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AN ALL EPITAXIAL SILICON DIODE HEAVY 10N DETECTOR?

C. R, Gruhn, P. D. Goldstcne, and Nelson Jarmia®*

ABSTRACT

An all epitaxial silicon dlode (ESD) heavy ion de-
tector has been desiqgned, fabricated, and tested. The
active area of the detector is 5 cm® and has a total
thickness of 50 L. The responge of the detector has
becn studied with fission fragments, alilia particleg,
oxygen ions, and esulfur fons. A n2:=ber of advantages
in terms of both fabricatlon Z.a performance are dis-
cussed.

INTRODUCTION

A large area (5 em?), all epitaxial silicon diode
(ESD) hravy ion detector has been decigned, fabricated,
and tested. The dosign offers advantages due to the
low resistivity (33 Q-cu) of the epitaxial layers and
the economics of fabricaticn. The design is compatible

with lectro-thinning proceasea1 and has been success-
fully thinned with areas up to 5 cm?.

The response of the ESD detector has been meas-
ured using several scurces of heavy ions, The response
to fission fragments was measured. Oxygen ions from
the reaction '*7au (%0, '®0) for energies between 13
and 54 MeV were used to probe the response of the de-
tector for various detec:tor biasczs. The charge defect
has an unusual bias dependence with implications of an
interesting charge transport process. The detector has
a most favorable response at lowest biases., Sulfur
lons (92.5 MeV) having angles of incidence both normal
and 45* with respect to the junction give results which
confirm the oxygen ion data. HResolutions limited by
Nyquist noise and the high capacitance of the detector
were obseived.

DESIGN

The purpouye of the ESD detector design was to
achieve a larg: area, ecoromical, relatively radiation
resistant heavy ion dectector. As indicated in the do-
tector regsponse section, other deaign features were
discovered which deserve optimization in any future ESD
detector dosign. No optimization of the design is at-
tempted in this pagper.

The basic ES5D detector design is seen in Fig. 1.
The detector consists of an epitaxial Aiode having a
77 fl=em (13.6 um) p-type epltaxial layer upon a 33 Q-cm
(34. um) n-type epitaxial layer. The substrate of the
epltaxial layers is 0.01 Q~cm (200 um thick) n*-type
and iv 2-in. in diameter.

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

ning technique of R. L. Meek1 have been constructed.

Tvork performed under the auspices of the U. S. Energy
Research and Development Adrinistration, Contract W-
7405-ENG. J6.

*University of California, los Alamos Sclentific Labor-
atory, P. O, Box 1663, Los Alamos, NM 87545.

The cost of the ESD detectcr was priwarily labor.
The total cost in materijals was spproximately $30.00.
The labor was 4 hours for a not r> exparienced techni-
cian (CRG}).

ESD Detector Response

The electyonic chain in these measuremenzs consist-
od of the djode, an Ortec 125 charge inteqgrating pream-
plifier, a TC-205A (Tennelac) shaping amplifizr, and a
pulse-height analyzer. The electronics and c-arge meas=-
urements were calibrated using an Ortec 44@ grascision
pulser. The LASL tandem Van de Graaff was used to pro-
duce the heavy ic~e Zor the detector response measure-
menta.

In Fig. 2 we ghow the resporae of the detector to
fission fragments from the reacticn 24%py 4 d (15 MeV).
The data were taken using a 3/4-in. diamater collimatos.

The response of the dutector to oxygen icns from
the reaction '*7au (%0, !'®0) was studied as a functinn
of incident oxygen energy and detector bias. In Fig. 3
wo show the response of the detector to the cx.-gen ions
from this reactiori. The detector for this parzicular
spectrum had a bias of 9 V, The depletion wiZzh
(v 11 Um) is only a fraction of the range of e-.ther the
oxygen ions (% 39 um) or the alpha particles '~ 28 um).
The Zilter time constant of the ahaping amplifier was
get at 0.5 usec. Upon checking with the precizion
pulser it was determined that most cf the charze (with-
in 2%) was heing collected., It was also obsered in
this check that the charge collecticrn efficiercy im-
proved with decreasing bias. This was contrar: to any

expectation based upon previous experience.2

Because of this latter statement, the follcwing
studiey were made of the electronics:

1. 7The same bias dependence and efficien:ies were
obtained for 0.5, 2.0, and 8.0 usec s aping
time constants.

