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Art●ll apiLaxial

AN ALL EPITAXIU SILZCOW DIODE

C. R. Cruhn, P. D. Goldatrme,

AasTMcT—. —

ni.licondloda (ESD) heavv ion da-
tactor has ba~n dcsignad, fabricated,and tssted. The
activg araa of tt,odetector is 5 cm~ and ham a total
thicknenrn of 5CI p. ‘The renpmna of the detector has
bean rtudiod with finsion fragments, al;:la k.irticlas,
oxyqen ions, and nulfur ions. A n’::iaor of adv~?taqea
in t~rma of both fabrir.atlon>.NJperformance are din-
CUBaed .

IWTRODUCTION

A larqa area (5 cmz), all epitaxia!.silican diode
(MD) hc?vy ion detactor has been dtr.eiqnad,fabricated,
and teatrd. The daeign offers advantages tlucto the
low rasi!]tivity(33 (&cm) of the epitaxial layars and
the ecrmomica of fabrication. The design ia compatible

with lectro-thinningproceesenl and hae been success-
fully thinnad with areas up to 5 Crnz.

The ren~nse of the ESD detector haa been metls-
ured uainq several sources of heavy ionri, The response
to fission fra
the reaction

,~~~t~ ,~~’ me””ured. Chryyenions fromISo) for energie~ between 13#
and 54 N+W were ueed to probe the res~nse of the de-
tector for various detector biases. The charge defect
has an unusual bias dependenctjwith implicationsof an
interestingcharge t.raneportprocess. The detector has
a moot favorable rcspanse at lowest biases, Sulfur
ions [92.5 MeV) having angles=cidence both normal
and 45” with respect to the junction give reeulte which
tonflrm the oxygen ion data. !+esolut~onslimited by
Nyquist noise and the high capacitance of the detector
wera obs~ivd.

DESIGN

The purpo<lcof the ESD detector dasiqn was to
achieve a larq? area, ecor,otical,relatively radiation
resistant haavy ion detector. As indicated in the rla-
tcctor re~ponse section, other de~ign features were
discovered which deserve optimization in any future ESD
datector d,?sign. No optimization of the design is at-
tempted in this paper.

The basic ESD detector design .1s seen in Fig. 1.
The detector conslsta of an epitaxial diode having a
77 I_l-cm(13.6 pm) p-type epitaxial layer upon a 33 kmn
(34. urn)n-type epitaxial layer. The substrate of the
●pitaxial layers is 0.01 O-cm (200 pm thick) n+-type
and iu 2-in. in diameter.

The fabrication is relatively simple. A l-1/4-in.
diameter mesa is etched on the wafer such thot the
junction is expxcd at the rim. This serves aa means
of pinching off the surface field in the n-type region.
A gold contact, l-1/8-in. in diameter, 200”A thick, was
evaporated upon the p-type mesa. The signal was taken
from this contact. For tha tests in this paper the
substrate under the mesa was not rrwnnved. However,
other devices identical in design where the substrate
under the mema has been removed using the electro-thin-

ning technique of R. L. Meekl have been constructed.
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The coat df the MD detector waa prharily labor.
total cc.st in materials wab ●pproximately 530.00.
labor was 4 hours for m not ?> ●xparienced tachni-

Cilsn(CM).
ESD Detector Reapxiae

Tha electronic chain in thace mearnuremenzsconsiat-
●J of the diode, an Ortec 125 charge inteqrat;nqpream-
plifier, a TC-205A (Tonnelac) shapinq amplifisr, an~ a
Pulse-haight anaiyzcr. The electronics and c+.srgemeas-
urmmntm were calibrated using an Ortec 448 pzecislon
pulwer. The LASL tandem Van de Graaff was use2 to pro-
duce the heavy io”e ~or the detector resporme moasure-
mentu.

In Fig. 2 we show tha reepor.se of the detector to
fission fragmmnts from the reacticn *“kPu + d (15 HeV).
The data were taken using a 3/4-in. diemeter callimato..

The response of the d~tector to oxygen icas from
197AU ~160, 160) was studied aa a functionthe zeactlon

of incident oxygen energy and detector bias. :n Fig. 3
wo show the respor,seof the detector to the Ox,”genions
from this reactior,. The”detector for this par=lcular
spectrum had s bias of 9 V. The depleticn wit:h
(% 11 pm) is only a fraction of the range of e::her the

oxygen ions (W 39 urn)or the alpha particles :“- 2E urn).
The filter time constant of the shaping amplifier wag
aet at 0.5 Usac. Upon checking with the prec:sion
pulsar it warndetermined that most cf the char:e (uich-
in 2*) was h~ing collected, It was also obser:ed in
this check that the charge collecticr,efficier.=yim-
proved with decreasin~ bias. This ,~ascontrar:’to any

2
●xpzctation ba~arl u~n previous experience.

