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INTRODUCTICH

Recent review articles by several authors (e.g. Cibbons, 13468;
Dearnaley, 1969) have pointed out the versatility of the ion implantation
technique as a valuesble tool for altering, in a contrellable mznner, the
physical, chemical, and electrical properties of 2 solid. Ion implantation
seems especially adaptable tc the doping of semiconductors, where the
interesting electrical behavior is céused by extremely small concentraticns
of impurities with variations over very small regions of the crystal. In
diffusion technology, an oxide layer can present serious problems, but it
is possible te implaent through a thin oxide layer. The ideaz of implanting
one type of dopant ion into an opposite type semiconductor substrate seems
advantageous for several reasons. Implantation allows doping at levels
much more shallow than those possible by diffﬁsion technigues. 4lsc the
doping can be more uniform over a large surface area. Damaze produced by
bomberding ions will introduce many trapping centers for the charge
carriers, but in general this damage can be repaired by znnealing zt
temperatures (300-500 ©C) lower than those normally'needed (800-1200 ©C)
to intreduce impurities by diffusion.

¥uch of the attractiveness of implantation stens from the fact that
it is 2 ncon-equilibrium process, which meesns that the maximum local
concentration of the dopant ion species is independent of the chenmical
solubility: In addition the dopant ions may be of any species which can
be produced in en ion source. The large degree of contrel which the
researcher has over the lon energy, as well as his contrcl over substrate
parameters such as temperature and orientation, affords him a hizh degree

of regulation over the penetration depth and concentration profile of the



implanted ions.

The use of ion implantation to fabricate position sensitive particle
detectors offers some attractions over the present methods. Currently
the diede structure of these position sensitive devices is produced by
a surface barrier type diode on the front surface of a thin crystzl. The
rear surfece is then thinly plated with a metal to provide the uniform
resistive layer necessary for yielding a signal sensitive to particle
position.

Lasgsgaard et al {1968) describe a method of producing these detectors
in which the impurities introduced by irmplantation provide botﬁ the p-n
junction and the layer of uniform resistivity on the front surfsce. The
ion implantation techlinique produces devices that are more rugzed than those
using a thin metal film. The surfece film, unless suitsbly protected, will
be suscertible to abrasion and contaminants such as water vapor in tﬁe 7
ambient. An implanted region, since it is beneath the surface, can be
expected o be“more resistant to such effects. By suitebly choosing the
levels of doping, the conductivity across the active region can be varied
within wide 1imits.

Because of the fragility of the surface barrier structure, zny usable
diode thus fabricated must be encepsulated for protection. 3Since this
protective structure is usuzlly formed from evoxy or other plastic materiszl,
it is often not possible to heat the entire unit in order tc enneal out
the radiztion damage produced bty vreolonged use of the detector. With the
more rucged implanted diode it should be 2 simple matter to demount the

crystal and reanresl to repsir wmost of the damage vroduced in use.



BACKGROUND

Eefore considering the specifics of ion implantation, a brief descrip-
ticn will be given of the processes invelved in the stopping of energetic
ions in matter. Both elastic and inelastic interactions btetween the incident
ion and atoms within the target contribute to the stopping of the movin
ion. At larger velocities it is found that electronic excitations absorb
energy from the moving ion and thus give rise to an eiectronic stopping
power. when the ionic velocity is greater than the electrcn velocity in
the K-shell, the ion has a good probsbility of being stripped of all its
electrons. Early theoretical work for this condition was dcne by Zohr (1913},
Bethe (1930), and Bloch {1932). Significart nuclear excitstions occur only
et energies well zbove those normally used for implantaticn so their
contribution can be ignored.

At some intermecdiate velocities, when the ion is no longer fully

stripred, an estimate of the stopping power may be made by assuming zan
effective charge on the ion. Tais effective charge will te dependent upon
the number of positive charges in the nucleii of both the incoming ion and
target atoms, as well as the velocity of the ion. Northeliffe (1963) has
considered the region of validity of this Sethe-Eloch formulse. A somewh:st
different zpproach outlined by Firsov (1959) views each binary collision
as an overlap of electronic orbitals. His treatment is adzptable to toth
low and intermediate velccities.

4% lower velocities screened coulomd forces between nucleii zive rise
to Rutherferd-type scattering. Zlectronic effects, giving a stopping power
in this region approximately properiicnal to ien velocity, (Lindhard, et a

1961) beccme of less importance in stepring the projectile than are the



energy lcsses due to recoiling atoms. Theoretical calculations of this
elastic stopping powsr rely upon the choice of an appropriate screened
nuclear potential. Both the inverse power law and the Thomzs<Ferni
potentizls were considered in the_detailed treatments of stopping by
Lindhard et al, (1963). Figures 1 and 2 are plotsrof the elastic and
inelastic stopping powers for phosphorus and boron ions in siliccn. These
data are taken from tables presented by Johnson and Gibbons (1969). Their
calculations follow the methed of Lindhard, hence are appropriate only for
amorphous targets.

With scme understanding of stopping powers, it beccmes meeninzful to
speakk of ranges of ions within a sclid. These ranges may be defined in
various ways, but will alwsys refer somehow to the distance travelled by
an ion within the crystal before coming to rest somewhere in the lattice.
The term total range is self-explanatory, being the total distance travelled
by the ion in coming to rest. A more useful term is projected range, which
refers to the total renge projected ontec the initiel directicn of the
incident ion. 3Secause no two leons will follow exactly the same path through
the crystal or will suffer exactly the same sequence of collisions, there
will be a statistical spread in the ranges of the ions, leading to range
distributions. The mean square fluctuation in ion range is ususlly called
range straggling.

The first published theoretical work on range energy relatiors,
projected ranges, and straggling in ion rangzes was thst of Lindhard et 21,
(1963). Their work was sprplicable to only amorchous tzrgets in which the
collision events were totally random. They made estimates of stepping
powers, znd from these used numericsl integration techniques to predict

ranges. Using the methods outlined by Lindhard et al, Gibbons and Johnson
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EXPLANATION OF PLATE I
Figure 1 is a plot of the two predominant energy loss mechanisms of phosphorus
ions in silicon as a function of energy of the incident phosphorus ions.

Figure 2 is a similar plot of the electronic and atomic energy losses of boron
ions in silicon.
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have published tabulated values for ranges of numercus ions in a variety of
terget materials. ZIxperiments by Powers et al (1962) aznd Xleinfelder et al
(1668) have shown that the predictions based on Lindhard's work agree well
with observations, if the crystal is so oriented or damaged thzt chan;eling
effects are negligible. Crowder et &l (1969) have reported that profiles in
non-channeled directions can be characterized by nearly the theoretical
Caussien distributions with small tailing effects on the deeper side.

For single crystals such as silicon, Alvager et al (1962) found that many
ions are steered down low index directions. Especially when the beam is
initially incident along one of the low index directions within the crystal,
8 fraction of the ions will suffer only small angle scattering as they are
channeled, never experiencing cleose encounters with the atoms of the host
material., iHence channeled ions may have anomalously large renges. £Lpparently
the first analyticallcalculation of channeling was made using EBohr snd
Born-Mayer potentisls by Lehmenn and Liebfried (1963). The concept of =
string or row of atoms and an associated continuum potential bzsed on the
Thomas-Fermi atomic model was proposed by Lindhard (1965). From this treat-
ment it is possible to determine 2 eritical angie for scettering. This is
the maximum angle off 2 low index direction, for given ions at giver energy,
at which those ions can still be channeled through the crystal. In spite of
the fact that.interatomic potentizls are believed to be well understoed,
there is at present no theory which can accurately predict the ranges of
chenneled ions. Interatomic potentials useful in chammeling calculstions
hzve been proposed by Thomas (1927) and Fermi (1928). Their mcdel is used
to approximate the screened potertial for atems when the separation distance
is larger than the 3Sohr orbit. Nodifications of their method have since teen

devised, and many of these, including numericsl techniques for accurate



determination of collision parameters, have been summarized by Testerman
(1569). ZBecoause of the difficulty in properly integrating the stopping
powers for 21l corientations of the crystal lattice, and in including the
dechanneling contributions to the range distributions, theoreticsl predicticns
of ranges of channeled ions remain inaccurate.

