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ABSTRACT

Thin large-area n* contacts on high-purity
germanium detectors have been produced by implanta-
tion of 25 keV phosphorous ions. The contacts show
leakage current of < 10°% A up to fields of
» 2000 V/cm. Unannealed lattice damage may still
iimit the maximum applied field, but proper sur-
face treatment prior to implantation and subsequent
anncialing steps have resulted in a dramatic improve-
ment in the applied field. Spectra are [resented
which demonstrate that the n* window is thin and
the spectrometer performance s excellent.

INTRODUCTION

It is well known that non-injecting contacts
on large-volume high-purity Ge radiation detectors
can be reliably produced by using an evaporated
metal Schottky barrier and a lithium diffused n*
contact. The metal barrier is inherently thin
(+ 1000 A}, but in practice the lithium diffused
contact canpot bhe made thinner “han spproximately
253 um.  When such a ditector 1s radiation damaged?
and requires annealing, the lithium diffuses even
turtber into the Ge hulk, increasing the dead layer
thickness.

For most applications, the lithium dirffused
contact is thin enough that alternatives have not
heen vigorously pursued, although some investigations
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e been publ ed.” ilowever, high-energy charged
ticie experiments utilizing Ge detectui telescopes
requise n* contacts which are thin (< ! ym; ang
remaiit so upon annealing at moderate (< 420K) tempera-
tures.

!t has been known for some time that boron ions
implanted in p-type Ge become electrically active
without unnealing, producing a rectifying p* contact.’
Similar studics have shown that phosphorous ions
implanted in n-type Ge at low energies {~ 15 heV)
becume electrically active upon annealing at tem-
peratures betwcen 470 and 670K.* In light of this
\kLmlHkl\ positive result, it is somewhat puzzling
at no subsequent published studies have thoroughly
aumined the use of implanted phosphorous for a thin
n* contact.

A slightly different method for making doped
implanted layers has been studied For silicol
st. an amorphous layer ef cilicon was formed hy
high envrgy (200 keV) implantation of Si ions,
followed immediatery by implantation of a donor
suth as arsenic. At sufficiently high temperatures
the smorphous layer was regrown, incorporating some
of the donors into the lattice and thereby creating
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an n* layer. The difficulty in forming a non-inject-
ing contact in this ma ner lies in removing the
lattice damage creates - implantation. Remaining
lattice defects can ca minurity carrier injection,
preventing any substant eclectrical field at the
rontact. Transmission c.:~ctron microscopy has shown
that silicon made amorphous -n this manner uand suh-
sequently regrown contain 107 - 107 residual lattice
defects/cm?, inclading a ver of damage extending
500 & beyond the rung~ of ¢ original implant,®

We have produced such regrown doped contacts in
Ge by implanting first Ge ions at encrgies from 40 kel
to 200 keV and doses of 10°° - 10'® ¢m=? while holding
the sample at 77K. This implunt created an amorphous
layer approximately 1500 Without breaking
tne vacuum, arsenic ions were -ien implanted at
cnc\g)cs between 48 and 126 ke with a dose of
10'* ¢m-?.  Suhsequent anneali  at temperatures
between 370 and 770K resulted I regrown n-type
surface layer, as determined b, .ermoclectric prob-
ing. However, all attempts to this surface as
a blocking contact have met with tailure. When the
implunted samples were prepared us radiation detectors
a reverse bias as low as 10 ¥ invariably resulted in
reverse currents of at least ! uA--much too high fcr
our use, 2 MeV alpha particle channeling measurements
showed that a single crystal layer was regrown in our
samples at S¥5K 7 towever, sensitivity of the
channelaag measurement is such that lattice disorder
of less than 1% cannot be detected. This condition
would imply an upper limit of 107 defect centers cm™’
quite enough to account for high leakage currents.
As will be secen later, other evidence supports the
idea that unannealed damage, particularly heyond the
end of the range of the implanted jonsg, limits device
performance.

o

Following the lines of the work cited carlier”
we have implanted phosphorous ions into high-purity
Ge (hoth n and p type) at 25 keV. Beam currvent was
held to approximately 1 uA/cm? to reduce sample heat-
ing and samples were implanted B° off the crystal
growth axis (<100>) to avoid chammeling. Implant dose
as well as pre and post implant treatment were viried.
To minimize the end of range damage and prevent pre-
mature regrowth most samples were maintained at liguid
nitrogen temperature (77K} during implentation.'® a4
few implants were made with the samples hat (570K)
and at room temperature (300K). he higher tempera-
ture implants resulted in diodes with excessive lvak-
age for our application and were not investigated
further.

