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EPITAXIAL SILICON SEMICONDUCTOR DETECTORS
PAST DEVELQPMSNTS, FUTURE PROSPEC’lSt

C. R. Gruhn*

ABSTRACT——

A review of the main physical characterist.;s of
epitaxial silicon as it relates to detector develop-
ment is presented. As examples of applicationsre-
sults are presented crn(1) epitaxial silicon avalanche
diodes (ESAD); signal-to-noise,non-linear aspects of
the avalanche gain mechanism, gain-bandwidtnproduct.,
(2) ultrathin epitaxial silicon suzface barrier (ESSB)
detectors, resp.mse to heavy ions, (3) an all-epitaxial
silicon diode (ESD), response to heavy ions, chsrge
transport and charge defect. Future prospects of
epitaxial silicon as it relates to new detector de-
sigws are summarized.

I. INTRODUCTION— .—

The first all ecdtaxial silicon semiconductorde-

tectorsl’2 -were produced in i973. These detectors con-
sisted cf a thin n-type epitaxial layer with a s.chottky
barrier at the surface. The response of these detec-
tors was studied with an alpha source. Since these
first works, a number of >ore complex detector designs
using some! of the unique features that the epitaxial

material allows have been ir.vestigated.
3,4,5

It is the
purpose of this paper to review the performanceand
unique features that these detector designs exhibited.

In part II a review of those physical character-
istics peculiar to the epitaxial silicon as ap,pliedin
detector d,?velopmentis given. In part 111 three ex-
amples of cpitaxial silicon applications are Fresented.
A discussion of the advantages and disadvantagesof the
epitaxial design vs alternative designs IS given. Part
IV is a b:ased view as to the future prospects of epi-
taxial silicon in new detector designs.

II. SOME PHYSIC.lL
CHARACTERISTICSOF EPITAXIAL SILIC’3FJ——

The epitaxial silicon growth process is a crystil
yrowtll process in which the crystal is grown upon a
silicon substrate from a vapor phase containing a CO1;
trolled amount of dopeant. The epitaxial growth rate
is much faster than the diffusion rate of a number of
dopeants. It is for this reason ti.dtlayers having a
uniform rcsistivitycan be realized over the distance
of tens c~fmiczons and relatively sharp boundaries.
Epitaxial layers can also be grown over dlrfused areas
with little auto dcping. The process is not perfect;
in some cases one can have an unwanted impurity from
the substrate autodope the epitaxial layer. This prob-
lem is generally controlled by specifying the quality
of substrate material. ? major reason for considering
epitaxial silicon as a dete.’tormaterial is because it
is .swell developed technology of the semiconductorde-
vice industry and is convnerciallyavailable.

Table I Lists some of the properties of cosunercial-
ly avail&ble epitaxial silicon.

—.
tWork performed under the auspicen of the U.S. Energy
Aesearch and Dcvelopmcht Administration,Contract W-
7405-ENG. 36.

●University of California, Los Alamos Scientific Labor-
at~~, P. 0. Box 1603, Los f+lamos,NM 07545.

Table X

some Properties of
commercially AvailabLe Epiti.xialSilicon

Approximate range of resistivities
available iIiepitaxial layers (*1O*) 1o-2- lo%cm

Boundary definition between epitaxial
layers (varies); sharpest is ~ 1-2 urn

Range of thicknesses available in
epitaxial layers (*lO\) 1-1oo Wn

MSXitaumdiameter of epitaxial silicon
wafers available ‘rJlocm

Typical cost for single epitaxial laye:
on substrate (p - 1.5”), per wafer ~ $15.00

Maxi.muknumber of stacked epitaxial
layers attempted successfully to
date %4

Crystal orientation 2-3” off the
(othe~ orientations are possible) 111 axis

This range of resistiviticsa-,’ailablelends itself to
the design of thin and relatively fast diodes. Both

the ch.=i’qetransit times and dielectric relaxation times
for such diodes can be relatively short. In Table 11 a
list of the correspondingrelaxation times azd maximum
charge transit times for this range of resis:ivities is
given. In addition, the srexirr,umdepletion xicithsand
voltages are iisted for a Scnot~ky barrier diode on n-
type silicon.

