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1. promn daslocation-tree high-purity germaniun It~ (oncentration hange .

roversihly upon anncelaing up to 650 & By meatss of Halleffoect and

e tvity measurenent s over o large temperature range the temperature fepen

Ao e ot the steady -svate conventration between 150 & and 700 R e weld o

The transaents tollonime changes tn temperature hove beon deteraand) ihe

ecnvad ceptor fove! s attetbated to the crvacanmey hvdrogen conpley VM

the complex reacts with hedrogen, dissofvaed tn the e lattice or <torad an
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these results are o gond

drvaciney -dihwdropen complex wis not observe
apreement with the ides thet hydrogen mn germanium forms g "very decp doner?

fi.e. the energy deved Dres anstde the valence band) .


http://loc.it
http://voiui-iitr.it
http://cmp-.-r.it
http://cnipcr.it
http://-%3c.Iihy-iroy.cn

! Intto b tyosn
LS oot of bpeh purity monocrystallane germaniun with Lob L amientra-
Troan ot Tovtraeadle active ampuritices as low as 107 (2™ - 101 ¢a™' aquall

U s Haneen and il ior 170 and low degrees of cuapensation has opencd
e e labities tor the ~tudy of antrans e properties of this semconductor

NI o ch matorial one can detedt verys small ocuarricr concentrataiens it s

VL.
(e ! *

coetady wall voncentrations of antransac defects, \n example s
Hobit 0 wordk on g mchicd n acceptors an high-purity Ge with o disloca
Cron bno ot ot b L T @t L FRe prosent paper imestigates o "gromn-int
fetect conter with oan poveprtor Jesel at b e 008 ¢V that aleays ands so tfar

\
by appear - an vdiogan-erown dislocation-free Ge

neral Observations on the | ¢ D08\ feveld
v

P the carly wtages of high-purity Ge development for radiation derectors
1o tound that Bisdocation-tree Ge was mnsaitable for device tabrication.
vt trapping of charpe created by gontzing radiation or particles showed
that thete were 3t feast one nd pos<rbly several deep cnergy levels present
dfan o and Haltler 19740 dHali-cffect and conductivity measurcments revealed
aepter fevel wt 1008 GV with a concentration of about ! x et ent
.

b T crown ! single crystals, By comparing the distocated and undislocated

cotrons of aomonocrystallone slice cat perpendicular to the growth s

parallel to the melt solid interface) the defect center was found to
e canple geveptor, bigure |oshows the hole concentration vs 1/T for two
amplo - cut trom o partially distocated slice of u crvstal,  The chemical back-
Atound concentrat 1on due to shallon acceptors and donors, N'\"\.I\' is constant
thromshont the ~stree.  dn the dislocation-free piece one observes a defect

S aveeptor dened at b 0L08 eV de-ionizing around 65 K, Another major
drtteronee between dislocation free and dislocated regions appears upon cteh-
vy with preferential erchamtss Figure D shows the (100) surface of a polish-
ctoted Geowlpce atter o two-mingte cteh an lil-’:liN()3:('(ltN(73]:lu‘i.(-.'l:1). Hemi -
spler co ol pits appear an the dislocation-tree region whereas in the dislocated
e tron ondy the well Tnown adisdocation cteh-prts van he seen. Tt has been
drowmn that the hemospier. 0 ctch-pits Jo not resolt trom defects that give
trec o detectable contrast on transmission celectron microscopy {Seeger, Fall,

Frank 177y
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The hemisphersoal piYs are ikely to be ascocratad with vacancic- that
woere prows-in ot the cnvstallization teaperature and whech o dasdocat sonstrey
Go ocannot annhelate at any sainks except far gt e sttt artae Nrroa merto
viacanoaes are highty mobale they wall Yorn fmuch less mobile) drvacanc -+ and

Larger vacaney clusters (Sceger and gk 1908) 0 Thas sagpests stronglsy that

the observed aceeptor venter as Tinked to trozen-ain vacancy-tyvme Jofedt~, th

divacancy possably plavang an amportant role,

M radiatron-detector-prade Geoas grown inoa pure hvdrogen atoosphere
o atmp, bFrom carly cywperiments, crvstals gromn an N, Ar and He wero avasld
ablels In none of these carly crystals could the T o« 0 08 eV level be detected
o decaton-trec area -, nor did we find oany hemesphericad pres of the ind

ob~scried 1n di<locat jon-tree hydrogen-prown Ge. The solubibity of atomie #oan

v -1

wolid e near the selting pomnt s 2 a 10PT ont ) the bydropen diftuaon

voctticient is given by

(038 ¢« 0,0Y) «\')cm"