Several methods have been devised tc measure ion ranges. FProbably one
of the more precise techniques is that of anodic stripping, outlined by
Davies et al (1960). This method and adaptstions of it (Dearnaley, 1959)
are most appropriate for use with radicactive tracers. By this means the
radicectivity vresent in successively removed layers gives a determinaticn of
differential range distributions of the implanted radiocactive species. 4
profile of 327 ions in silicon measured in this manner is shown in Zlate IL.
This is an example of the impurity profile obteined when the crystzl is so
oriented that lons are incident in z channeling direction. The peak closer to
the surface is due to the non-channeled ions, and is at the approximete
positicn predicted by estimates for amerys hous targets. The maximum expected
rznge of channeled ions corresponds roughly to the positior of the deeper
reak. Ions dechanneled sometime during the stopping process zre believed Lo
account for the nearly filled-in region between the two peaks.

in semiconductor meterials other methods mey be utilized to determine the
Impurity distribution. One technique (Kleinfelder et 21, 1948) involves
exposing end steining the p-n junction produced by the implantetion of =
donor or acceptor type ion species into the oprosite type substrate. ‘nother
methed is that of repeatedly measuring the sheet resistance as thin layers are
removed from the crystal surfece. EHowever ooth these methods mezsure only

the concentration profile of electrically active dopant ions. This point is

|.J-

sigrificant because generally only a fraction of the implanted impurity ions






EXPLANATION OF PLATE II

The relative beta activity from 32P atoms in successively removed thin layers
from the implanted silicon surface These data are from Dearnaley et al
(1968) and are taken from 110 keV P ions im}j) anted at room temperature
along the <}]0> direction to a dose of 5 x 10°° ions/cm?.
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are electricslly active (Crowder et al, preprint of 1969).

Eriksson et al {1957) have described how the orientaticnel azrnd energy
dependence of backscattered 1 XeV protons and helium atoms mey e uzed to
determine the lattice disorder and location of doﬁant ions within the crystal.
Ir this methed, the less massive probe ions are sent down low index
cryvstallographic directions in the lattice. 4 precise snalysis of the
angular and energy dependence of the backscattered ions can then locate the
impurity icn, as well as give an indication of the amount and extent of the
lattice damege.

Damzpe ceused by the impinging ions may take several forms. Lach
incoming ion will produce a number of vacancies by removing host atoms from
their normal positions within the lattice. Many cther atoms from the host
crystal will be displaced slightly from normel pesitions. £ few of the
stopped ions will have replsced the normal atoms at their reguler lattice
sites. lany atoms will reside in interstitial positions, these being beth
the displzced host atcms and the great majority of incoming ions which come
to rest at non-lattice sites.

Any’form of lattice deamage produced by ion bombardment is usuelly
termed rediation damage. OSince defects in & normal structure produce
abrnormal stresses within the crystal, the energies assccizted with this
lattice distortion will be increzsed over that of the unmodified lattice.
There will be a tendercy for many of these individuzl defects to cluster as
the lettice seeks to revurn to a lower energy stste. Large sczle dislccations
may also result from the massive damege. The clustering of these defects
mey be used to advertage in some Instances. After prolonszed bormbardment
with ions, these clusters can be made to cverlap, thus producin

an essentially

o
<2

amorphous region in the crystzl (lazey, lelson and Zzrnes, 1948). A1l ions
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incident upor such a region will be unzble to see any channels along low index

directions. Hence the ranges of these ions can be expected to follow vary
nearly the theoretical predictions for amorphous targets. &s mesasured by
helium stom backscattering, Davies et al, (1967) heve fourd assccizted with
the disordered region a "milky" appearance of the surface. lelson and
Yazey (19¢8) state that the threshold dese at which this visible damage
occurs is dependent upon crystal temperature during implantstion. 3y their
measurements, this cloudiness seems to appear in room temperature silicon
at a dose of about 10M ions/cm?.

The extensive radiation damage is regarded as the primary disadvsantage
for ion implentation, as it is usuzlly desired to retain a crystzlline
structure which is as near normal as possible, with the introduced impurity
ions residing in substitutionazl sites within the lattice. Since itypicsl
activation energies for migration in crystels are 0.5 eV for veczncies and
0.2 &V for interstitials (Dearnzley, 1969), st 21l but the lowest temper-
atures there will be z tendency for some reordering of the lattice. This
reordering can be greatly ernhenced by anneeling the crystal, a process of
heating the crystal to allow thermal vibrations to assist in the restoration
of the normal structure. Care must be taken io control the enviromment and
to 1imit the temperature during znnealing to prevent significant diffusion
of the impurity atoms.

In the ususl process, anresling is performed in a seperate step,
following the irrlerting crecess: however in meny instances the crystzl
is held at an eleveted temperature to allow significant reordering even
as the iors =zre being injected. In the final distribution, more of th
ions will be fourd to have been charneled when the damaze 1s thus kept to

g minimum. If, on the other hand, it is desired to meximize damace to
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minimize channeling cffects, some researchers (Crouwder et al, preprint of
1969) have held the specimen at low (liquid nitrogen) temperatures while
implanting. They have found that this is a useful procedure tc enhence the
suksecuent electrical activity of the implanted boron.

Tn most work with ion-implanted silicon, the greatest concern is with
electricel activation of the impurities, rather than with only the resto-
raticn of the lattice structure. There seem to be different stages in the
renge of znnesling temperctures at which different rhases of damage regair
occur and at which impurities are rendered electrically active. These many
stzges in the annealing have been discussed in detail (van Bueren, 1540;.
Much of his work was dene with metallic crystals and is perhaps not directl;
zpplicable to silicon. Dearnaley (1969) has stated that in silicon the
aennesling is characterized by the interaction of simple point defects with
other imperfections, principally impurity atoms,-and the behzvior is strengly

dependent u

(]

on the impurity content of the material.

Some reordering of the lattice and migration of defects will occur at
lower temperatures, but true recrystallization seems to begin at sbout
600 °C (Davies et al, 1967). Analysis by electrecn microscope will indicate
many dislccation loops even aflter ireatment ait this temperature. At the

stege where electron microscopy shows no damsge, eleciron paramsgneil

[¢]

resonance, in which transitions are induced between the Zeeman levels of =

o

aramacnetic defect in the crystel, can be used to locate remaining damare
(f2tkins et 21, 1959).

Since the primary purpose of this study was to investizate the
feasivility of making Junction itype particle detectors by ion implantation
in silicon, it is sppropriate te discuss briefly the theory asscciated

- i

with 2 v-n junction. The p-n Jjunction is formed at the interface between



iwo regions in 2 single piece of semiconductor; one region doped predome
inantly with acceptor, the other with mostly donor impurities. In silicon,
donor impurities are those elements which have five electrons in the outer
orbitzl. Since only four elcetrons are needed to complete the normal
silicon type covalent bond, the fifth electron is then relatively free

to move about the lattice. Acceptor type impurities, on the other hand,
are those stoms with only three electrons in the outer orbital, thus bnly
these three electrons are available for bonding in the silicon bond. This
a2bsent electron, or hole, is then relatively mobile within the crystzl
structure.

The electricél properties of a p-n junction will differ from tﬁoée of

normal extrinsic material. 4&s scon as the junction is formed, by diffusicn,

implantation or otherwise, a net diffusion current flows frcm one type

material to the other. This leads to an elecirostatic gotentizl difference
aeross the junction even at eqguilibrium. Becsuse of the higher volume
concentration of electirons in the n-type material, many will diffuse into
the p-type region. ror the same reason, holes move zcross into the n-iype
materisl. ifter having crossed the junction, many cf these carriers
recomoine with the majority carriers in the new host malerial. 3Since very
few of the recombined carriers zre replaced by thermzl excitation from lower
energy levels, the region of the junction becomes deficient in carriers, and
is known as the depletion region. Due to the recombinaticn process, ions
located in the cepletion regicn are nc longer neutralized by an equsl numper
of cerriers of opposite sign. The net result is that in the depietion
regcion, there 1s a net positive charze on the n side of the junction, and =
A

net negative charge on the p side. A potential difference givine rise to an

3]

lectrical field is thus generated in the junction arsa. This electric
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fiold may heve a local value as high as 2 x 101 volts/enm (Smith, 1937).

The form of the energy levels around the junction is shown in Fig. 3.