2. The scme eft!ciencies were measured w-on a
5000 pf capacitance was placed in parallcl with
the ESD.

3. The same efficiencies were measured w-en 50 0
was placcd in series to the preamplifier.

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

The conclusion was that the effect was not likely an
artifact of the electronirs, but rather a physical fea-
ture of the charge transport.

At thigs point it was declded to study the charge
collection efficiency in detail as a function cZ the
oxygen lon enerqy (range) and ESD bias. The results of
these measurements are shown in Fig. 4. The icportant
features of the data are:

l. Yor ranges long compared to the juncticsrn depth,
the charge collection efficiency is grzatest
for smaller depietion widths.

2. For ranges short compared to the junction depth,
the charge collection efficiaency is luwe, and
increases with depletion width.
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The crossover at the junction between features 1 and 2
ip taken as additional evidence that the effect is not
_ an electronic artifact.

Feature 1 is new and cannot be reconciled with any
known cain mechunism (transistor or avalanche multipli-
cation).

The charge collection efficiency of tho ESD was
checked further using 92.5 Mev sulfur ions as a fuac-
tion of bias and angle of incidence for the ion. The
range of these particles in silicon is 37 ym. The an-
gles of incidence for the ions were 90,0 and 45.0 de-
grees to the plane of the junctior.. The results are
shown in Fig. 5. The main features of this data are:

1. The oxygen ion results are confirmed for nor-
wal incidence.

2. For 45 degree incident angle the efficiency
18 less and the blas dependence is less strong
than for normal incidence.

The secend feature in this result is taken as fur-
ther evidence that the effect is aot an electronic ef-
fect,

THEORY

A charge transport moael is proposed which we be-
lieve explains the major features of the data in the
previous section. The model is called "Dipole Induced
Charge Transport.” The charge transport is space
charge assisted (3CA). The charge transport is ex-
actly that which one would associate with the so-called
"Long dieode" 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
undepleted material is minimizzd and has a short re-~
combination lifetime for the "step recovery" diode.

The charge transport is governed by the following:
The real currents

an
electrons, Jn = enunE + eDn Ix

-

(1)

holes, Jp = epupE -~ eD P

b 3x 2

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

The continuity equations

-n 97
on n [o] 1 n
electrons, Tl .__En... + o Te (3)
p-p 37
__.._o_1l_p
holes, T Tp P

Poisson's equation

e {oE
. (5?) = (p-po) - (n-n.) (4)

From Maxwell's equations it can be shown that the sum
of the real currents and the displacement current is
independent of position.
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BE(x.t)
—

J(t) = Jp(x;t) + Jn(xrt) + € T 13

It is assumed that the voltage acrcss the ESD is con-
stant, that is:

és(x.’,t) 9x = constant (6)
D

A numerical analysis and solution to these expres-
sions for this particular transport problem is to be

published elsewhere.4
Fig. 6.

A schematic solution is given in

A solution of Poisson's equation with n and p
equal to zero gives the initiil electric field profile,
The ionizing particle produces a plasma of approximate-
ly uniform density over a distance of the range of the
particle. At this time the charyge transport is one
dominated by drif: in the depletion region and diffu~
sion in the unazpleted regiuns. The plasma polarizes
with the electrons and holes dr.fting tc the edge of
depletion region., Their space charge is such as to
diminish the electric field in the depleted region.
This transport continues until sufficient charge has
accumulated at the edge of the depletion to have re-
duced the field in the depleted region to nearly zero.