13} RS I vxp(-
8]

~
threank and Thomas 1400y, With cryvstal grosth rates of 10 em/he o large frao-
tean of the dissojved hydrogen will be *frozen' into the single crystals. Sinve
in the present work the aceeptor level at Lo .08 and the hemispherical

it have been obzerved only an hydrogen-grown ic we conclude that they are

Linked in osome way ta the presence of hydropen.

The magnitode of Iy indicates clearly that in Ge hydrogen is dissolved
pnterststiadly,  Because of their smallness, interstitially Jdissolved hydrogen
dtoms are expected to constitute 'vesy deep donors' (with the donor level likely
to be submerged in the valence band [Reiss 1956, Kans 1958, Wang and hittel
1973]); n the present eaperiments they turn out to be electrically imwtive
indoed.

An important property of the defect venter discussed above i its <ensi-
sty to anncal inp, one observes that its concentration ill_c_r::_.'l_:\'_v.-_s_ with
TheFoan i anieal i temperatures ap ta o Koot is the main purpose of this
paper to prescst posults for the steady-state concentration amnd the trunsients
ansociated with temperatare changes and to propose o model which explains these

result .
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B Pape rmental

VUL caperament were pertorned witih orystals gromn from a medt ot haghily
Pt acd o tmat i the melt wa - contagned an o ~synthetic quart: crucabic
e arde g aphte uceptog, which wee RE heatdd, Thoe wurrounding a*ouosphere
woo pedtladiam-dat tasad hodrogon b ater anloss otherwi<e ~stated. The residual
Wl bom ampanatres s anady e ) with Photothersal lanazation Spectroscony
it atedlder, ot ol 1Ty they ware found to be B, A1 and P owath concentra-
o t om0 dn it qusrtcocruarbic-grown (rystals the concentration

te -
et oane vr s determie o Lithiam procvapitation 1 known to lie below 1077 oo

vpeamprle Lo - 7w A om0 consistang of one dislocation-tree and
o b hocated prcoe mor o e ted from partaally dislocated Ge oorvstals, The

praat o oarre always taken 1y

o lice cut perpendscular o the crystal growth

pot Seovotal anmeal e te higues were eaplored to control the indiffusion

S et ranant s oanto the e, Phe resalts obtained with PheBi-cutectic,
oo b or arvon Gt phore wote camprrable. The samples were anncaled

i she closared tempe tatane o Time s sufticrent v long to reach cquilibroum and

ate ety cooked to ronm temperatare within a fow sevonds. A more rapid

dqoonch would result an the detect< observed by Hall (1975}, At room tempera-
torc the hole concentrat on Jocs not change over many months.  The samples
wese proparcd for Wil erfect measuremont s by ctehing in N0 HE(3:1) for about

oot cotollowaed fyoprneang with distilted, de-ionized wiater and hlowing
Tiv with borl-oth natroan, Tonr nGa cutectic contacts were symmetrically
[TUL TSI SRR B IYRRENTITY e oaade conventration was abtained for bhoth samples
v b oot CFL o s D weaarenent s from 300 K down to 5 K. The heat

teeatment bid not cbore the et concentration of the shallow levels by more

than e prercent ot the adoep agcveptor concentration.,  Since the deep

ceptor
concent rat von o changed by more than two orders of magnitude by anncals

Sotwecn et Koand 0 kL we adopted g osamplified technique and measured the

hote concentrat ton ol TN A thic temperature the deep acceptor is
tell e cd amd o cocentratron s egual te the ditference of the hole con-
centratpone ot the rclocation-free and the disiocated picee.  As long as one

Ay TeTow 60 6 e aat Jonper than o few hours, the deep acceptor concentria-

tran voacheo, 1o teverabbe momer, o well defined value tor cach temperature

vichpeoandent et aampe e hostorey
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trgure 3 shows an Arrhenius plot of the steady-state concentration for
the deep acceptor.  Samples from different crystals all gave samilar resaits

with slight parallel shifts.