Because this range of rrvaistivitiesis factors of
10 to 100 lower than those used in the mor~ conventional
silicon semiconductordetectors, the radiata:n lifetime
is expected to be longer by at least the sara factor.
This is because the signals are realized in a shorter
time ana therefore are less vulnerable to ra&iatirm-
induced lifetime degradation. In addition, t~e greater
impurity densities of the epitaxial materiai will pro-
vide a higher threshcl.1for problems introduced by
radiation-induceddefects or impurities.

Table [1 also indicates a compatibility between the
range of depletion widths and thicknesses available in
the epitaxisl layers. In addition, it shoulcibe pointed

out that a selective etch process has been develaped6
which allows one to ranxwe the substrate but rot the
epitaxial layer. This means that the unifoti.ityin
thickn,.ssof the remaining silicon film is determined
by the epitaxial growth pzocess. Uniformity of thick-
ness of the order of 0.1 urnC*T be realized for the
thinnest .spitaxialfilms.

Because of the highly developed tecjnolcgy in back
of the production of cpitaxial silxcon tbe cost per
wafer is relatively low (~ S15)00/sing’eepit.axialwa-
fer) and the available areas are relatively large
(~7s cm*). Other technologies standardized with the
use of the epitaxial wafer exist. For example, the
photolithographicand monolithic processing associated
with integrated circuit production can be readily ap-
pliad to detector development problems using the stan-
dardized wafers.
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Table II

Resistivity
(n-type)

Inpurity
Concentration

CB

(cm-3)

Oepletion Breakdown
Width Voltage

Dielectric
Relaxation
t-
(ps)

Charge
Transit
Time

(ps) ~

1.0

3.5

6.

22.

35.

150.

250.

1100.

‘B ‘B(0%
(microns) J!QAS9—

6.S X 1017
~017

5 x 1016
~016

5 x 10’s

~015

5 x 10”
~ol*

.04

.10

.18

.60

t.o

4.8

9.0

55.0

.1

.35

.6

2.2

3.5

15.

25.

110.

1.0

4.9

8.0

32.

49.

188.

278.

880.

.C42

.10

.18

.6
.

1.0

4.8

9.0

110.

The fact that one can stack the epitaxial layers as a function of bias by the expression
gives a high degree of design freedom.- The impurity
profile can h tailored tc give a particular field dis-
tribution and therefore charge transport characteris-
tic. ‘rheadvantages of this feature are seen in the
detector design examples given in Part XII.

E=
m%

7%:2[NA.(V+37(1)

‘1

III. EXAMPLES OF APPLICATIONS OF EPITAXIAL
SILICON IN DETECTOR DESIGNS where ia tne width of the p+ re~ion

is the bias required to just deplete the p+
‘o

‘o

‘o

~SAtJ - Epitaxial si~icor, Avalanche Dide 3,4
—— — ———. region

1/2
=w(v/’N

1 0 AO)
and

where

The use of internal arndificat;on in a semicond-

uctor is not particular~j new.
7,8:3,10,11 The moti

vation for including amplificationwithin the ~etectnr
has been twofold, first to improve the signal-to-noise
ratio by amplifying before the ncise sour~es, and sec-
ond to give more signal with less electrnnica. From
the vie~int of improving the signal-to-noiseratio,
the major limitation has bezn with the uniformity of

is the ionized impurity concentrationllAO +
p reqion

‘1
is a temperature dependent constant

in khe

and ‘l-xo is the “reach through” distance

(X1-Xo) = W1((-vo)/NA1)l’23,19
gain across the detector. In the case of the ava-
lanche diode, the uniformity in gain depends upon a-
chieving a uniform high value of the field. This has
been amst easily accomplished using the “reach through

.-

where

It ie

‘Al
is the ionized im~urity
p region.

seen that the precision and

concentration

value of Emx

in the

is de-

Gf ion-
before avalanche” concept of Read.lz, This field sta-
bilization concept depends upon the production of a
thin layer of higher res~stivitymaterial. The three
fabricationtechniques thus far csed for this purpose
have been diffusion, ion implantation (withdiffusion),
and epit.axial.The latter two have L.senshown to give

termined primarily by the areal density, NAO”XO

ized impurities in the p+ region.