Becaune of this latter statement, the foll=winq
studies were made of the electronics:

1. 7%9 same bias dependence aad efficienciesw~re
obtained for 0,5, 2.0, and a.O usec sl-.aplnq
the constants.

2. The same efficiencies were meaaured w+.sna
5000 pf capac~.tancewas placed in parsllcl with
the ESD.

3. The same efficiencies were neasured h’r.eri5@ O
waa placed in series to the preamplifi~r.

4. The combination of checks 2 and 3 gave the
same result.

The conclusionwas that the effect was not likely an
artifact of the ●lectronics, but rather a physi=al fea-
ture of the charge trans~rt.

At this point it was dec!.dedto study the :harge
collection r?fficimcy in detail as a functioncf the
oxygen ion enerqy (range) and ESD bias. The rcsulta of
these mea.surementaare shown in Fiq. 4. Tha ic~rtant
featurea of the data arel

1. For rangaa long compared to the junctinrtdepth,
tha charge collection efficiency ia greatest
for smaller depletion widths.

2. For ranges short compared to the junction depth,
the charge collection efficiency ib lu-, and
lncreasea with depletion width.
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The crossover et the junction between featuras 1 and 2
i~ taken as additional evidence that the effect ia not
an electronic artifact.

Feature 1 is new and cannot be reconciled wit!i any
known Sain mechanism (transistoror avalanchemultiplic-
ation) ,

The charge col!ect.ion efficiency of thu ESD wae
checked further usinq 92.5 MeV eulfur ions as a func-
tion of bias and angle of incidence
range of theee particles in eilicon
gles of incidence f~r the ione were

qrees to the plane ,;f the junctior.
shown in Ficj.5. The main features

1. The oxygen ion reeults axe
mal incidence.

for the ion. The
is 37 Um. The an-
90,0 and 45.o de-
The results Sre

of this data are:

confirmed for nor-

2. For 45 degree incident angle the efficiency
ia lese and the bias de~endence is less strong
than for normal incidence.

The eeccnd feature in this result is taken as fur-
ther evidence that the effect is lot an electronic ef-
fect.

THEORY

A charge transport rnooelis proposed which we be-
lieve explains the major features of the data in the
previous section. The model is called “Dipole Induced
Charge ‘1’ransport.“ The charge transport is space
charge assisted (3CA). The charge transport is ex-
actly that which one would associate with the so-called
“ting diode” i.e,, a diode having undepleted material
on each side of the junction with a long recombination
lifetime. A second analogy can be found in the charge
transport of a “step recovery” diode. The difference
between our case and this latter analogy is that the
undepletaclmaterial is minimizeci and has a short re-
combination lifetime for the “step recovery!!diode.

The charge transwrt is governed by the followi(ig:

The real currents

%
electrons, Jn = enBnE + cDn ~

.

holes, Jp = epppE -,eD
*

P ax

(1)

The transport involves both drift and diffusion as .
given in Eqs. 1 and 2.

The continuity equations

(2)

n- ?. 3J
>n ~+~nelectrons, ~; =- ~ e aiY

n

holes,
~ P-pn :>--.— -.

T
P

Poieeon’s equation

ug~1
e ax = (P-PO) - (n-no)

(3)

(4)

From Maxwell’e equations
of the real currents and
independentof position.

it can be shown that the sum
the displacement current is

It ia aseurnad that tha voltage acruse the
stant, that is:

$

E(x,t)~x - constant

D

A numerical analysis and solution to

ESD ie con-

(6)

these expres-
sions for this particular transport problem is to be

4
published elsewhere. A schematic tiolutionie given in
Fig. 6.

A solution of Poisson’s equation with n and p
equ&l to zero gives the initial electric field profile.
The ionizing particle produces a plasma of apprc,ximate-
ly uniform density over a distance of the range of the
particle. At this time the charge transport is one
&ominated by drift in the depletion region and diffu-
sion in the Und+pleted regions. The plasma polarizes
with the electrons and holes drLfr.ingW the edge of
depletion region. Their space charge is such as to
diminish the electric field in the depteted region.
Thie transport continues untiS (sufficientcharqc has
accumulated at the edge of the depletion to have re-
duced the field in the deplsted region to nearly zero.