If dislocation-free samples are heated for very long traes (- 10° min} or
to temperatures above 720 K, the changes in the deep acceptor concentraticn
become irreversible (i.ce. the samples do not return to low levels at low
temperastures).  This may be understood by out diffusion of hydrogen from the
G <umplc'. Low-temperature Hall-effect measurements also revealed the intro-
duction of copper into the samples. The acceptor levels of substitutional cop-
per are far erough separated from the Ey + 9.08 oV scceptor under investiga-

tion that they do not influence our results.

1. fime Effects

After increascs in temperaturce the equilitrium concentration of the deep
aceeptor is reached in undetectably (< minutes) short times. This behavior
sugpests a Jdissociation process. A completely Jifferent situation occurs when
the temperature is decreased.  The equilibr.um concentration is reached much
more slowly, the time constants being the longer, the Tower the anncaling tem-
poy ataee i, Figure 4 shows two typical cases.  For each measurement point,
the samples were cooled rapidly to room temperature. After cleaning as
described, contacts were applied and a Hall measurement was made at 77 K.
After warming up, the contacts were removed, the samples were cleaned apain

by ctching and then were brought quickly up to the anncaling temperatures.

¢ The extrapolation of the hydrogen-diftusion coctficient of Frank and
Thomias {1960 to 720 K gives for the diffusion distance during

) P T TP I
t = lhi(x®)" = (JDt})° = 2 mm.
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.. Divacaney-ydrogen Model

tahiny all the cexperimental observations into account we put forward the
talloaing model: The defect center with an acceptor level at hv + 0.08 ¢V 1s
a4 divacancy chydrogen complex.  The complex reacts with the free hydrogen an

the Go lattice according to:

recombination
vH - N T/ V. H, (2)

dissociation

Neither the free hydrogen nor the VH, complex have energy levels in the for-
badden band {1roe. they are clvcrrirul;y neutral).  When heating the sample,
some of the VL complexes dissociate almost instantancously into mobile free
hydropen and virtually ammobile VI complexes.  The recapture of free hydrogen
by the VO complexes ar lower lcm;crnturus is controlled hy the long-distance

Jittusion of hydrogen and/or by the releasce from traps, and hence much slower.

fee formation of both V. I and V. H, may be considercd as the reaction of
the very ddeep donor' hydrogen with uc:cptor centers.  Recent experiments with
Ui (Halier, Huhbard and Hansen 1977) have shown that H can indeed form complexes
with multivalent acceptors in germanium.  The valence of the complexes is re-
duced by one for cach hydrogen atom and the energy levels are shifted towards
the valence band.  The copper-hydrogen complex formation is very similar to

the teraction between Livhium and multivalent acceptors (LoVecchio 1972).

wnother analogous case is the formation of V| donor-centers, where the
donor can be cither ', As, Sh, Bi (Mashovets and ;mtscv 1975}, or LiO (Konopleva
and Novihov 1974) 0 The acceptor Jevels of these complexes increase with in-
creasing atomic number from Ev + 0,10 ¢V (donor = P, LiO) to Ev + 0.16 ¢V
(donor = Bi}. The level position Ev + .08 ¢V associated with the ‘'very deep
wonor' H tits very well into this secquence and provides additional support for
the view that the other partier of the observed complex centre is the divacancy

vV, fand not some Tarvger maltaple vacancey) .

Let us denate the time-dependent concentrations by Ci' where i = | refers
to V.H, i =2 toVal,, 1  to "free' hydrogen (atomic hydrogen dissolved in

the latticed, 1+ - t to trapped hvdrogen. N" denotues the total hydrogen concen-

tration, Ny, the total divacancy concentration (both taken as time-independent)
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and \(t the concentration of hvdrogen traps (the precise nature of shich we

may Teave unspectfoed) Fhe rate egquattons for the react ons Jdesoribad ibos
roind
dlil
B I N L S 3
it T AR £
dlif
oz e 0w L s, N CL e v T i
o Pt e N Ge e Yy t

Two further rate cquations may be integrated immediately to give

« = N - ¢ £5)