From the Fipure it can be seen thit the potential difference thus generated
must be somewhat less than the energy band gap of the solid.

The creation of a2 pair of carriers, electron plus hcle; requires zn
average of azbout 3.6 eV in silicon {(Fehl et al, 1969), so the number of
carrier pairs produced by a particle being stopped within the silicon will be
given approximately by E/3.5, where L& is the energy of the incident particle
in eV. The exact number of carriers peirs produced will not be ¥noum
beczuse of the fluctuations and uncertainty in the energy required in an
averege carrier pair creaticn.

The incident ions create ion pairs within the silicon lattice by several
mechanisms. Ion pairs may be produced directly, each creastion taxing sbout
3.6 eV from the moving icn. More frequently, the high velociiy projectiles
dislodge host atoms, setiing them in motion throuszh the lsiiice.

secondary particles are then the most instirumental in forming ion pzirs. In

jo 7

all collisions in which less than about 3.5 eV of energy is trensferre

+

there will not be sufficient energy to form another ion pzir. Znerziss

<

from all those low-cnergy transfer collisions must be dissipated by phonons
in the lattice. The stztistical spread resulting from the uncertzinty of
the exact mechanism of formetion of these secondary projectiles and thelr
subsequent energy loss than gives rise to a fluctuation in the aversge

%

number of ion pairs produced. Since there is an obvicus correlation beiween

nurmoer of carrier pairs and cherze transferred in the exterrsl circuit,
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oppesite type carriers con recombine'or be caught in traps. £&n eleciric
field may be used to "sweep up" the generated carriers before 2 significant
number recombine. The electric field at the depletion reglon serves this
purpese ideally. £n important feature of a p-n junction is that a reverse
bies may be applied. The effect of this reverse bias (which is the prccess
of using an external emf to make the n type material positive with reszect
tc the p type) is to further enhance the formation of a wider depleticn
region and to further recuce the number of current carriers present within
that region. The effect of this applied bias on the electron energy level
is shown in Fig. L.

fpplicaticn of this reverse bias will heve three desirable effects upon
the capzbilities of the detector. TFirst, it will, by decreasing the number
of carriers within the derletion region, decrease the conductivity and hence
reduce the ambient current which gives rise to noise in a detectcr. S3Since
the conductivity of the depletion region is many times lower than that of the
bulk, almost the entire epplied pctential must occur across that depletion
region. Increasing the spplied veltege will increase the efficiency of

e collection, decrease the charge collection time, and also decrease

the varistior in actusl charge collected, for there will be more force on

the carriers within the region. In widening the depletion regicn, that
volume cf the crystezl which is most responsive to detectiion of energzy loss

processes will be increesed. If this depleted region maev te made to extend
nearly to one surface of the crystal, the window of the detecter, that region
which is virtuslly unresrvensive te energy loss processes bacause charze

coliecticn frem ion pairs is sc inefficient there, will ke reduced.
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EXPLANATICON OF PLATE III
FPigure 3 shows the relation of the Fermie level to the conduction and valence
bands in a p~n junction at eguilibrium.

Figure 4 shows the shift in the Fermi level when a reverse bias is applied to
the junctiocn.
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HEISTORY

The history of ion implantation is very short indeed. In 1952 Puszell
Chl &t Bell Labs bombarded point contact silicon junctions with ener
heavy ions and observed some doping effects, which are believed to hzve been
due mainly to the introduced damage centers. The junctions thus bombarded
were cobserved to be photosensitive. L& difference between damaging and doping
effects of implznted ions was observed first by Bredov et al (1960), who
noted a difference between the use of oxygen and nitreogen ionz as donants.
Early patents on the ion implantation process were granted to Chl {1354),

it is ocovicus that

|_1

Shockley (1957), and Hoyer (1958). From their reports,
both Shockley and Moyer were aware of the pessible reed to anneal zfter
implantation to repair much of the introduced damage

Rourke et al (1951) implanied group III and IV elements into silicon
gt about 1C keV., but failed to report on dicde characteristics. The fact
that implanted phesphorus had a doping effect similar to introduction of the
same impurity by diffusion was shown by Llvager and Hansen (1952). They were
successful in producing dicdes for use ss nuclear particle detectors ty

)

implanting pheosphorus icns, then annealing at 400 OC. The concept of

chameling in single crystals weas recognized by 1963. At zbout this same

grow ravidiy.

time interest in the implantation technioue was bteginning to
Farlier devices capltalized on the fact that implantation could rroduce a
uniform concentrzstion of dopant atems in & very thin layer near the surface.
This feature proved useful in ﬁaking particle detectors with very thin
windows, end sclar cells. King et al (1945) report the vroduction of

implanted solar cells cn an industrial scele. Successful particle detectors

have been made by seversl workers, among them Xalbitzer (1947) and Meyer (1953}
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who implanted at relatively low enerpies and annealed at temperatures of
only 300-L00 ©C. leyer reported energy resclution of 16.7 keV for 5.0 eV
alphz particles. Ion implanted position sensitive detectors hsve teen mzde
by Owen et al (1968) and Laegsgaard et &l (1968). Position resolution has
been reported to be as good as 0.2 mm in 2 detector 8§ em long.

Work has also been done on more elaborate devices. ror example th
fabrication of bipolar transistors ertirely by implantation (Herr and Large,’
1968) utilizes the precise control over penetration depth. High frequency
cperation necessary in solid state microwave oscillators requires uniform,
abrupt junctions. The manufacture of ion implanted IMPATT (Impact Avalanche
Transit Time) diodes which can generaste 1.5 watts at 10 GHz has been
repcrted by Mankarious et al (1967).

A group st Ion Physics Corporaticn (Xellett et al, 19€6) has reported

the production of both n-charnel and v-channel FET's. Ussble frequencies
for these devices is reported to extend into the 5 GHz regien. 3ipoler

transistors fabricated by the same grovp, using ion implantation, cshowed

(i'

typical transistor charscteristics, tut had high leakage, roor centacts, and
high collector ssturation resistance.

Cne of the most significant zdventages of ion implantation has been
shoym in the fabrication of 105 FET's. Interelectrode pzrasitic capscitance
hzs been significently reduced in z method described by Bower and Dill (1955%),
ir which the metal gate electrode is used as a mask tec provide avtomatic
reglstration of the electrode structure. The major pert of the drzin and

source electrodes are put in by diffusicn. Then after the gate elecirode

is deposited, implanteztion is used to provide better registrstion of



i more investiga

"5 this intercst ceontinues to grow, and
devieces and techricues can be exrected in the future. ZXlco
antation into insulstors,

meihod, many new
(=Y

v regsearchers ere becoming interested in impl

rman
ide barnd gap meaterizls.
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FREPARATION OF CRYSTALS

U» to this point discussicn hes been only of results reported by cther
investigstors. In this section & short description will be given of the
procedures used in preparing the semrles for implantstion. Ir the following
section, a complete description of the implantzstion apperatus will be given.
The section following thet will outline the testing procedure used to
determine the characteristics of the implanted devices, and a summary will
then be given of the results of those tests.

The substrate crystals to be implanted were provided by Motorola, and

were of three resistivities:

12--15 ohm~-cm n-type
60--100 ohm-cm n-type
5.5==7.0 ohm-cm p-type

211 were 0.0%0 em thick, polished cn ore side with the {111) direction
within 3° ¢f the normal to the crystal surface.

Each two-inch diemeter wafer weas scribed and broken inte recterguler
wafers 0.70 inches wide end 1.L0 inches leong. Extreme care was tzken in
this and 21l subsequent operations to zveoid touching the wefers by hand. 21
handling was dore by plastic or metsl tongs. The crystzls were then cleaned
in ethanol, distilled weter snd warm concentrated nitric zeid. Feor etching,
the crystzls were mounted in simple hcolders fashioned from tygon tubing.
Etching wes done in a 907 solution of CPLA at room temperature.

CPL% is a mixture of:

¢ volumes concerntrated nitric acid
1 volume glacial zcetie zeid
1 volume LOX hydrofluoric acid.

Typical time in the 90% etch was thirty seconds. To avoid exposinz the

o

crystal surfaces to air, large volumes of distilled water were used to

N
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flush the etched wafers. Only after the sclution had been diluted to less
than cne per cent, were the wafers transferred to pure water end rinsed. o
give a smocther surface, transfer was then made to a 75-50% solutien of CELA
where the erystals were left immersed for up to three minutes. £fter firsl
flushing, rinsing and drying, the wafers were mounted for implantaticn.

