region of the SBA.

FIG. 20A is a plot that shows the current-voltage charac-
teristics of the SBA prototype. The plot shows linear resistor
behavior in the voltage difference between the first and last
spiral in the SBA. FIG. 20B is a plot that shows the voltage
bias of the SBA prototype. The observed voltage distribution
between the first and the last ring was 80 V. The voltage
distribution was measured from the metal (Al) bonding pads
on each ring. When connected to an SDD cell or an SDD
array, the SDD cell or SDD array assumes the same voltage
distribution that will give optimum drift field for carriers.

Although the disclosure has been described in connection
with specific embodiments, it should be understood that the
invention as claimed should not be unduly limited to such
specific embodiments. Indeed, those skilled in the art will
recognize, and be able to ascertain using this disclosure and
no more than routine experimentation, many equivalents to
the specific embodiments described in this disclosure. Such
equivalents and modifications are intended to be encom-
passed by the following claims.

The invention claimed is:

1. A method of detecting radiation, comprising,

detecting radiation by an array of drift detector cells;

reducing overheating and power consumption of the drift

detector array during the detection by connecting the
drift detector array to a spiral biasing adaptor (SBA)
configured to function as a voltage divider.

2. The method of claim 1, wherein a design of the spiral
biasing adaptor (SBA) satisfies the equation

plor=E(r)W(rp(r)
where p, is an implant sheet resistance, I is a current, ar is a
length of each turn of the spiral, E(r) is a surface electric field
at a radius r, W(r) is a spiral width of a spiral arm at radius r,
and p(r) is a spiral pitch at radius r.

3. A drift detector comprising a Si drift detector (SDD) cell
connected to a spiral biasing adaptor (SBA) configured to
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function as a voltage divider wherein a design of the spiral
biasing adaptor satisfies the equation
plor=E(r)W(rp(r)
wherein p; is an implant sheet resistance, [ is a current, ar
is a length of each turn of the spiral, E(r)is a surface
electric field at aradius r, W(r) is a spiral width of a spiral
arm at radius r, and p(r) is a spiral pitch at radius r,
wherein the spiral pitch and the spiral width can both
change with the radius, wherein the drift detector has a
front side and a back side with a first electric field poten-
tial to the front side and a second electric field applied to
the back side, wherein a negative electrical potential of a
spiral in the SBA satisfies equation:

- f’ 2ndr
r)= _
4 n P

for a given spiral pitch p(r) at radius r, wherein the width of a
spiral of the SBA satisfies equation:

_ pslar
Y= 2o

wherein the electric field E(r) on the front side of the SBA
and the SDD cell is defined by

: _ AVgEar,r—r1)

Fo= (1-77?

WVuEwy [[L=pIVEl+ 1 +7)Va
=1Vl

(1 —y7 (-7

where

gNp d?
2ege

Vig is

where B, isdrift field, V5 is 0<Vz <V, rist, <r<R,r, is
0<r,; <500 um, and y is 0 =<y=<1, wherein the potential on
the backside of the SBA and the SDD cell is defined by,

W(r) =IVal+y®(r) (O=y=l)

with a separate SBA.



