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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 < Ifl'9 A up to fields of 
• 2000 V/cm. Unannealed lattice damage may still 
limit the maximum applied field, but proper sur­
face treatment prior to implantation and subsequent 
annealing steps have resulted in a dramatic improve­
ment in the applied field. Spectra are presented 
which demonstrate that the n* window is thin and 
the spectrometer performance is excellent. 

lYThQDUCTION 

an n* layer. The difficulty in forming a non-inject­
ing contact in this ma ier lips in removing the 

It is well known that non-injecting contacts 
on large-volume high-purity fie radiation detectors 
can be reliably produced by using an evaporated 
metal Schottky barrier and a lithium diffused n + 

ccntact.* The metal barrier is inherently thin 
(• lono A), but in practice the lithium diffused 
contact cannot be made thinner "han approximately 
23 um. When such a dHector is radiation damaged2 

and requires annealing, the lithium diffuses even 
further into the Ge bulk, increasing the dead layer 
thickness. 

Jror most applications, the lithium diffused 
contact is thin enough that alternatives have not 
been vigorously pursued, although some investigations 
have been published.? However, high-energy charged 
particle experiments utilizing Ge detectoi telescopes 
require n* contacts which are thin (< 1 urn) and 
remain sn upon amu-aling at moderate (< 420K) tempera-
l u res. 

It has been known for some time that boron ions 
implanted in p-type Ge become electrically active 
without annealing, producing a rectifying p* contact.3 

Similar studies have shown that phosphorous ions 
implanted in n-type (ie at low energies i- 15 kcV) 
!>ectime electrically active upon annealing at tem­
peratures between 470 and 670K.1* In light of this 
-iciningly positive result, it is somewhat puzzling 
that no ••ubsequ-'-it published studies have thoroughly 
examined the use of implanted phosphorous for a thin 
n + contact. 

A slightly different method for making doped 
implanted layers has been studied for silicon;' 
i':rst. an amorphous layer of cilicon was formed by 
high en-.-rgy (200 keV) implantation of Si ions, 
followed immediately by implantation of a donor 
vui Ii as arsenic. At sufficiently high temperatures 
the amo-phous layer was regrown, incorporating some 
of the donors into the lattice and thereby creating 
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failure. When the 
implanted samples were prepared as radiation detectors 
a reverse bias as low as 10 V invariably resulted in 
reverse currents of at least 1 uA--rnuch too high fcr 
our use. 2 MeV alpha particle channeling measurements 
showed that a single crystal layer was regrown in our 
sample* at 59J>K . 7 However, the sensitivity of the 
channeling measurement is such that lattice disorder 
of less thin 1% cannot bo detected. This condition 
would imply an upper limit of 10 ? 1 defect centers cm', 
quite enough to account for high leakage currents. 
As will be seen later, other evidence supports the 
idea that unanncaled damage, particularly beyond the 
end of the range of the implanted ions,limits device 
performance. 

I-.XPHRIMKNTAI. 

Following the lines of the work cited earlier" 
we have implanted phosphorous ions into high-purity 
Ge (both n and p type) at 25 kcV. Beam current was 
held to approximately 1 jiA/cn2 to reduce sample heat­
ing and samples were implanted 8° off the crysfal 
g-rowth axis (<100>) to avoid channeling. Implant dose 
as well as pre and post implant treatment were varied. 
To minimize the end of range damage and prevent pre­
mature regrowth most samples were maintained at liquid 
nitrogen temperature (V7K'J during impl.-.ntat ion. I 0 A 
few implants were made with the samples hot 157HKJ 
and at room temperature (300K1. The higher tempera­
ture implants resulted in diodes with excessive leak­
age for our application and were not investigated 
further. 

Prior to implantation the samples were first 
lapped with 1900 grit lapping compound, then etched 
for 1 - 2 min with a 7:2:1 mixture of HN'Oj :HK: red 
faming HN'Oj nnd finally rinsed with distilled de-
ionized water (IIIW) . Additional etching with 1", Hl: 

for S - ID min followed by a DDK rinse was used for 
the later samples. The samples were always blown dry 
with boil-off K2. 
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samples were annealec in an argon atmosjmerc with the 
temperature programed to increase 10°/10 rain from 
room temperature to 620K. Recently we have also 
introduced a 'pre-annealing' stage of 1 - 2 hrs at 
•S20K before continuing to 620K. In samples with high 
dose ( 1 0 1 6 c a - 2 ) it was necessary to anneal to 670K 
to remove the 'bluish' tinge apparently associated 
with an amorphous surface layer. After annealing, the 
samples were allowed to cool slowly (-2°/rain) to room 
terapera'jre. The samples were then prepared and 
tested as radiation detectois. 