The mount used for the implantation of these crystzls is shown in
rlate IV. The bedy was machined from lucite one-~half inch in thickneszs.
Stainless steel sheet 0.010" thick sefved as a mask to defire the areas of
the silicon wafers to be exposed to the beams. The silicon slices were
held securely in place by stsirless steel clamps which gripped the edges of
the crystals. These clamps served as the electrical connections to the
silicon and thus provided a means of monitoring the team current during
implantation.

This lucite holder was then zitached to the ernd of a sliding brass
rod which allcwed the holder to be moved and rotated from outside the
vacuw: chamber. Four electricel feed-throughs were wired--orne to esch
cerystel and cne to each of the front and rear metal masks.

Typicelly during implanteztion, the holder could be oriented so that
first a phosphorus besm wes allowed to impinge upen the rear contact area.
This area, whose cross section was one-guarter by one inch, weuld be doped
tec a2 level of zbout 1016 ions/cmz. Then the holder would be rotated and
the two contzct regions of each of the two wafers' front surfaces were

) i ;
26 ions/em?. These contact

implanted with boren ions to a level of about 10
regions were about one-sixteenth by three thirty-secords of an inch in erea
end were positicned approximstely one inch apert on the front surface. A

second

w

liding brass rod could then te used to remove one of the masks,

exposing & cne-quarter by one inch rectanguler aperture thrcugh which boron






EXPLANATION OF PLATE IV

Shewn in the upper figure is the machined lucite bedy in which the crystals
were mounted for implantation. The metal sheets shown below were used
to clamp the crystals in place and to serve as masks to define the area
to be implanted.
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ions were implanted to a dose of aboutb 1012 ions/cmz, thus forming the
"active" region. Icon doses in this active region could be varied to provide
the desired resistence between the two front contacts and a2lso to adjust

the depth ¢f the p-n junction. If the contact regions were to be formed

by evapcration of pure aluminum onto the crystal surfaces, four, ratrer than
two, wafers could be mounted simultenecusly as implantaticn would be used to

define only the zctive area between the two front contacts.

26
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DLFPLANTATION ARZARATUS

in overzll schematic of the ion zccelerator and implentazticn srparatus
is shown in Plate V. The rhysicon model 910 ion source, which i3 of the
oscillating electron type, hos proven to be quite versatile and does an
edequate job of producing beams of singly charged beron and phosphcorus ions
s needed for this project. The few difficulties encountered in using this
source were apparently caused entirely by the selecticn of gases used.

hosphorus pentafluoride served as the source of 3p 5 ions and boron

Q.

trifluveride provided 115 jons. Both these gzses were highly corresive zn
their use necessitated freguent clezning of 211 parts with which they came
into contsct. To minimize gas flew regulaticon problems, a two-liter flask

was eveacusted, then filled itc neerly zstmospheric pressure with the desired

ges from the high pressure cylinders in which they were shipped. & mechanical
rneedle valve then gave sufficient control over the gas fiow from flask to
scurce. it was fcund to be extremely important that there was no centami
nation in the flask. Any residue such as water vepor or a bit of air, weuld

drasticslly affect the performance of the ion source and lezd directly to

i

unstavle, low values of ion current onto the target. The system of lines,

3

velves and contziners used to flush out the gas handling system is showm in

pellman power supply

1y
5]

Lecelerating voltage for the ions was provided by

whose output was verieble up to 150 kXV. A series str of fifteer 130 Yegohm

U‘?

resistors was cornected between the hish voltage Faradzy cage snd ground.:
This string could be tapped at any juncticn of adjscent resistors and the
eppropriste voltsges could thus be applied te the accelersting electrodes.

Tne lens system was thus formed from the seven individusl aluminum electrodes






EXPLANATION OF PLATE V

This schematic shows the arrangement of equipment needed for a typical
implantation system.
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EXPLANATION OF PLATE VI

Detail of the gas handling system used to provide boron trifluoride or
phosphorus pentaflucride for the ion source.
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and lucite insulators.
#ithin the high voltage Feradoy cage, a vUrlablc 0--20 ¥Y negstive pouaer

supply provided a selectable voltage to the first of these electredes, the
extractor, which was of greatest importence in the beam focusing. Nounted
in an ecuiprment rack within the Faredsy cage were power supplies which
provided current for the filament, discherge arc and source megnet. GCas
cylincers and reservoir flasks with precision.needle velves were also mounted
within this eguipment rack. Demote contrcl for 211 these supplies and valves
wes provided by nylon centrel rods extending from the contrcl shafts threough
a grounded protective cage which completely surrourded the high veoltace
terminal. The only access gate to the hich voltege arez was interlocked
with the high voltage supp;y to provide perscnnel protection.

Becsuse of the large amount of heat generzted by the ogerating ion source,
it was necessary to employ a heat exchanger. Trensforrer oil (to previde high
voltege isolation) was pumped through cooling coils in the body of the source.
This circulating oil was in turn cooled by cold tap water in a simple hezt
exchanger.,

Fass enalysis of the zccelerated beam was accomplished ty deflection at

a 25° angle by an eleciromagnet znd well-regulated power supply system made
by Hdigh Voltage Engineering Corporation. At distasnces of srproximately 30 cm

end 52 cm behind the megnet were ports for mounting collimetinz slits of
cesired shepe snd size. The intention was to use apertures zs large as
possible to allow meximum beam intensity, vet small enough thst saiisfactory

o

beam purity wes provided by eliminating essentially all urnwanted ion species,

N

4 sirplified explanetion of this mass separation technique mizht oroceed as

follows:



The forece on a
field is given by:

F = Bgv where

The result is a circular trajectory, with a radius

Since for the usual type znalyzer system, the radius

must have:

mi = k3%

33

charged particle moving through a transverse magnetic

B = megnetic field strength
g = charge on particle
v = velocity of particle

given by:

= mess of particle
= gnergy of particle

fot =

is fixed by geometry, we

where ¥ is a constant of the system

To get an estimate of the separatiorn of nearly equal masses at the

defining slit, consider the usual sector tyre magnet separation system.
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is neerly equel for adjecert messes.

Then:

So the separztior of nezrly ecual masses at the

slit

/"

first approximation, assume that the particle peth (L) thrcugh the magnet

is
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The two ccllimating slits following the magnei thus served to define

ize of the iorn beam. When scenning through the variocus accelerated ion
g ; b : .

masses, it was found that the cerben peak (*26) was usuzlly of cecmparzble
s i i 2 » 1y 16n .. o

size to the borecn beam. Considerable amounts of “Hhy and ~%0p would often
be present to give trouble in selecting the 31 joms. 2y using the mass

separation formula given earlier, the separation of the mass 31 and 32 tveams

an be caleculated to be 0.16 inch at the second slit. Apertures as large as

(¢]

cne-gizhth inch diameter cculd then be used to give adequete seversiion of
these adjacent peaks. After choosing these slits to cobtain adecuate mass

eperation, there was difficulty in obtaining a spot size larger thaen one

7]

quarter inch diameter at the crystal. Because of uh° small size and the
presumed non-uniform current dersity over this areza, twe pairs of electro-
tatic deflection plates were located just behind the last collimating
aperture. To facilitate the highest uniformity in doping over the entire
surface of the expcsed crystal, the beam was scanned linearly over en area

m

which extended well beyond the exposed crystal. Triangular waveforms of
variable voltage were applied to horizontal and vertical pairs of deflaction
plates. A frequency of 20 Hz was used for verticel motion of the beam, znd
a non-phased 400 Hz signsl provided horizontal motion.

The crystel holder itself was mounted about 52 inches behind the last

collimator and 35 inches bshind the last deflection plate. A gate valve near

o

.

the crystal mount geve en zir lock capability, allowing the removal zn
iy Y!
mounting of crystals by venting ornly a small portion of the vscuum chamber.
Following implantetiorn, the crystals were ready for either annealing or

contact formetion.
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After being implanted, the crystals were prepared for electrical testing.
For most of the tests, an aluminum film was evaporaied onto the crystal
surface to facilitate the formation of @ contact to the implanted silicon.
High purity aluminum wire was used as the source of contact material. 4
short length (sbout one inch) of this wire was placed inside the coils of 2
tungsten filament whlch‘was then heated in vacuum by the passage of a current.
wWhen melted, the aluminum would alloy to the tungsten. Turther heating
caused this alloyed aluminum tc evaperate cff onto the exposed areas of the
crystals., This contact formaticn wos accomplished inside a Veece model 776
evaporator at a ususl pressure of less than 3 x 10'6 Torr.