E is plotted as a function of reverse bias in
max

Fig. 3.
the greatest uniformity in the field,

3,10
The epitaxial

technique offers somewhat more control in the creation
of the field profile. This is expected to be important
in future developments b~ca~se the energy exchtinge
mechanisms not only depend upe!,the field but also the
field-lengthproduct.

Gain, Uniformity, and Stab-. Some insight with
reuard to the question o-uniformity and stability
can be obtained from the expression relating the gain,
M, to t!rereverse bias, V, relative to the breakdown

bias, VB, for a step junction.
13

EQ92” The design of the ESAD is shown in Fig.
1. The design establishes the P+-p structure (necee-
sary for the field stabilization concept of Aead using
a double epitaxial layer on the p++ substrate. A mesa
(4-nsnin diameter) is etched leading an island of p+-
type epitaxial material (6-urnthick) upon the second
p-type epitaxial layer (30-um thick). A Phosphorous
diffusion yields the n++ layer of l-~’mthick. The over-
all detector area including guard ring is defined by
etching a second mesa of larger diameter than the first.
The p+ region is completely buried, thus lecving the
hi~hest.field regions isolated from the surfaces.

M=
1 (2)

1- (vpB) 2

In our design we nave a step junction up to biaaes which
“reach through.” In teims of the electric field

.
(3)1M-——

()
4

l-+
cr.it

in Fig. 2 the impurity concentrationand electric
field profiles are shown. The maximum field is given

It is now easily seen that the uniformity in gain, M, is
determined by the uniformity of the areal density of

,,1
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i!apurities in

AM
-- = 4.M
M

,,.

the p“’zegirwr,NW” XO. For high gain

&(NAo.xo)

‘Ju)”xcl
(4)

This expression indicates the extreme sensitivity the
uniformity of yair?, fiM/M, has upon nonuniformitiesas-
sociated with the p+ regicn. It is, in fact, for this
probiem that epitaxial growth metho% are so promieing.

In a similar f&shion the dependence of the rrainon
mail temp+sraturechanges is
ing a high value of gain:

AM
AVB AT

T -2.NF .<

AVB .1volts
‘here x-

—atVq=
ec

Thus for this case

1 Am
- “ E=-2”MX 10-3’”CM

Nck.ethat the gain increases
creases,

Gain, Nonlinearities.
4

.— -
linearity ir.the qain is due

fouid from Eq. 2. &SUDl-

[5)

100 volts.

(6)

as the temperature de-

k major cause for e non-
to the space charge limi-

tations of the avalanche. In the det~ction of-the ion-
ization of a charge particle, the space charge reduc-
tion of the field is expected to occur in some propor-
tion of the initial density of ionization. This re-
sults in a reduction of gain and can be accounted by

the modificat.m of expression 3.
14

1K = ——-—
4

()

l-E-FdC. ——
E

cxiL

where ESC is the field due

avalanche.

In the <etection of ~

n

E= ()a~
Sc x

where Wax is the average

(7)

to the space charge iirthe

charge ~article

(8)

energy loss per unit thick-
ness. It is then easily shown that the gain, M, has
the following depe~dence on the deneity of ior,ization:

no
M=

1- (Me-1).4a +:

(9)

where M= is the gain in the limit of zero ionization

a and n are constants that depend upon the mater-
ial and geometkic aspects of the design.