Leakage current vs applied reverse bias curves 
here measured. Knowing the net concentration 
(|S.-N |) of the sample, the resultant electric field 
at the n* contact could then be computed. Figure t 
shows the t/V curves for similar crystals receiving 
different implant doses and surface treatments. Table 
1 gives the concentration and computed field for each 
crystal at the maximum ujable leakage current for 
typical detector systems (* 10*' A ) . 

In practice it has been found useful to evaporate 
a 1 - 2 nai lithium ring at the periphery of the 
implanted contact. This ring makes handling of the 
detector through various lapping and etching stages 
less critical and heips to prevent breakdown at the 
edge of the detector where the thin ti* contact makes 
an abrupt junction with the high-purity Ge. Annealing 
to a temperature of 420K would not diffuse such a 
narrow ring far enough to present any substantial dead 
layer." 

All finished detectors were tested for resolution 
and contact window thickness by examining the spectra 
of *:'Co gamma radiation and I*'^Am alpha partic'.cs 
passed through the n f contact. 

420K is the highest temperature we have ever used 
to remove severe r-diaticn damage incurred in 
nuclear experiments. 

M R . I. 

KEVEAtf IMS IVOLT*] 

i-r.il n-
Note 

\\V 1 r 

1/V c h a r a c t e r i s l ic-* • 
d e t e c t o r s a r e shown. 
improvement where the 
used p r i o r t o impl.ini :iT i-'u , 1 t_-.il. 
i s t o t a l le;.J.3£i- t o r each I'ull •• i 
1-5 cm d i a . . (1.5 - 1.U cm i t u c M . 

--.<> nukt-s u^c of .i > : 

iXy b.iri)cy l';.i>' In i-
•: t <•. 

defector :"1 
on the S'.'J.*)! 

HHTECtOtt < N V V 
(a toms/cm 1 ) (Vol t s ) (Vol ts/CUT. 

5 X I (J 1 5 320 ..... 
4hb-3.2 • I . " - « i n 1 0 250 " 
194-5.0 8 X if;*' 200 550 
201-7.6 -1.7 X i«'° J } 0 0 2500 

473-2.'J 4 X I D 1 " 400 •1*5 

4 8 2 ! 0 . 0 2 X i n 1 0 12m; (.00 

SUM. 

\ ' i \ l 

1'. Ml 

l'- til 

Net sha l low impur i ty conco 

Dcplet ion v o i t a g e 

Maximum o p e r a t i n g v o l t a g e 

I .U-c t r i c f i e l d on n* ennta 

http://t_-.il


Knurrs \su msnissios 
Varying t h e phosphorous dose by thr»'e L T J I : - . U{ 

magnitude produced a s i g n i f i c a n t change in t h e d i o d e 
c h a r a . T e r m t i c s , ;ts can lie seen in F ig . 1. N'ot shown 
is .1 -.ample implanted under t h e same c o n d i t i o n s wi th 
a dose ni I n 1 * cm" ' . In t h i s case no s u r f a c e c o l o r 
changes were noted iatsetiiately after t h e implant and 
anneal in g produced no n - t y p e s u r f a c e as raea-iured a t 
room t e t i p e r a t u i e by theni ioe lec t l i e p r o b i n g , d e v i c e s 
expose*! t o h i g h e r do-c-s e x h i b i t e d a ' b l u i s h ' c o l o r 
on i h e su r f ace due t o l a t t i c e d i s o r d e r a f t e r i n p l a n t -
ing and i>ere c l e a r l y n - t y p e on t h e s u r f a c e a f t e r 
a n n e a l i n g , he conclude t h a t 1 » 1 1 cm"' phosphorous 
is too low .1 dose t o produce suhstaft t in) e l e c t r J e a ) 
a c l n i t y .IT our annea l i ng t e m p e r a t u r e s so a l l our 
-ubsequenl work used h i g h e r d o s e s . A dose of 
1"'** i n • |.. e q u i v a l e n t t o l i t " 5 e n " ' in our c a s e , 
where the i tap] an ted l a y e r i s '1(100 % t h i c k . This 
concent ra t ion a p p r o p r i a t e s t h e s o l u b i l i t y l imi t for 
phosphorous in l ie. It i« t h e r e f o r e not s u r p r i s i n g 
th.tt 1 M 1 ' ..-n"' i o n - , exceed ing the s o l u b i l i t y l i r a i l . 
should produce a poor d i o d e . I ' r c c ip i t . i t i on , forma­
t i o n of . i l loy phase - ;i:id e x t r e n e l a t t i c e deformat ion 
t . iu ld ..II ^ i x u r i l ' u t e p rob lems . (Hi t h e o t h e r hand 
I ' 1 ' i. ':i- i,-*- g e n e r a t e too few a c t i v e i m p u r i t i e s 
a l t I T aniie.i I nig t o i.Ji't. and s v l the r e s u l t i n g d iode 
di\\ not sect o.ir c r i t e r i a . 