Well aligned stainless steel mesks (0.010" thickness) were used to erpose
only that portion of the crystal onto which aluminum was to be evaporated. Io
HEClal cleaning procedures were used on the surfaces between the implanting

end evaporating steps. Cnly z few of the contacts formed in this manner
Tailed to exhibit ohmic charscteristics, but perheps the failure of thcse few
could be attributed to the presence of some surface contamination. XNo
definite attempt was made to determine the thickness of the evaporatea
aluminum £ilm, although a crude estimate could be'made by otserving the
opacity of the film deposited on 2 glass microscope slide placed adijacent to
the crystels during evaporation. The method led to en estimated film
thickness of about 1000 £.

Innealing of the implanted silicen chips was done inside & three-quarier
inch I. D. quartz tube which in turn was inserted intc a2 cylindrical oven. 4

flow of gas such as argon or nitrogen could be circulated through the quartz

tube, or alternatively, a vacuum (pressure of about 2 x 10-8 T Terr) could be



maintained during the snnealing process. Annealing temperatures were
monitored by means of an iron-constatan thermoccuple. The reference
junction was in an ice bath and thermoelectric voltages were measured with
an electrometer. The temperature calibraticn used for the iron-constatan
thermoccuple was 17.98 °C/mV.

For the electrical tests performed on the completed diode structures,
the crystals were mounted in holders made of Vespel. Vespel is a trade name
for a specisl machinable plastic made by Du Font. The tweo halves of this
plastic unit clamped over the silicon wavers and held the spring-loaded
beryllium-copper probes securely in place at the proper position on the
crystal surfaces., In nearly all tests, this holder was mounted inside a
chamber pumped down to a pressure of a2 few microns of Hg by a mechanical
punp. Eight electrical feed-throughs were provided tec connect to the contact
wires. Two probes positioned about one mm apart made centact on each of the
two front contact areas. This arrangement zllowed the determination of the
resistance associated with the ceontacts only, independent of bulk semi-
conducter effects. 4 total of four prcbes made corntact to the rear surface
of the crystal. Laving these.eight separate contacts permitted the measure-
ment of contact resistance, active area resistance {effectively sheet
resistence) and current-voltage characteristics of the dicde structure.

With the associated metal shields in position, the same holder could be used
for particle detection if the crystel was used in tne particle delector

mnede.

3

A few difficulties were observed in the process of preparing and
implanting the silicon crysitals. Scme of the more common problems will be
mentioned in the following. A few of the erystals were slightly damased

in the etch process. OCeccasionally pits would form on the silicon surface



where the CFLA etchant sol:" .on attacked‘more vigorously. It was empiricslly
notad that there seemed to 1 optimum concentrat’ :~ for the CELA at

which the best polish was pu. cn the surface. At room temperature, this
scemed to be about a 75% solution. If the etch process proc.zded either toc
fast or too slowly, irregularities were more likely to form on the surface.
Several times trouble was noted whenever a new mixture of CFLA was used.

The three acids would be mixed well by agitation, but it seemed to be
necessary to alleow the mixture to stand for some time before use. Failure
to a2llow the CPLA to stand for at least a hzlf-hcour seemed to result
in#ariably in a discoloration of the silicon surface. A smooth flat surface
on the wafer to be implanted was highly desirable as the concentration of
implanted impurities could be expected to follow very closely the topography
of the surfsce. For optimum detector performance, especially under reverse
bias, the p-n junction should be as flat and as uniform as possible.

The use of two separate slits behind the mass analyzing magnet was not a
necessity for serarating the different icn species. However the use of these
two apertures, rather than only one, defined a single trajectory thrcugh the
magnet which the ions could follow. Alsc it limits the divergence of the
ions and thus permits a more uniform scan on the crystal. The use of the
two slits became especially important since our system was run with ne
defining aperture zhead of the analyzing maznet. In the usual tune-up
vrocedure, the desired icn beam would be maximized through the first
aperture, then source parameters and deflection magnet would be varied until
2 maximum of that beam was then passing through the second sperture. This
simple procedure would assure that a maxinum beam of highest purity would
strike the mounted crystal and that the scanning pattern could be centered.

In the mass analysis, occasional difficulty would be encountered in

27
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positively identifying which mass lon was passing through the slit syzten.
Eventually a technique was worked out which gave a high certainty of resulte.
A voltmeter connected to a hall probe sengor in the mass znalyzing magnet
ailowed the operator to accurately determine the mass ratios of all separated
and detected species. Comparison of the relative magnitudes of these varicus
ion currents could then identify these masses. In the case of boron, which
has two predominant isotopes, this method was quite reliable. About 80 %

of natural boron has a mass of eleven amu, while the other 20f has a mess of
ten amu. The ratio of the boron ion beams at masses eleven and ten would

be in the same ratio as the natural sbundances of these two isotopes, L:l.
Mass twelve carbon ions and mass nineteen fluorine ions would always te
present also to serve as calibration points. Positive identification of the
31F ions was somewhat more difficult, because of the comparable magnitudes

of the 1hN2 and 1602 bteams. The only reliable technique found was that of
scanning through sll masses with and without phosphorus in the ion source.
Cnly the megnitude of the phosphorus icn beam would charnge drastically in
this process.

The current measured on the siliccn wafer during ion bombardment would
be in error by an amount equal to the secondary electron current. Comparisons
of mezsurements made on a shielded Faraday cup, as well as noting the effects
of aprlying bias to the shield in front of the crystal surfaces indicated
thet the secondary electron yield for 60 keV boron ions on silicon would be
gbout 1.2 (i.e. 1.2 ejected electrons for each incident ion). Because of
the relatively large crystal area exposed to the beam, it was considered
impractical to attempt to totally inhibit all secondary electron emission.
Instead, the shield immedizstely in front of the crystsl surface was run at

ground potential, and the value of current a2s measured by the electrometer



was divided by two. This procedure was believed to give an accuracy of zoout
30%; and in view of previous measurements could be expected to be in error
by less than a facteor of two.

L persistent problem was that of annoyingly low beam currents. rGenerally
the maximum obtainable boron beam was about 100 nano amps. After the
scanning system spread this amount evenly over the crystal mask, cnly about
cne-twentieth that amount would strike the crystal surface, so typical

operating ion beams were five nano amgs on each wafer.



RESULTS

& total of fifty samples for implantation study were cleaved to 0.7 by
1.y inch rectangular size from the silicon wafers supplied by the Mctorola
Semiconductor Froduct Division. These were rﬁn through varicus stages of
preparaticn and testing. After having been cleaved, each crystal was run
through the steps of cleaning, etching, implanting, annealing, contact
formation and testing. After initial testing, some wafers were then run

again through some of those steps as well as additional surface treatments.

LU

Frimary concern during the entire progrem was to produce devices showing

acceptable diode characteristics. Then later, those with dicde preoperties
were to be tested as particle detectors. IHowever very early in the testing
procedure it was observed that there wes difficulty in preducing ohmie
contacts at the point where the metzl conductors made contact with the
silicon. For sdme reason not understcod at present, contacts mede either
by using a heavy (high dose) implantation, or by deposition of an aluminum

film never did form perfectly ohmic contacts with the silicon. Ferhass

a different form of surfzce treatment from what was used could have modified

the surface states of the silicon sufficierntly that ochmic contacts cculd have

been formed. At present there is no assurance that the wzfers would have
been useful detectors if only the contacts were ohmic, but at least they
could have been expected to show diode characteristics at the p-n juncticn
formed by the implanted impurities.