Nnow because the voltage across the entire device
is held constant the integral of the electric field in
the depletion region woich iz reduced by the field of
the space charge must appear in squal amount in the un-
depleted region. This is expecied t¢ occur in a time
of the order of 107 ° sec for “he 4SD design. The
charge transport in the undepleted region is now a
drift dominated transport du: to the space charge
field (dipola). The chargs transport in the depletion
region is dominated by diffusion due to the superposi-
tion of the dipole field on the original field. ‘The
transport is "hlocked" hetweon the poles of the dipole
for a dif{usion time which depends upon the depletion
width. The charge in the plasma is cleared from the
undepleted regions by a drift transport over a time
duration of approximately 3 x 10”7 sec for the ESD de-
sign, Some of the charge from the undepleted regions
drifts to the blocked region and is stored for approx-
imately a diffusion time (v 10~7 sec). It is mostly
this stored charge in the "blocked" region (because of
the long storage time) which experiences recombination
and contributes to the inefficiency of the charge meas-
urement, In effect, the induced dipole field of the
space charge has contributed to a space charge assisted
(SCA) transport.

Qualitatively one 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 charge, Qm, as compared with the in~

itial charge, Q , in the plasma is given by:

L

Qm w w
- - . - - 3 - - 7
E 9 .75 - .5 &t (.23 + .5 R)exp( it /TR) (&3]

where TR = the recombination lifetime

and T

p = the W¢  the diffusion time

’
ZDA

and W = 3,67 vl/2 Um for this ESD design.



The only free parameter in this expression is the re-
combination lifetime. Using the data at 20 V‘in Fiqg.
S we find a recombination lifetime of 2 x 10~ sec.

The model qualitatively accounts for ail the fea-~
tures of the data. Th: data in Flg. 4 are accounted
for as follows:

1. For ranges long .ompared .. the junction
depth, the charge collection e¢fficiency is
greatest for smaller depletinn widths because
the charge storage time in the blecked region
(dsploted reginn) is least for tare smaller de~
pletion widths and therefore therz is less re-
combination for lower biases.

2. For ranges short compared to the junction
depth, the charge collection efficiency is
low, and increases with depletion width be-
cause the amount of charge stored and the
storage time ic least for the widest depletiecn
widths and therefore ilhere is less recombina-
tion for higher biases.

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

1, The confirmation of the oxygen results carries
" the same explanation as (1) above.

2. For 45 degrees incident angle, the efficiency
is leys and the bias dependence is less strong
than for normal incidence. In this case some
of the charge twansport is off the edge of the
dipole field. This results in a superposition
charge transport having effective ranges long
and short compared to the junction cepth. See
Fig. 4. The result being in a net cancella-
tion of the bias dependence,

CHARGE. DEFECT

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

1., Dead layers due to electrodes.
2., Non-ionizing collision energy losses.
3. Recombination.

For that portion 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.

1f one assumes an ESD operating at low bias and a fully
depleted surface barrier detector each having equiva-
lent recombinaticn lifetimes and resistivities, the ESD
in principle will lose one-quarter as much charge by
recombination as the surface barrier detector. The
reason for this is because in the case of the surface
barrier all of the charge is immediately blocked for a
plasme decay time and in the case of the ESD only abow.t
one-gquarter of the charge is blocked for a diffusion

time. 1In practice, however, since the plasma decay
times are signilicantly shorter than the diffusion, the

net recombination losses are about the same.

SUMMARY

et wom—

The ESD detector design offers the following ad-
vantages:

1. An economical detector.

2. Relatively large areas are possible. Epitax-
ial wafer arcas at the present are < 75 em?,

3. lower rezistivity designs are possible even
when the depletion width is small compared to
the range of the particles detected.

4. The lower resistivity designs are expected to
result in a longer radiation lifetime,

S. The detection of jonization is one involving a
space charge assisted transport (not space
charge limited).
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FIGURE CAPTIONS

Fig. 1. Design of an epitaxial silicon diode (ESD) de-
tector.

Fig. 2. ESD response to fission fragments.

Fig. 3. ESD response to oxygen ions.

Fig. 4. Charge vollection efiliciency as a function of
oxygen ion range and ESD bias.

Fig. ©. Charge collection cfficiency for 92.5 MeV sul-

fur ions as a function of ESD bias.

Fig. 6. Dipole induced transport, schematic mocdel.
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