s'n.ve .i d.i-e J ! ' I ' ' esc*" r e p e a t e d l y pr-.-iJucet1 a 
com . u t with T'te cui-t pr>.r.:-ing ].'\ i i i r u - and -.JI-S -
t a m i n g t h e g r e a t e s t f i e l d , f u r t h e r experiment > 
•. . i r i v J otiu-i p a r a m e t e r s wh i l e h o l d i n g the di.'se con­
s tan t . •".' t ;,* M- e t h e r v a r i a b l e s , the most iBpor tant 
foi .:r.pr-.. mg Ji". :ce ,'*• r fo rna twe has been su r f ace 
tn.i tsief<! p r i o r to i^ju.i.ni.ii ion. 1'revious work on 
n g r u w - e p i t a x i a l l a y e r - ha- denonsl rat ed t h a t e f f e c -
t u e M I ! " ' . U : I c l e a n i n g p r i o r t o l a y e r d e p o s i t i o n 
„ " u U '•*• a c - o s u l i - l i e d by .i f i n a l e t c h i n g wi th 1". HI 
•"•.Sir* i-J : ;. i'l'h r i n s e * Vppl ic.tl io:i of t h i s net hod 
;>:!.•* :> iT.pi.mt .[ ' ,; , - i y i e l d e d an i r r sed ia t e and 
ref:.•.!•., :••;-.- sn . t c . i - i : :n t h e f i e l d s u s t a i n e d by t he 
: : ! . : . : • • : • . : . !:: a l l . , m - * tb.-.-e U- four l i a r s 
.;:. -•• • ! e l . : •.••>)•'• '-L- a p p l i e d i-.ev l.sb|.- I and 

i ir.fj.it ^ itaprf. essent of our c o n t a c t ach ieved 
•; : : ; i - ^ lean :r.g p r o c e s s s t r o n g l y s u g g e s t s 
.i-,:.-.-.iied ii.ia.ige beyond " •• phosphorous, doped 

. ; i i l r . ! '••> knock-on oi the l i g h t ions (oxygen, 
• . -.11 l o g i n , n»tipoMiig su r f ace t out ann ian t s . 
• > ;r. •. -'! e x c e s s i v e r e v e r s e viir r e n t s . Kes i -
l i . i t i on d.i^.ge i n s i d e t h e h e . m l y .U^S. l a y e r 

. i M-SHM-.I r.ore V o E p I e t e l y by d o n o r - v a c a n c y ' 
: -JT-.I: i..ii or i - o \crconp.-ns . i ted bv the e l e o 

i . t iu- donor -oiw-entr.it ion . 

•.•;..-.i M '•*• n o t e J in I-1 j j . I t h a t dev ice .•(>!-".(. 
p.-. thus t h e dev ice d e p l e t e s tVota t h e Schot tky 

! M „ . H ! tin- mpl . i t i t c J c o n t a c t . I h e r e f e r e , no 
- ; . ; r - i J j i at the ti* l a y e r u n l i l a l t e r f u l l 
on . I'.H-,'..!'. on the o t h e r hand K p-*>"pe. so 

t^ p re -en t it any b i a s at the ii* c o n t a c t . 
c.i-e-. tin dcvice> were fu l l s i .*e I 5 - 1 era 

r , :. na - 1 en r h i c h ) , al thouj;h t h e n-T>l»e 
r had a grounded e,u.ird rinf. a p p l i e d al t h e 
i K i r r i e r face t o reduce s u r f a c e leaV'ijje 