Prior to implantation the samples were first
tapped with 1900 grit l1ppAnL compound, then etched
for 1 - 2 min with a 7:2:1 mixture of HNO,;:HF:red
funing HNOy and finally rinsed with dxstxl.cd de-
ionized water {DDPK). Additional etching with 1% HF
for 5 - 10 min followed b DDK rinse used for
the later samples. The sauples were al hilown dry
with boil-off XNj.

The phosphorous bombardment was carried out in
a vaceum of 2 x 10-7 torr or hetter using wn Ixtrion
implanter and an jon scurce gas mixture of 150 phos-
phine and B5% hydrogen. Following implantation, most




samples were annealec in an argon atmosphere with the
temperaturc programmed to increase 19°/10 min from
room temperature to 620K. Recently we have also
introduced a ‘pre-annealing' stage of 1 - 2 hrs at
420K before continuing to 620K. In samples with high
dose (10'% ca-?) it was necessary to anncal to 670K ' 30 10l%cm? 1nm
to remove the *bluish® tinge apparently associated I wTves & 70176 10'%em? tame ?

with an amorphous surface layer. After anncaling, the
samples were allowed to cool slowly (~2°/min) te room
temperature. The samples werc then prepared and
tested as radidation detecters.
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Leakage current vs applied reverse bias curves )
were measured. Knowing the net concentration

(IN;~ND|) of the sample, the resultant electric ficld
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at the n* contact could then be compured. Figure !
shows the [/V curves for similar crystals recciving
different implant doscs and surface treatments. Tahle
1 gives the concentration and computed field for cach
crystal at the maximam usable leakage current for
typical detector systems (* 10°% A).

In practice it has been found useful to evaporate
al - 2 mn lithium ring at the periphery of the
implanted contact., This ring makes handling of the iU
derector through various lapping and ectching stages
less critical and heips to prevent breakdown at the
edge of the detector where the thin n* contact makes
an abrupt junction with the high-purity Ge. Annealing [
to a temperature of 320K would not diffuse such a
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All finished detectors were tested for resolution
and contact wih ickness b, mining the spectra . . .

gontact window thickn { examining 5 Fig. 1. UV characteristics of several representatise
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used prior to mplantation,
is total leakaye for cach tull sire deva o
* 420K is the highest temperature we have ever used (>3 em dia., 0.5 - 1.0 ¢m thick}., N-type
to remove severe rediation damage tacurred in detector 201-7 .0 makes use of a yoaard ring
nucicar experiments. on the Schotthy bdrrier fave to climinate

surface cffosts.
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TABLE 1
DETECTOR ¥y v, [ COMMENTS
E E ¢
(atorr.s/cm’,‘ (Volts) tvolts) (Volts/em)
457-5.5 35 10%° 130 o 200 NONt
457-5.0 3x M0tt 320 NN 370 NONE
dbn-3.2 1.5 x 208 250 - me RON]
1914.5.0 8 x 107 200 350 106 1o
201-7.6 -1.7 x 1040 1 2560 1300 t
473-2.1 1 x 1ot 100 175 2000 l . .
16 - Pre-\pneal
382-10.0 2x 10 1206 604 1gon ‘ After impt et
IN\A")) : et shallow impurity concentration
E
\'d : Deplotion voitage
v, ¢ Maximum operating valtiage
oot Electric field on n® contact a1t v,
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Varying the phosphorous dose by throe or of
mignitude produced o sagnificant ¢ ia the diode
char. ristics, us van be secen an Fig. 1. Net shown
ts w sample amplanted under the same conditions with
a sduse ot 10'* en™/ 0 In thys case no surface cclor
changes were nioted immediately after the implant and
anneal tng produced no n-type surface as measured at
room tetperatuse by thesmoelecteac probing.  bevices
cxposed to higher doses eahibited a *bluish’ color
on the surface due to lattice disorder after implant-
ing and were clearly n-type on the surface afrer

anncaling.  he vonvlude vhat 16%Y ¢r™? phosphorous
15 too fow g dose to produce sabstantial clectrical
Activity at our amnealing temperatures sooall our