In the following, a discussion will be given of the results of tests
performed on the crystals. Censiderable time was spent on those devices
having implanted contact areas in investigating the resistive or diode

properties of the junction btetween the metzl and the silicon.
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If only pressure contacts werc used, the dicde properties of the metal-
semiconductor interface would completely cbscure any diode guelities which
may have existed at the junction within the bulk material. The next step
was to fuse or "wipe" adjacent contacts by momentarily passirg relzstively
large currents through them. It was found that a-c worked best for this and
that a current of nearly 90 mi was ususlly needed to procduce contacts which
no lenger showed diode properties. Zven in those cases when the current
between adjacent contacts.was nearly preoportional to the zpplied volteze,
the resistence associeted with the contacts remained so high (about 15 X ohms)
that it could effectively mask the resistance across the front active area.

The effect of various values of fusing current on the forward-reverse
characteristics of crystal #b is shown in Plate VII, Such behavior wss
fairly typical of several of the crystals treated in similar menner. It is
easily seen that all apparent diode preperties disappeared when higher
currents were used. Current-voltage measurements frem implzanted region to
bulk indicated thet what should have been a p-n junction was perfectly
ohmic in both directions! If indeed the junction had been cresent within the
siliceon semple, there should have been leakare currents of less than one
micreamp even with seversl volts reverse bizs. The observed behavicr led to
speculation that perhaps the implanted contacts on the front surface were
extending beyond the implanted active region and that the current was thus
bypassing the implanted jﬁnction. Still no explanation could be given as to
why no junction could be seen between the implanted ccntacts and the n type
bulk material.

Since the difficulty with such contacts seemed to occur just at the
metel-semiconductor interface, it waé decided to try evaporating metsal onto

the implanted region. It was hoped that the much larger area of contact






EXPLANATION OF PLATE VII

Graphs showing the effect of fusing current on the electrical properties
between front and rear contacts on crystal # 4. The first graph shows
the characteristics found with no fusing current--pressure contacts only.
The second was taken after a fusing current of 37 mA was used between
adjacent contacts. The third, showing nearly ohmic behavior occurred
after a fusing current of 88 maA.
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would permit a lew resistance ohmic contact with the doped semiconductor
material. Also the spring-loaded contzct probes could be expected to maxe zn
excellent contact with the evaporated metal. Aluminum was chesen for it
could be evapcrated easily and was available in a high purity (0.99993)
form. The evaporating procedure has been described in zn earlier section,
so only the test results will be mentioned here. With the aluminum films
now sgrving as the contact areas, it was no longer necessary to attemﬁt
fusing of adjacent contact wires, for resistances from one point tc ancther
o the same film were of the order of one ohm.

To facilitete faster checking of dicde properties, the complete series
of current-voltagé readings was omitted and resistances between various
contacts were checked with a Simpson VOM model 260. Some error was expected
from this limited test procedure, but this method should still heve given an
indication of contact resistance, impedance ecross front active area, and
would indicate if the junction formed by the implanted icns was onmic or

showed some dicde properties.

"

Y=

=
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complete description of the results of tests on a2ll the devices will
nct be given. Instead, detailed descriptions are given for only a few
properties of some of the implanted crystals. Those chosen will represent
typical behevier of specislly interesting results. A non-detziled summary
of 2811 crystsls tested is given in Table I.

On the first two crystals with evaporated aluminum contacis, only the
Iront contacts were put on the first time. Heasurements made on those were
sufficiently promising to justify an expanded series of tests on more such
contacts. Crystzl #1L was the first to have 2 complete set of evaporated
contacts. Tests on it indicated some unwanted poclarity effects in the

measured resistences on the contacts, as well as perfectly onmic behavior
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EXPLANATICN OF TABLE I

Explanation of column headings:

crystal #

doping level

anneal
temperature

contact
resistance

diode
properties

refers to the identification number assigned to that
crystal.

gives the number of ions implanted per square centimeter
onto the exposed crystal surface. This number was based
on a correction of the measured charge deposited on the
silicon during implantation. The number following the
hyphen gives the energy of the incident ions in keV.

the letter indicates the environment in which the crystals
were heated. "v" indicates low pressure (about 2 x 10-6
Torr). "a" indicates an inert gas atmosphere. The
maximum temperature to which the implanted wafers were
raised is indicated also, in units of degrees centigrade.
"i" indicates contact areas put in by a high dose
implantation (about 1016 ions/cm?)

"e" indicates that the contacts were made by evaporation
of high purity aluminum onto the specifies areas.

The numbers give typical values for measured resistances
between adjacent contacts. In the case of implanted
contact areas, this value was measured after contact
fusing.

This indicates the resistance measured in both directions
from front contacts to the rear contacts. If no diode
characteristics were seen at all, it is designated
"ohmic", followed by the approximate value of this
measured resistance. For units which showed diode
properties, two methods have been used: two resistances
indicate respectively the measured forward and reverse
values of resistance. If the implanted crystal was
indeed a reasonably good diode, then the words abrupt
or soft to indicate an abrupt or slow reverse breakdown,
are followed by numbers which indicate the approximate
voltage at which breakdown accurred.



TABLE I

SUMMARY OF RESULTS ON IMPLANTED WAFERS

doping anneal contact diode
orytal 3 BYPe  javel temp res properties
1 n 1.0-60 a-490 i-20K 140X-330K
a-615 20K-80K
2 n 1.0-60 a-490 i-20K 100K-2Meg
a-615 1.1K 1.7K~-30K
3 70n 0.72-50 a-480 i-50K 60Meg-1Meg
a-550 broken
4 l4n 1.7-50 a-480 i-11K 13Meg-2Meg
a-550 i-100K chmic-13K
s l4n e 15-100 chms
6 70n e-1.0K 33K-5Meg
7 70n surface damaged in etch.
8 70n 0.3-60 v=-460 e
9 70n 0.2-25
0.1-60 a-450 i-3.0K chmic-30K
v=550 12K ohmic=-20K
10 70n e 2.8K-4.0K
11 70n surface damaged in etch.
12 l4n 0.3-60 v=-4860 €-80 ohm ohmic=0.5K
13 l4n . 114-60 v-530 electron micrographs
14 l4n Q.2-25
0.1-60 a-450
0.2-60 a-460 i=-30K ohmic-14K
e=1.4 200K~-50K
15 6p 0.3-60 v=320 . e=4.0 10K-1.1Meg
16 6p 0.3-60 e broken
17 6p 0.4~-60 e
18 6p 0.4-60 v=320 e-0.2 650K~-80K
19 6p surface damaged in etch
20 ldn surface damaged in etch
21 l4n 0.3-60 v=-320 e=20 abrupt-14
8.0-60 e-5.0 20K-12Meg
22 70n 0. 3-860 v=-320 e-0.3 ohmic-60 ohm

0.9K~3.6K
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TABLE I (continued)

c tal & Evpe doping anneal contact diode
rysta YP level temp res properties
24 70n 10-60 e 10X-650K
25 70n 0.9-60
0.3-25 v-310 e-1.2 ohmic-100 ohm
26 70n 0.9-60
0.3-25 v=-310 e-1.0 ohmic-2.0K
a=-680 e=3.0K 20K-170K
27 70n 0.9-60
0.3-25 v=-310 e abrupt-10
8.0-60 2.0 10K-800K
a-680 1.5K 14K-100K
28 70n 0.9-60
0.3-25 v=-360 e-2.0 ohmic-300
a-680 3.0K 30K-120K
29 ldn 0.2-25
0.8-60 v=310 e broken
30 lin 0.2-25
0.8-60 v-310 e-0.8 abrupt-10
31 l4n 0.2-25 _
0.8-60 v-310 e=2.0 soft-6
32 l4n 0.2-25
0.8-60 v-360 e-1l.5 ohmic-50 chms
33 6p 0.3-60
0.6-25 v=-310 e ohmic
34 6p 0.3-60
0.6-25 v=-310 e
35 6p 0.6-60
0.6-25 e-1.0 180K~-1. 3Meg
v-310 e-1.0 2.0K-57K
36 6p 0.6-60
0.6-25 v=-360 e~1l.4 1.5Meg-100Meg
16K-400K
40 70n 10-60 v=-445 e-1.2 1.5K-1.1K
41 l4n 7.6-60 v=-445 e-1.0 chmic-150
42 ldn 7.6-60 v—-445 e=1.0 5.0K=-100K
43 70n 16.8-60 e=-1.0 broken
44 70n 16.8-60 e-0.8 ohmic-1.2K

45 ldn damaged in etch
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TARBLE I (continued)

doping anneal contact diode
i e d type level temp - res properties
46 l4n damaged in etch
47 70n 1.5-45 a-900 e-1l.1 5.5K-2.1K
48 70n 1.5-45 a-900 e-1l.2 8.3K~-2.8K
49 70n 1.0-45 a~-900 e-1.2 chmic-7.5K

50 70n 1.0-45 a-900 e-1l.4 4.5K-3.0K
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from front to back across what should have been an implanted juncticn. Zome
extra care had been taken when making the metal mask through which 2luminum
was evoporated onto the faces of the crystals to ensure that the evaporated
aluminum indeed was positioned on the implanted region and did not extend
ontc the unimplanted bulk silicon.

h test chip (erystal }6) was etched, but was neither implanted nor
annealed before depositicn of contacts. Tests made on it showed some very
definite diode behavieor (Fig. 5). This effect was an absolute indicaiion
that extreme care would have to be evercised to insure that the charzcteristics
of any metal-semiconductor interface would not be misteken for the implanted
Junetion within the bulk.