[
-7

[ = (N -:\i\-)) L VO G (6

(vonscrvation of vacancics and of hydiogen atoms) .  In (3} aed () "l'( and v,

denote the escape frequencies of hydrogen atoms from traps and from V H |

respectively.  The capture rates =0 (1 = 1, 1) are given by

where " is the caprore radius of V H ry that of the hydrogen traps.

tnder conditions of thermal cquilibrium (¢ /de = dlil./dt 2 0) one obtains

i

tor the cquilibrium concentration

v N
e e )_‘\\’ \ Ur.\‘l A 2y, \
o [ I (ORI B AR T A (8)
V, I 1 I X
B I v =N =
1
where 5, NI
h h - N ' EEE 8:
A (\” \\,; )l v, [ " {8}



Pguattan (8 way e fatted to the Arrhemue ~type temperature dependence of
‘l‘

Gt abacived between 500 K and 60 K7 1f and only af

A
(9a
T 1
ind
N Yy . (b
e then have ™’
Ir
Y 2
('\ - . 1oy
2 \ !
compattson with the experimental resalt gives us with r 39107 Fem and

, 20 expr- 1.8 ev/RE) st the divacancy consentration Ny, ® 3010 em™ 7,
whivh o0 reasonabte order of magnitude.  From (Ya) one finds Np = Ny,
e om0 thas valie compares well with the melting-point solubility of

. e
hvdrosen of SO0 e T

the tame-vartaton of an initial voncentration (?][0) iy be found analyt-

toally it crther one of the two following simplifications are applicabte:

vio The eifects ot traps are negligible; (31 may be replaced by (6) with

« 0, The solution s then given by

(1

! the deviations from the Arrhenius law above 620 K are irreversible in
natare and associated with out-diffusion of hydrogen, presumably accom-
panted by the reactijon V.H SV, + not taken inte aceaunt in the present

theory,  Fhe deviations at Jow temperatures may be attributed to viola-
Trons ol (9a) or (9h),

o other Arrhengus type appresimtions to (8) which do not satisfy {9a) and
(M} are unabde to accsant for the order of magnitude 10 %em=? of the

precyponent ol Yactor an the Arvhenius dependence ot (10},
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with 2N =N
i ey E ) 2] ! \
. - 4 P b ¢ - tiha, by
. ! 04 i (.( [} '
[ |

Equation (111 descrithes the pradual decay ot an mitaal acveptor con-
centration (f](o) Atter o rapid temperature vhange 1o a tower tempera
ture,  The valad:ty of (11 may be tested by comparing the measorement s
immediatoly after the temperature change with the long-time hebavior.

the compari-on i~ not ~atistuactory at high annealing temperatures, where
the 'tail oextensds to longer times than predicted by (1), It comes

out much better at Jow anacaling temperatures, particularly 16 one allows
for the fact that because of the 1 out ~diffusion ot high temperatures
there may be a gradient of the H concentration from the surtace to the

interior,

1) The hydrogen concentration in the lattice is stationmary (i.e. di"./d! B

0. then (J-b} pive us

—- . (r

inscrtion of )21 and 15) into (3) results in the differentinl cquation

dC Fow U 6 4
17t . K¢ .
L e (w, - (,L‘ Y (13)
dt e “l(:)
with
ER) N E R S 3:
w T + ("t .\4‘ PY o, N\“', U . (13a,hj
© 17t

The short-time behavior foliows immediately from (13):

Je . d"(:l
e IR o R A (14}
Gt e Zodtt o

S
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with
Je (o) + Y .
! c —— (C, Lo} - T (11a)
woo r T ) 1
¢ 1 .
171
. ey eq
Al C {o) -t a + 3.
TN T P S e
Jdre dt | (“ulttl(o))’ (u+ul(tl(n))2
Ul
. ! l {13b)

1+ .U {o ‘
1t
As g the case of (11 the long-time behavior obeys an exponential Jaw

(&3}
¢ o

. \ + Boexpe- t/) . {i3)

the time constant is now given hy

PN |
N .
T oo P S . (15a)
R Ly v
| 1
From the integral of {(13)
. SRR C )+ y cloy - o}
S o In + 1n 5 (16)
1 “ll'l + (l([) +y (,l(t) + (.1
we find g,y -«
PG R & Rty
[ER- ’(' to) - t?“l( A s 54 g (17)
i1 Y | 1M1
¢ Y