~u!>-u|uun work used higher doses. A dose o
101 o™ as equivatent to 1077 en”? in our ¢
where the amplanted tayer as 1000 A thick, This
conventration appronimates the solubility liniv for
phosphorous n ¢ It 15 therefore 1ot surprising
that 108 oo guns, excecding the solubility limit,
should produce @ poor diade. Precapitation, forma-
tion of wlloy phases and extrene fsattice deformation
could w11 contribute probiems,  n the other hand

ST ogenerate too fow active ampurities
atter anneaiing to b ant <o the resalting diode
did not meet var oriterta,
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Sanee o duse OF 1077wt repeatedly produced a
contact with sag 1OV cunve and suse
taininy the preatest faeld, further caperiments
atied other purazcters while holding the dise von-
S sariables, the past impo
riomance has been surface
smplantation,  Previous merh on
layers has Jdemonstrated th cffece
Ny prior to beyer deposition
ac.amplished by g final ctolaing wath 14 ME
Bw ranse.® Application of this method
Faat.ng ' yielded an mmcdiate and
inoteass i the field sustaimed by the
et dnoall caxes the

¢ 1o four tises
ol e apphied (see boand

s oraist Pro

s
cpatanial

ont of vur contact achieved
g provess «Irangly Suppests
cyond ¥ phosphorous doped
Lnockoon of the .xuxl 10hs foayvgen,
wompasing surface contaminants,
SNve Feverse aurrents,  Kesie
oo s hiaton adama eide the heavily doped layer
et mare COSpletely by donor-vacancy
Tion ar 1. overcoppensated by the elece

hy

wald he noted an Faig.s 1 that device Ja1-Tl6
. thus the device depletes from the Schotthy
vear b the sopplanted contact.  ftherefere, no
Fresent at the n® layer until atfter full
19d-5. 0, on the other hand 1< p-\\pl‘ so
ts preseat at any bias at the n'
Bovases the devices were fuil sire (3 - 3 om
wr, 3om - 1 a3 thick), although the n-Type
v had g grounded guard riag applicd at the
o reduce surface leakage

fion,
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manimuz field at the n® contact has been
tarther ancreased o factor of -2 by introducing i
proanncal gt stage,® of 1o 2 hrs at 420K, This
paproaeacnt sugpests Chat the remaining p-type
Javer vaused by bnock-on of residual light
€5 may be substantially resoved by sich a
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process. By analogy, a similar Jow-temperature tech-
nique has been shown to be very effective in removing
neutron damage from high-purity Ge detectore.?

2*3am alpha spectra (Fig. 2) show the influence
of this "pre-anncsling” stage and confirm that the
contict is quite thin. Using the FRIIM and equations
given elsewhered? one can calculate that 57 keV cor-
responds to a dsad layer of ") um, whereas 20 keVl
represents a layer of only 9.3 - .4 . r  The latter
result is in Rood agreement with published work on
the depth vs congentration profile of phosphorous in
Ge? again suggpesting rhat the “pre-annesling” has
removed a substantial dead layer of additional damage.
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n® contact. Detector 473-2,0 has vee
an additional “pre-anacaling” stape of i
hours at 120K, The shift in peak ponnm
is due to the difference 3n dead laver throh-
ncss. 20 heV represents a sindow of L% -
0.4

The “*Co spectrum (Fig. 3} shows that the charge
vollection propertics of the device are undisturbed
by tae implan & contact as long The hias ts suf-
ficiently hiph, In n-type Ge detectors with an
inplunted n® contact, “teo gasaa peaks are shifted
down about 1% in cnergy from their expected positions
vhen the applicd reverse bias is well below depletion.
This effect may be explained in terms of a kallistay
defivicney vansed by the resistance of the undepleted
btk and the capacitance of the n® isplanted layer

o region.  Such an explanation is con-
th the eaperioental observation that no
s ooreur ik devices sade frum pelype e,
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*%o gamma-rays through the phosphorous
implanted contact show excellent spectrometer
performance. This result indicates there was
no sygnificant deterioration of the bulk of
the crystal froa implanting or annculing.

COXNCLUSTON

¥c have Jemonstrated that phosphorous implanta-

1 3¢ a yscahle technique for producing a thir,
2 :le n° contact on high-purity Ge radiation detec-
Srs Present contacts appear to be limited by excess
Dot anrection at clectric fields above <2000 V/en
et cheral possibilitacs for improved detector per-
udz: 1) lower tempeorature during

21 sputter etching before implantation,
ivd dosc.
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