Some of the p type substrztes were implanted with phosphorus ions in an
attempt to see if a definite junction could be seen in them. £11 those
tested were either perfectly ohmic or, if they showed some polarity, had
lezkege currents far too large (2 ud at 0.1 V) to permit use as dicdes.

Finally cne of the 12--15 ohm-cm n type wafers (21) showed some
characteristics which were beginning to look reasonavle. The active zresa on
fhis sample was implanted at a level of only about ! x 1012 ions/cm2. First
tests on this crystal were run imrmedistely after contacts were leid on, and
before any annealing. Forward-reverse resistances as measured br the VO
were 15 k ohms and 2 Megohms. I-V characteristics showed a2 soft reverse

-

treskdown at sbout & velts. After anneesling st 320 9C, further tests were

A

run. 4 shoerper breakdown was observed then, and at 1l rather tharn 4 velts.
I-V curves for both before and after annealing are shown in Fig. 6.
Crystal 22 was treated identically to #21, except that it was annealed

vefore deposition of contacts. It shewed s very accentable 15-20 k ohms

across the front resistive region, but only 60 chms for both polarities from
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EXPLANATION OF PLATE VIII

Figure 5 shows data taken from an unimplanted, unannealed wafer (crystal # 6)
on which aluminum contacts had been evaporated immediately after etching.

Figure 6 was made from data taken on crystal # 2] before and after annealing,
showing the formation of an apparently good diode.



PLATE NI

FIG. &



either contact on the front té the rear contact area.

Since crystal {21 showed some premise by having acceptable dicde
properties, numbers 25-32 were prepared in z similar manner. llumbers 25-28
were deped with 115 ions to a level of 9 x 1012 ions/cm2 at 60 keV and
3 x 1012 at 25 keV. Crystals 29-33 were similarly doped to levels of
2 x 1012 at 25 keV and § x 1012 at 60 keV. HNumbers 28 and 22 were anrezled
at 350 OC before contacts were put on. Both were perfectly ohmic in both
directicns in tests made between front and rear contacts.

Contacts were put onto the cther wafers before the annealing stage.

Mamber 31 showed some slight diode preperties on the VCIM, but drew nearly

two micrecamps with a voltage drop of only 50 mV reverse.bias. The behavior
of #27 was very similar. Similar behavior was noticed for £30 with reverse
breakdown occurring st 10 v. Numbers 25 and 26 again showed chmic prozerties
between front and resr contacts.

The next step was to test some of those four diodes as particle detectors.
in Ehlﬁm source was used to provide 5.L8 eV alpha particles. Fulses from
these detectors were run into an ADC, then into a muliichanrel anzlyzer.
knalysis of the FKCA could give some indicetion of the noise and resclution
associated with the detectors.

A major problem was observed when the completed devices were used as
detectors; this was that the counting rate of pulses reaching the analyzer
was too low to be very useful. MKost importantly, the count rate was much
lower than was to be expected from the geometry used snd the emission rate
of the calibrated slpha source. It was noted that the count rate wzs highly
dependent upon the position of the alpha scurce with respect to the detector,
so 1t was assumed that the alpha emission was merely anisotropic. Further

decepticn wes provided when z new commercial surfece barrier detector zlso



irdieated & lower than expected count rate. Later tests on thiz some 2lpha
source established that the emission was indeed near normal and much higher
than had previously been observed.

Verification of the fact that the alpha source was calibrated correctly
meant that only az portion of the active area on the crystal surfzce was
responsive to particles. Later tests performed by masking porticns of that
area then established that the only responsive region was either the metal
film contacts, or the active arez immediately adjacent.

In a test separate from the electrical ones described, the eleciron
microscope was used to look for surface damage of the silicon caused by 2
high-dose implantation. A thin platinum carbon film was evaporated at sbout
& L5° angle onto the surface of waver $13. A very dilute mixture of CPLA
was used to float the film off the silicon surface onto a2 corper rmesh which

was subsequently pesiticned in the electron beam within the microscope. The

3

reparation of this crystal and the use of the microscope was direcied by
Ir. Derek Stirland.
Figures 7-10 show photcs made from four regions of the silicon surface.

-
Iy

Fo large scale demege is visible in the Fig. 7, made from an unimplanted
regicn. Light damage is seen in Figs. 8 and 9, but the relatively lerge
dismeter (0.21)1) spots are almost certzinly due to causes other than
impiantation, probably damage introduced during etching. 4n entirely
different topography is shown in Fig. 10. This region showed massive damage,
et least some of which may have been due to implantztion. This work was not

pursued further, as the study of damage effects was not a part of this

LTOgrame.
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EXPLANATION OF PLATE IX
Transmission electron micrographs of platinum carbon replicas taken from the
surface of silicon wafer # ]3. {(magnification 38,000)
Figure 7. Electron micrograph from unimplanted region.

Pigure 8. From the implanted region of the silicon. Features shown are
probably due to pits formed during an etch process.
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EXPLANATION OF PLATE X
Transmission electron micrographs of heavily implanted region of silicon
made by using platinum carbon replicas with 38,000 magnification.
Figure 9. Damage regions due to etching.

Figure ]0. Region showing extensive surface damage, perhaps due in part
to the high dose phosphorus implantation.
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CONCLUSION

From the results of tests performed on the implanted samples, it seemed
quite likely thet all the diocde effects which were seen resulied from contact
effects. at the metal-semiconductor interface. 4£Also there was no assurance
that pulses seen when the wafers were used as particle detecters srcse from a
Junction within the bulk rather than from a surface barrier type dicde formed
by the deposited aluminum film. Apparently the p-n junction, which must
exist dve to the implanted impurities, was being by-passed or shunted in
resistance measurements made vetween front and rear contact esreas on tre
wafer. This would seen to be the only possible explanaticn as to why front-to-
back measurements could indicate ohmic prcperties end no dicde charzcteristics
whatever.

The fact that different concentrations of implented impurities made no
detecteble chznge in the properties is probably further procf that the true
p-n junction was not being seen. Differing annealing temperstures, which
could be expected to cause different fractions of the implented atems to ve
rencdered electrically active, zlsc produced no significant changes. OCne
observed property which indicated the metal-semiconductor contacts as
troublemekers was that ammealing before contacts were made invariably
resulted in ohmic properties on the crystal. Theronly samples which showed
even traces of diode characteristics were scme of these which had had
contacts deposited before annealing. If the bulk p-n junction were being
otserved, the order of performance of those two steps would have been
expected tc make no difference. A change in surface properties of the silicon
when the wafer was heated after depcsition of metal could perhaps account for

some of the diode properties seen.
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Had the implanted active srea been responsive to particles, the heigh

o

b

of pulses from one end of the front regicn could be expected to be somewnai
dependent upon the pesition at which that particle struck this area. Yo
such variation in pulse height was scen.

In some work which was done concurrently with the research repcried here,
idertical silicon wafers were inmplanted tc a dose of 2 x 101k ions/cm2 with
60 keV beron ions. Those implanted crystals were subsequently sent back to
the Motorola Semiconductor rroducts Division in Fhoenix. There they were
run through the steps normzlly used tc fabricate high frequency bipolar
transistors, with the implanted region serving as the base in the treﬁsistor
structure. levice yield from the scribed wafers was reported to be about 155,
just slightly lower than usual for similar devices made entirely by diffusion.
Preguency response cn some of these transistors was reported to extend into
the 5 GHz region.l Reverse voltege breskdowns went as high as LO velts.