This type of nonlinearity has been confirmed ex-

perirneittally.4In Fig. 4 a spectrum is shown indicat-
ing th. iifferewces in g~irrfor & broad range of den-
sities of ionizztim. T1.isspectrum was taken using
the LASL tandem Van de Graaff and a beam of 15 MeV al-
pha particlea scattering from a CH,N target. The in-

cident.energies were determined from the reaction
kinematics, The kinematics also helned to identify the
peaks with gain and the peaka associated with the

response of the guard stracture (uni~~ gain). Figure
S sham the gain as s function of the average energy
loss and aasymtotic gair:,MO. The data is fit by Sq.
9. The use of the avalanche gain is most favorable for
lightly ionizing particles.

the~~+~h-e: Figure Gshows thereepcmseof
Fe x-rays (S.9 keV). For this particular

spectrum the gain in the avalanche zone was 18. A best
resolution of 1.74 keV (FWtM) has been observed at this
gain. The electronic contribuuons to the noise were
rneasurellby use of a pulser set at 13 keV times the
qa~n. This noise was limited by the high capacitance
of the thin p-eype epitaxial layer (30 urn). In the de-
sign of an x-ray detector using the epitaxial technique
this layer could be at least 3 times thicker. A msxi-
arum nonuniformity in gain was obtained by unfolding the
electronic contributionto the noise, hM/M = 0.177.
Using Q. 4 we see that this infers a mzu.irnumnonuni-
ftil~ity in the lMpUZicy areal &e>*ity of 0.2S%. It
should ales De noted that the pulse hsight of the pul-
ser c.uncides with that expected for a minimum ionizing
particle and a gain of 1S. For this case we then have
a S/N = 9.4 $or minimum ionizing particles. This S/N
does not include the effects of the gain nonunifoznity.

Minimum Ionization Response. The response to min-
imum mnq particles was obtained using the K and L
conversion electrons of ‘07Bi having energies of 375.6
keV and 1049.1 keV respectively. A 1500 u surface bar-
rier (SB) detector was mo,unted behind thfi detector un-
der study and served as a trigger. The nlax:.numenergy
spread in the beam after having passed t:-mwgh the de-
tector undek etudy was less than 30 keV. A;proxirnately
90 kev was lost from the beam in passing the detector
under stuc?y. A differential discriminatorwas set te
accept these two lines (whichwere resolved) and was
used to gate the passing detector signal. In order to
calibrate the system, the response of a 250 u thick SB
detector was measmed. Approximately 90 ke’J was depos-
ited by the 1 MeV electron beam in passirig tt.e 5B de-
tector. The response of the SB detector is seen in
Fig. 7. In the same figure we show the response of tb.e
ESAD to the electron bean. In this case the most prob-
able energy loss wae 12,6 keV and the :aic of the shap-
ing amplifier was redcced by 3 for pur~oses of compari-
son. The gain realized in the avalanche zcne was 2:.
The low channel portion of the spectrum reflects an ar-
tificiallyhigh noise content in as much as triggers as-
sociated with electrons passing the guard ring and out-
side the detector geometry were accepted. !:0 collima-
tic,n was used on the electron beam. The main limita-
tion in the resolution of this spectrum is 5ae to non-
uniformity in gain. From this spectrum a?d Eq. 4 we in-
fer a nonuniformityin the areal density of ionized im-
purities in the first epitaxial layer of 0.24.

Noise. ~ analysis of the noise spectr’.m as a
funct~f gain for the ESAD allows an upper limit to
the dark current flowing Into the avalanche zone, For
this detector the current was les~ than 10-11 ampere/
saa~. Such a low current reflects on &he high quality
of the epitaxial material.

It should also be pointed out that the low resis-
tivity of the eFjtaxial material allows the possibility
of the full utilization of the high gain bandwidth
product (> 100 GHz). Dielectric relaxation is not a
limiting time -onatant.

13SSB- Epitax.ialSilicon Schottky Barrier Detector—.

This type of detector was first introduced by J. P.

Ponpon, P. Siffert, and F. Vazeilla.
1

Additional prop-
erties of the deeign are discussed in the thesis of M.

Tetefort2 and the works of Marjgiore,et al.
15

The basic
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desi~ of the detector is seen in Fig. 8. The thin
silicon film is produced using a selective (impurity
density dependent) etch technique developed b~ R. L.