e a u i i a i n f i e l d at the n* con tac t has been 
r i nc r ea sed a f a c t o r of -2 by int roduciii j ; a 
fifti.iJ m e " ^tac<-,* of I - 2 hr* a t l.'l'K. Tliis 
esietil sii>:i:c--ts that the ren-iinitif: p - t y p e 

l i v e r caused by ktioci.-on of r e s i d u a l lie,ht 
I s nay be s u b s t a n t i a l l y r c o ' u - J by >uch a 

p r o c e s s . By a n a l o g y , a s i m i l a r l ow- t empera tu re t e c h ­
nique has been show-n t o be very e f f e c t i v e in removing 
n e u t r o n damage from h i g h - p u r i t y Gc d e t e c t o r * . 1 

, I , 1 A J B a lpha s p e c t r a ( F i g . 2) show t h e i n f l u e n c e 
of t h i s " p r e - a n n c i ' l i n R " s t age and conf i rm t h a t t h e 
c o n t a c t i s q u i t e t h i n . Using the FKIIH and e q u a t i o n s 
given e l s e w h e r e 1 1 one can c a l c u l a t e t h a t 5" fceV co r ­
responds t o a «J?ad layer o f "1 yjn, whereas 20 keV 
r e p r e s e n t s a l a y e r of only 0 . 3 - 0.4 . t? The l a t t e r 
r e s u l t i s in good agreement with p u b l i s h e d -«ork on 
t h e dep th vs c o n c e n t r a t i o n p r o f i l e of phosphorous m 
(** aga in s u g g e s t i n g t h a t the "pre -anne ; . l i n g " has 
removed a s u b s t a n t i a l J t ^d l a y e r of a d d i t i o n a l damage 
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s .4S H-V a lpha p a r t i c l e s a rc pa* 
n" c o n t a c t . D e t e c t o r 4 ? 3 - - , 0 b.i 
an a d d i t i o n a l " p r e - a n n e a l i n g " ;-ta|ie « 
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The Co s p e c t r i n \\i$. 51 shons t h a t t h e charge 
c t i o n p r o p e r t i e s of t h e dev ice a r c u n d i s t u r b e d 

ie implan: d con tac t as long as t h e b i a s t s suf-
-n t l y h i g h , in n - t ^ i c Gc d e t e c t o r s wi th an 
lilted n* c o n t a c t , * T o gacna peaks a r e s h i f t e d 
about IV in energy from t h e i r expec ted p o s i t i o n s 
The a p p l i e d r e v e r s e b i a s i s wel l b e l o * d e p l e t i o n 
e f f e c t nay tu- e x p l a i n e d in t e r n s c-f a h a l l i s t i * 
iency caused by t h e r e s i s t a n c e of the u n d e p l e t e d 
and t h e Capac i t ance of the n* i c p l a n t e d l aye r 
.*' .!-«•-. **.:•• r e g i o n . Such an e x p l a n a t i o n i s cou­
nt w i th t h e exper imen ta l obscrv. i t ion tha t no 
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•"Co gaotaa-rays th rough t h e phosphorous 
i a p l a n t e d c o n t a c t show e x c e l l e n t s p e c t r o m e t e r 
p e r f o r n a n c e . Th i s r e s u l t i n d i c a t e s t h e r e was 
no s i g n i f i c a n t d e t e r i o r a t i o n of t h e bulk of 
t h e c r y s t a l f roa i n p l a n t i n g o r ^nnc i t j ing . 
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CONCLUSION 
*i. 1>. MccJliec, rb. l>. Thes i s 
C a l i f o r n i a . 1NHI -h. ' i j il i l'ii, 

"Sc h.ice demons t ra ted t h a t phosphorous i s ip l an t a -
i< a u s e a b l e technique for p roduc ing a ihirv, 
e -i" c o n t a c t on h i g h - p u r i t y Ge r a d i a t i o n d e t c c -

? r e sent c o n t a c t s appear t o be l i o i t c d by exces s 
••: i n / e c t i o j i a t e l e c t r i c f i e l d s above -2000 V/eo 
c i - r a l p o s s i b i l i t i e s fo r inproved d e t e c t o r p c r -
nce i n c l u d e : 1) lower t e o p e r . i t u r e d u r i n g 
M^ati-m, 21 s p u t t e r e t c h i n g b e f o r r i n p l a n t a t i o n . 
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