The success of those devices should establish that the semiconducior
materiel used as a substrate for implezntation was not at fauvlt. Perhaps thet

h &

Q

wes not really truve, as there has been some speculation that having su

larece srea (1.5 cm) junction, lowers to near zero the probability of findin
g J ) J J

o

a successful junction. Zven a very tiny "bad" region in the crystal cculd
effectively short out the junction. Typical active areas on mecst common
devices is a sgquare 0 to 100 mils on a side. With them, the yield of gocd
devices from a large wafer is slmost never 100%. At least there is evidence
that the boron implantation itseif is not te blzme for the failure of the
diode. It is believe& that instead the problen must lie somewhere in the
steps of amnealing, contact formation, or cther treatment.

rrobebly the most encoursging sign from any of the tests on the crystals

came when testing the photosensitivity on crystal #2. This was one of the
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last tests performed on any of the implanted wafers and ceme after the

L

evaporated sluminum contactsrhad been removed by NHhCH. After & very light
etch to remove a thin layer from the surface, contacts were fused onto the
exposed heavily implanted regicns. As had been noted before, ohmic contacts
were very difficult to form, but on those that were ohmic, the photo-
sensitivity was observed to extend over the entire implanted active regicn of
the crystal surface, and was not limited to the contact areas. Even then

the observed electrical diode behavior vetween front and rear was poor. When
Tusing the contacts, it was difficult to obtain reproducibility or to form
ohmic contacts with less than abeout 20K chms resistance.

If the junction did indeed exist within the bulk, it must be assumed that
neither the implanted nor the evaporated contacts were "touching" the implantied
active area. When attempts were made to fuse contacts onto the heavily
implanted regions, it is possible that damage was introduced irnto the crystal
which then destroyed the junction in the bvlk. However there should have
been no damage czused by the evaporated contacts, and some of them shovwed
chmic preperties from front to rear.

It is thus quite obvious that some other method must be found to produce
contacts before proper tests can be rerformed upon the implanted juncticns.
True behavicr of regions within_the bulk of the semiconductor will be
gifficult, if not impossible, to observe until reliable chmic contacts are

formed onto the surface.



(|
~J

-y

T

i
4
.
4
4
1
1

Oy
4
43
al
e

3

4

Wi Doy

ra
u oa LD

!
4

54




REFLPENCES

Avager, T. & N. J. Hansen
Rev. Sei. Imstr. 33 547, (1962)

Bethe, Hans 4.
imn. Fhysik 5 325, (1930)

Bleoeh,; Ts

tone Fhysik 16 285, (1933)

Bohr, X.
Phil. ¥ag. 25 10, (1913)

Bower, 2. W. & Dill, H. G.
Proc. Int. liceting on Electron Devices, Washington Oct. 1966

Bredov, . M., V. 4. Lepilin, I. B. Schestakov, & £. L. Shakh-Sudagov
Sov. Phys. - Solid State 3 195, (1961)

Crowder, 3. L. & J. Y. Fairfield
Trans. of Ket. Society of AIME 2L5 L59, (1969)

Davies, J. L., J. Friesen, & J. D. licIntyre
Can. J. of Chem. 38 1526, (1950)

Davies, J. L., J. Derhertog, L. Eriksson, & J. W. Mzyer
Can. J. of Fhys. L5 Los2, (1967)

Dearnsley, C.
Peport of United Ringdom Atomic Energy Authority Pesearch Cp. Feb. 1949.

iriksson, L., J. L. Davies, J. Denhartog, J. W. Hayer, 0, J. Harsh, &
F. ¥ankaricus
ippl. Phys. Letters 10 323, (1947)

Fermi, E.

Z. Physik L3 73, (1928)

Firsov, C. Z.
Sov. Fhys. JETF 9 1076, (1959)

Givbons, J. F.
Froc. of IEEE 56 #3 (1968)

Johnsgnz H. ?. .ﬁF. Gi?bons _ . )
L83 I'rojected Fange Statistics in Semiceonducters

distributed by Stanford Univ. Zoockstore (1969)

cF fa
[S IR =

Kelbitzer, 8., 2. Bader, li. llerzer & . BEethge

Z. fur Fhysik 203 117, (1967)

62



63

hellett, Co 2., We Jo King, F. A, Leith et al
"High Encergy Implantation of Faterials."
Scientific Yeport 1 May 1966
Ion Thysies Corp. Burlington, Kass.

Rerr, J. £+ & L. N, Large
New Scientist 39 31k, (1968)

Ring, W« Je, J. T. Burrill, S. Herrison, F. Martin, &C. M. Zellett
Nucl. Instr. Keth. 33 178, (1965)

Kleinfelder, W. J., W. 3. Johnson &J. F. Gibbons
Can. J. of Fhys. L6 597, (1968)

Laggsgeard, E., . W, Martin &W. ¥. Gibson
IEZE - Trans. Huel. Sci. NS-15 #3 239-L5 June 1948

Lehmann, C. &G. Liebfried
J. hppl. Fhys. 3L 2821, (1963)

Lindherd, J. &M, Gcharff
Pays. Rev. 121, 128, (1961)

Lindherd, J., M. Scharff, &H. E. Schiott .
Kgl. Danske Vid. Sels., Matt.-Fys. Fedd. 33 #1L (1963)

Linghard, J.
Kgl. Danske Vid. Selsk. katt.-Fys. Yedd. 3& £1], (1963)

lankerious, . Ge., R. S, Ying, R. 7. Bower, & L. L. English
Proc. Int. Zlectror. Devices Neeting Boston, OJct. 1967

¥ezey, . J., R. J. Kelson, &R. J. Barnes
rhil. ¥eg. 17 1145, (1968)

keyer, O.
IZZE Trans. on Nucl. Sci. M3-15 #3 232 (1968)

fioyer, J. W.

U. S. Fatent #2,802,1,66 (1958)

Nelson, R. S. & I. J. Mazey
Cane J. of Fhys. L6 689, (19686)

Northeliffe, L. C.
tnr. Tev. of Nuel. Sei. 13 67, (1963)

Sl B
U. S. Fatent £2,750,5h1 (1956)

Cwen, R. 5. & li. L. fwcock

IZEE Trans. on luel. Sei. NS-15 #3 290, (1968)



b,

Tehl, R. H., F. 5. Goulding, D. A. Landis &HK. Lenzlinger
"feecurste Determination of the Ionization Znergy in Semiconductor
Detectors.”
pe 19-36 of Cemiconductor Nuclesr-Fartiele Letectors and Circuits
publication 1597 of the Nat. Academy of Sci. (19%7)

Fowers, . & W. Whaling
Inys. Peve. 1246 61, (1962)

Rourke, F. M., J. C. Sheffield, & F. A. White
Rev. Sei. Instr. 2_2_ L&SS: (1961)

Shockley, W.

U. S. Fatent "#2,787,55L (1957)

Smith, R- ‘!IL.
Semiconductors, Cambridge University Press, (1959)

Testerman, L.
Classified Celculaticns of Differentizl Scattering Cross Sections for
Verious Screened Fotentials. M. S. Thesis, Fhysics Dept. Kansas State
University, (1969)

Thomas, L.
Froc. Cembridge Phil. Soc. 23 5L2, (1927) -

ven Zuren, H. G,
Imperfecticns in Crystsls, North Holland, (1960)




BORON AND PHOSPHORUS IMPLANTATION IN SILICON

by

J. DAVID SCHNEIDER

B. S., University of Missouri-folla, 1968

AN ABSTRACT OF A MASTER'S THESIS

submitted in partial fulfillment of the

requirements for the degree

MASTER OF SCIENCE

Department of Physics

KANSAS STATE UNIVERSITY
Manhattan, Kansas

1970



Large arca regions on gilicon wafers were uniformly implanted with
25-60 keV boren and phosphorus ions. Tests were then run to determire the
electrical properties of these implznted crystsls. ariations were made in
the surface preparation, impurity doping levels, ennealing temperatures and
environments. Centacts were made both by using heavy {high dose) implants,
end by evaporation of aluminum films onto the surface. The completed devices
did net function in the intended marmer as position sensitive particle

detectors: apparently because of the non-chmic contacts made to the implanted

regions of the silicon.