NnW because the voltage across the entire device
is held constant the integral of tileelectric field in
the depletion region w.~lchis reduc-d by the field of
the space charqe must appear in ,squalamount in the un-
depleted region. This is expecced ~.~occur in a time
of the order of 10-’0 sec for the 2SD d~?sign. Th@
charge transport in the undcplf.tedreqion is now a
drift domi.~atedtransport du,?to the space charge
field (dipol~), The ch~rgc transport in the dcplc:ion
region is dominated by diffusion due to the superposi-
tion of the dipole field or?tileoriginal field. ‘rhe
transport is “blocked”between the poles of the dipole
for a difiusion time which depends upon the depletion
width. The charge in the plasma le cleared from the
undeplet.edregions by a drift transport over a time
duration of approximately 3 x 10”-9st!cfor the ESD de-
sign. Some of the charge from the undeplcted regions
drifts to the blocked region and is st,sredfor approx-
imately a diffusion time (W 10-7 see). It is m~stly
this stored charge in the “blocked” region (becauseof
the long storage time) which experiences recombination
and contributes to the inefficiencyof the charge meas-
urement. In effecs, the induced dipole field of the
space charge has contributed to a space charge assisted
(SCA) transport.

Qr]alitativelyone can now calculate the charge col-
lection efficiency as a function of bias across the ESD.
We make the assumption that the range, R, is large com-
pared tc either the junction depth, X, or depletion
width, W.

The measured charqe, ~, as comparedwith the i~-

itial charge, QL, in the plasma iS 9iven by:

%
(-~= .75-.5 ~+ (.25 + ,5 ~)exp(-3Tp/TR) (7)

L

where ‘cR M the recombination lifetime

and 7D = the Wz the diffusion time
q’

and N = 3.67 V1/2 pm for thiv ESD design.



T)Ieonly free paramster in t.hieexpression ie the re-
cmnbinatio(tlifet>me. Using the data at 20 V6in Fig.
5 we find a recmb!.nation lifetimeof 2 x 10- eec.

The model qualitativelyaccounts for all the fea-
tures of the data. Th..data in F.Lg.4 are accounted
for 4s follows:

1.

2.

For ranges long :;omparedw the junction
depth, the charge collection efficiency is
greatest for smaller depletion #idths because
the charge storage time in the blocked region
(depleted regien) is least for tns smeller de-

pletion wid%he and therefore thera ie less re-
combination for lower biaees.

For rangee short compared to the junction
depth, ~he charge collection efficiency is
low, and increasee with depletion width be-
cause the amount of charge stored snd the
storage time ic least for the widest depletion
widths and therefore Lhere is less recombina-
tion for h?gher biasee.

The data in Fig. 5 are accounted for as follows:

1, The confirmationof the oxygen results carries
the same explanation as {1) above.

2,, For 4S degrees incident angle, the efficiency
is lens and the bias dependence is less et.rong
than for norml incidence. In this caee some
of the chafge transport is off the edge of the
dipole field. This results in a superposition
charge t*.ansport having effective ranges long
and fihort cornpated to the junction depth. See
Fig, 4. The result being in a net cancella-
tion of the bias dependence.

CNARGKDEFECT——

In general, the net charge defect in tl~edetection
of heavy ions is due to a superposition of effects,
Some of these effects are:

1. Dead layere due to electrode.

2. Non-ionizing collision energy losees.

3, Recombination.

For that pxtion of the defect due to recombination,it
is interesting to make a comparison between the ESD de-
sign and the commonly used surface barrier detector.
lf ofieaqsumes an ESD op.?ratingat low bias and a fully
depleted surface barrier detector each having equiva-
lent recombination lifetimes and resistivities,the ESD
in principle will lose one-quarter as much charge by
xecombin.stion as the surface barrier detector. The
reaeon for this is because in the case of the surface
barrier all of the charge is insnadiatelyblocked for a
plasme decay time and in the case of the ESD only abo’,.t
one-quarter /of tho charge ie blocked for a diffusion

time. In practice, however, since the plasma decay
times are significantly shorter than the diffusion, the
net recombinationlosses arc about.the same,

SUWASY—. —

The ESD detector deeiqn offers the following ad-
vantage z

1. M economical detector.

2. -latively large areae are poeeible. Epitax-
ial wafer areas at the present are < 75 cmz.

3. Lowerre$istivitydasignsare possible even
when the de@etion width ie small compared to
the range of the particles detected.

4. The lower resistivi.ty toesigns ere expected to
result in a longer radiation lifetime.

5. The detection of ionization ie one i]wolving a
space charge aseisted transport (not space
ctusrqeiimited).
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Design of an epitaxial silicon diode (ESD) de-
tector,

ESD reswnse to fission fragments.

ESD response to oxygen ions.

Charge collection ef~iciency as a fur,ctiot~of
oxygarlion range and &SD bias.