Meek.6 Because of the selectivity of the etch, the
uniformity of the thin film is determined by the epi-
taxial growth process (10* across a 2-in. diameter
wafer) .

Figure 9 shovs the response to oxygen ions of a
4-Binthick detector fabricated using this technique.

One particularly important feature of such thin
detectors when used to detect densely ionizing par-
ticles is associated with the high fie~d in the space
charge. This f~.eldcan be particularly high at the
edges of the deplet:on region and in some cases can be
the cause of either charge injection and/or ava-

lamche.16 This gives rise to an amplificationof the
signal. The amplification is most likely to be not
uniform. A discussion of this prchlem is given in the

pexr of Ma99iore, et al,
15

where solutions are pro-
posed for surmounting this problem.

ESD - Epitaxial :;iliconDiode

l%is particular device was designed to be an eco-
nomical, large arez, long radiation lifetime, fission
fragment or heavy ion detector, In addition to these
features,the design was seen to have an interesting
charge transport. Figure 10 shows the design. The
main feature is the stacking of the p and n-type epi-
taxial layerc to give c. junction which is approximately
14 pm below the front cmtact. The total junction area
used was 7 cm . The use of such G large area of epi-
t,ixialmaterial again reflects on the quality of the
availablematerial. The use of the lower resistivity
material was expected to give rise to a longer radia-
tion lifetime. This particular design has successfully
been thinned (sukstratercmcved) over entire junction
area using the selective etcl,technique of Meek.6

Fxgure 11 shcws the respo,?seof the detector to a
beam of 52.5-MeV oxygen ions. ‘Thescattered beam was
collimated to an area of 1.8 cm:’. The resolution of
the detector was limited by kinematics. The electronic
contributionto the resolution as measured by the pul-
ser was due to the Nyquist noise a,ldthe large capaci-
tance of the detector. It is importnrrtto note the
very few counts in the tail of the peak. The small
shelf on the lower side of the oxyger.peak is thought
to be due to channeling and/or slit scattering.

‘ Figure 12 r.hewsthe response of the detector to
fission fragments.

In the course of Lhe experiment it was observed
that the charge collection efficiency had an unusual
bias dependence. More charqe was collected at lower
biases. In addition to this fact, for oxygen ions it
was also observed that fnr small depletion widths there
was little, if any, window in the detection of alpha
particles (5.4 MeV). This prompted a more camplete in-
vestigationof the ‘chargecollection efficiency. The
effects were reproducible even when the parameters of
the detector equivalent circuit were changed and/or the
filter time constants. Thue the effect was not believ-
ed to be an artifact of the electronics measurement ap-
paratus.

Figure 13 shows tne efficiency as a function of
the range of oxygen ions and detector bias. l’hemain
featuresof this data are the low efficiencies for
ranges short compared to the location of the junction
and the reversal of the bias dependence as the range
crosses the janction.

Figure 14 shows a more detailed dependence of the
efficiency in detectinr,92.5-MeV sulfur ions (range
% 37 pm) as a function of detector bias. Data was
taken for koth normal incidence and an angle of 45°
with respect to the plane of the junction. The 45”
data were less efficient for all biases and were less
dependent on the bias.

Figure 15 gives a simplified model depicting the
charge trans~rt process which accounts for all the
major features o:-the data. Important to the model are
the followir.qassumptions:

The charge traneport involves &th drift nd dif-
fusion*

the

the

the

and

holes, Jp = epppE - eD
(f)

a
px

electxons, J
()

3n
~~ ‘?UnE + ‘Dn %

..

fiel~ depends upm the space charge

()E a~
= (P-PO)em

- (n-no)

continuity equations

*: P-po P&--— -.
T
P

(lo)

(11)

(12)

(1:)

voltage across the detector is a constant, i.e.,

f
E(X,t) dx = constant (14)

Detector

C3E(X,t)
J(t) = Jp(x,t) + Jn(x,t) + - ~T (15)

the sum of true currents and displacement current is in-
dependent of position.