Lvatuation ot two anneating curves (A: equilibration at $73 K, anncual-
ing gt 3TN Ko e ocquilibreation at 573 K, anncaling at 472 K (A in
P 10 B ising L L7 018 - 18 x 1o~ em?s=! and apen =
ox 1ot em'st L the ¢ together with the experimental time constunt

v

idetermine in Eg. (15a) the hydrogen escape frequencies \)t(.‘\‘ =




-16- [ES R

2 x 10" and v iB) = 10°“s7).  The oy and v which arc obtaincd from
the fong-timce behavior can he used in £ (14a) to determmine the nitial
slope of the anncaling curves, For annealing curve A we obtain
dCl/JKIO = - 8.4 x 107cm"?s~? compared with the experimental valee of

- 4.5 x 0% 3" and for curve 8 - 6.1 x 107w 5! comparcd with the
experimental value of - 1.5 x 10%m 23!, The agrecmcnt between lfong-
time and short-time behavior is now satisfactory. This suggests that
the assumption of stationarity of the free hydrogen concentration
(dCf/dt = 1) was indced admissable. The trapping rate 0, comes out
smaller than expected from an extrapolation of the high-temperature
values of W'. (Using Eq. (7) and r = 7 x 10" %cm onc obtainecd

o, (A} = 1.5 x 107 %em?s™! and 0,(B) = 9.3 x 107 em3s-1).  This may
indicate that in the prececeding treatment the *hydrogen diffusion
coefficient' is to be cousidered as an effective quantity. In the
temperature range of the present experiment hydrogen diffusion may he
slowed down by o tendency to form hydrogen molecules in the lattice
and/or by temporary association of hydrogen with some of the clec-
trically non-active impurities (e.g. oxyvgen) that remiained in the pre-

sent sampices,

. Summary

Our main findings may be summarized as follows:

]

ii)

i

The single acceptor at B+ 0.08 eV can only and always be found in
hydrogen-grown dislocation-free high-purity germanium. This strongly
suggests that this acceptor is related to a complex consisting of
vacancies (V) and hydrogen (H). The divacancy-hydrogen complex (VZH)

is the most probuble candidate.

The concentration of the acceptor is sensitive to annealing. A model
based on the reaction V2H+H P VZH2 and on hydrogen trapping and detrap-
ping at larger traps describes both the stationary concentration of the

acceptor centre as well as the responsce 1o sudden temperiture changes.

The model s supported further hy {a) excellent correspondence between
the cnergy tevels of divacancy-donor complexes and the VZH-ccntrc and
(b} the recently discovered complexes of hydrogen with multivalent

acceptors (similur to multivalent acceptor-lithium complex formation).
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Lioatre Captaons

t;,. V. Hole concentration versus reciprocal temperature 1/T of o dhi-focatald
and an undsslocated Ge sample cut from the <ame crystal slice.  The
net -ampursty concentration of shallow acceptors and donors - cqual
vor both samples.  The Ev + 0.08 ¢V acceptor only appears in the Jis
focation- free picce; its concentration depends on the anncaling

temperature,

fre, 20 Photogranh of a partially dislocated <100+ surface of a hydrogen-
grown e crystal. The targe etch pits with four-fold symmetry in
the right half of the picture arc duc to dislocations. The hemsspher-
ical pits in the left half of the picture are attributed to vacancy

and hydrogen complexes.

iy, . Steady-state concentration of the EV + 0.08 cV acceptor of two dis-
Tocation-free sumples. A sample cut from center of a crystal {erystal
# = 35 mm). @ sample cut necar crystal surface.  The error tor each
measurement point is of the order of 5 to 10% for the concentration
and Tess than 2% for the temperature.  The dashed line corresponds to

1,040  Pexpl =071 eV/KT) em™ P,

Fig. 4, Concentration of Ev + 0.08 cV uacceptor level and of shallow levels
{(as measured at 77 X).
0

A ¢ Sample cquilibrated at §75 K, quenched to and amnealed at 173

Sample equilibrated at 623 K, quenched to and annealed at 548 K.
K.

+ : Shallow net-ucceptor concentration.
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