Charge collection efficiency for 92.5 MeV sul-
fur ions as a function of ESD biae.

Di~le induced transport, schematic model.



EPITAXIAL SILICON DIODE (ESD)

=---
Ir-● **9

**, *
---

I 1

UNCTION

. . . . . . . . . . . . . . . . .... ............ . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . .. . . . . . . -. . . ..-

3 MICRONS n-JYPi 0.01 $lcm
. . . ...*. . .

“.:. 1-.

I

Fig. 1
——-———— -—



2000 r 1 I I 1 I 1 1 I f i # t
EPITAXIAL SILICON DIODE (ESO)

I

1800“ 5 crn2 AREA - COLLIMATOR 1.9 cmDIA
50 MICRONS TOTAL THICKNESS
0.5 usec FILTER TIME CONSTANT

1600 - ‘: 244pu+4 (15M~v)
●

e FISSlON SPECTRUM
● O

1400 “

a 1200 -*
g X]o

g lo@o —
> ●

+ ●’ ●

~ 800 -
f.●* .** Q

“* “ Hea *9* %
g ** v <**

● J; ● %.. J&
8

600 - 4
● d$~~.

%
$ ●

400 -=
#

*Q
●

d
● i

200 - ● ,#* \

<●

&- 1~ 1 I I 1 I 1 I t 1
20 40 60 80 100 120 140 160 180 200 220 240 260

Fig. 2
,,

CHANNEL



.“ --.”---- . .. S._.

,04 I I I I 1 I I I I 1 I I 1 I 3

[

241~mEPITAXIAL SILICON DIODE (ESD) ~MHlc
U -SOURCE ‘k S cm2 AREA-COLLIMATOR SCATTERING
5.47 MeV ● 1.9 cm DIAMETER PEAK

● 50 MICRONS TOTALTHKKNESS ,*O
● 0.5 usec FILTERTIME CONSTANT

197AU (160~60)
.*

103 . ●
50 Mg/cm2 ?ARGET ● 0

●

52.5 MeV ●

● ●

●
e ~=57.oo ●

●

. 8-*
● * ●

●

V* e ● a
●m ●

,02 .
;

●

4
a

*Q* “ ● ●

●

● 4
●

●s’
**:9*89%*4:

● 8*

:%
●

Lt11117 r_.

●

%~~1 $’ ●’e ““’ ●“
●

● 00
o ●O●0%0● m

Ooomgo ●

● 0 ● a
● bo 166 ● “*:

. ; COU$TS ● 0000

CHANNELS
,00 ●

o 20 40 60 80 100 120 140 750 710
CHANNEL

J

PULSER:
(180 keV~
FWHM)

-e +
●

8
●

●

●

●

●

●

● 0

790 810 830 850 870

Fig. 3
..— - .- .—-——.



, /’ I 1 1

g

& EPITAXIALSILICONDIODE (ES;)
Er RESPONSE TO 160
Zx 0.5 psec FILTER TIME CONSTANT
CL@=ti
u! p
z-
~

t+..........................................................................:::::::::?.::...............::::\::::::::: .~o—o

{

............................................................ ---+---x............... &x::yjj:::::: #
.. . .. ................ --0-—0 --0............-:.:.:.:.:..

$:@. ;

fgg

/ &-.$
, /::#:j;j

, p.?.

,0 ~ g.:jjy
.........:.........

BIAS DEPLETION WIDTH
● 3 VOLTS 6.8 pm
x 9 VOLTS 11.0pm

o W VOLTS 15.2 pm

:,/,,,,,,,

f / @@

/
/ ..............................
1

::::::::::::y

.8
...............:.:.:.:.:.:.:.:! ...............%.................................................~:::::::::::::

/ ............................................................:.:.:.:.:.:.:.:.:.:.:.:.:.:.}
; “ .,.,.,.,.,.,.>

::::;::.:y::
..............:.:.:.:.:.-.:
::\::::.::::::

.7
::fi:::;:::

10 20 30 40 50
RANGE(pm)

Fig. 4



}

.

.

.

.

.

,

.

.

.

.

.

ESD
CHARGE COLLECTION o INCIDENT
EFFICIENCY

92.4MeV S IONS{ ~ ;~RMAL

5.4MeV CX’S x NORMAL

+-

-+-*

n

.88 .90 .92 .94 .96 .91B 1.0
EFFICIENCY (RELATIVE UNITS)

Fig. S



ESD

DIPOLE INDUCED TRANSPORT (SCA)

II P I
15ym 50ym

E # 2X104

ks$=c+”y
x

t =0

t =lo-lqec

f =3Xlo-9sec

x

t =Io%?c

E
t

t =10-6sec

Fig . 6