The charge transport occurs as follows:

1.

2.

3.

4.

The plasma in the depletion region polarizes
such that the field across the depletion region
is driven to zero.

This accumulation of charge at the edges of the
depletion region creates a dipole field such
that the net field between the poles is zero
and the net field extending outward towards the
ccr,tactshas an integral such that the voltage
across the detector remains constant.

Tha charge transport between the poles and the
contacts is dominated by drift.

The charqe transpert in between and out of the
poles is-dominatedby diffusion across a dis-
tance given by the depletion

*Notation from L. P. Hunter, Handbook
Electronics.

width.

of .%micondu<tor

.!:

,



,, ..,,, . . ,..
.. . . .

The charge transyrt is slowest between the ~les
Of the ~ipole (blo;ked region) and it is here where re-
combination is most important. The wider ti]e depiet~on
region (a longer diffusion transport) the greater the
probability for recombinationand inefficiency.

A simplified calculation gives the following ex-
pression for the charge collection efficiency (keeping
in mind that the measurement involves an integral of
image currents):

g(v)

whete the
x 10-* cm

R iS

-0.75 -~fi+ (0.25 +0”5:(v))

exp(-3Tp(V)/?R) (16)

depletion width, W, is given by W = 3.67 V]’2

the range of the particle

andR>>W

the diffusion time, TD

~D=:=336x 10-9v(vo1t*) se=

and~R isthe recombination lifetime.

The gross features of the data in Fiq. 14 are fit-
ted, assu~ng only a recombinationlifeti~e of 2.o x
10-s sec. The 4S” data of Fig. 4 are accounted for by
singilyassuming the particle is off the edge of the di-
pole field. One then ht,sa ~rtion of the transport
with efficiencies as though the range weze short and
portions as though the range were long compared to the
junctiondepth (see l’ig.12). These two portions have
voltage dependencies which tend to cancel.

This nmdel accounts for the features in Fig. 13 as
follows: For the data having ranges long compared to
the junction depth, th? inefficiency is determined by
the charge lost in storage in the blocked-dipole region,
and therefore is least for the smallest depletion width.
For the data having ranges short compare.?to cttejunc-
tion depth, the efficiency is determined by the overlap
of the depletion width with the plasma and therefcre is
greatest for the widest depletion widths.

Iv. FWVJRE PROSPE(TEi

Epitaxial silicon, because it can be made thin,
with low resistivity and with internal amplification,
will offer the following possible important advantages
over other types ,ofdetectors:

1. Small multiple scattering,

2. High spatial resolution,

3. Short response time,

4. Improved particle/heavy ion identification,

5. Improved signal-to-noisein energy and fast
timing measurements, and

6. Longer irradiation lifetime.
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~IGURE CAPTIONS

Schematic design of an eEitaxial silicon ava-
lanche dk?s (ESAD).



Fig. 2. upurity concentrationand electric field
profile for the ESAD.

Fig. 3. Uaximum electric field, E, as a function of
reverse bias, V.

Fig. 4. ESiD spectral response. No collimation.
Seam, lS-MeV alphas. Target, CH2. Detector
angle with respect to beam, 10°.

Pig. 5. ESAD gain, 1!,as a function of the average
energy loss, d~/dX, in the detector.

SsFe ~.ray (5.9 keV) response.Fig. 6. ESAD,

Fig. 7. ESAD, minimum ionization response.

Fig. 9. ESSB (4 @ thick) response to oxygen ions.

Fig. 10. Design of an epitaxial silicon diode (ESD)
de~ector.

Fig. 11. ESD rea~nse to S2.5-MeV oxygen ions.

Fig. 12. ESD response to fission fraqments.

Fig. 13. Charge collection efficiency as a function of
oxygen ion range and ESD bias.

Fig. 14. Charge collection efficiency for 92.5-?@J
sulfur ioM as a function of ESD bias.

Fig. 15. Cipole induced transport, schematic model.

Fig. 8. Design of an epitaxial silicon Schottky bar-
rier detector (ESSB).
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