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ABSTRACT

In this report the properties of zinc as a dopant of silicon are reviewed. For the

isolated impurity the data on solubility, diffusion, ionization levels and acceptor

states are given, together with a brief discussion. Zinc participates in the formation

of impurity complexes. Pairs formed between zinc and other acceptors, donors and

hydrogen are described.

1. INTRODUCTION

Zinc is an active dopant in silicon. In its isolated form it occupies the regular substitutional site

and, lacking two electrons to be an isovalent impurity, it acts as a double acceptor. Its first and

second ionisation levels have been determined at about E" + 0.30 eV and E, * 0.60 eV,

respectively, consistently over a long period of time, by many experiments. Being a well-identified

centre, the zinc impurity offers the rare possibility to investigate the electronic structure of a deep

double acceptor state. \ryhile the neutral zinc atom has electron configuration 3d104s2, the

incorporation in the silicon crystal will introduce the competition with the formation of sp3

hybridized covalent bonds. In fourfold coordination this would leave eight electrons for an

incompletely filled 3d shell. For excited states the validity of a description in the effective mass

approximation is an important issue for verification. Zinc has shown a pronounced tendency to

form complexes with other impurities. As expected, pairs of positive donors with negative zinc

acce,ptors are stabilized by the gain of electrostatic energy. Highly mobile interstitial transition
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metal impurities, such as manganese, iron, chromium and copper are active in the formation of
these complexes. Other impurities involved in pair formation, though less definitively established,

are the shallow acceptors boron, aluminium and gallium. Passivation of zinc centres by

hydrogenation appears to be possible. Several other zinc related centres are just only detóted in

one technique, but lack all further characterization and identification. The studies of zinc related

centres in silicon are in their very early stage.

2. ISOLATED ZINC

2. 1. Solubility

Zinc has the low melting temperature of 419.5 'C, it boils at 907 "C. The solubility of zinc in

silicon is determined by. temperature and composition of the external phase. In contact with the

liquid the segregation at the solidliquid interface is controlled by the distribution coefficient lCq.

A general expression for lCq is

kcq - ?exp[AS/k]exp[-AH/kTJ. (1)

The changes of entropy and enthalpy upon transfer of the impurity from external phase to silicon

are given by AS and AH, respectively. For Si:Zn the values are given as AS/k : -2 and AH =
1.5 eV [1,2]. The liquidus curve in the silicon-zinc phase diagram deviates from a straight line
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Figure 1. Solubility cq of zinc in silicon as a

function of the reciprocal temperature 1000/T.

After Refs. [4], [5] and [6J.

Figure 2. Diffusion constant D of zinc in
silicon as a function of reciprocal temperature

1000/T. Data from Refs. Í21, [9], t101, I U

and uzl.

0.5 1.0

\

\

\\

\



Zn AND Zn-IMPURITY PAIRS lN Si 641

causing appreciable temperature dependence of the activity coeff,rcient y. The solubility will
therefore not follow Arrhenius behaviour. From equation 1, with .f : l, the segregation coefficient

at the melting point of silicon is calculated as k;t = 10-5. Following the empirical rule of Fischler

[3] the maximum solubility is predicted as 10-6 in atomic fraction, coresponding to the

concentration 5 x 1016 cm-3. Both results are in agreement with experimental findings. Solubilities

of zinc in silicon were determined measuring the hole conductivity induced by this acceptor dopant

[4]. Results of so[ubility measurements are given in figure 1 t4-6].

2.2. Diffusion

Diffusion of impurities in a solid proceeds via thermally activated jumps over energy barriers. Such

a process is generally represented by an Arrhenius relation

D : D"exp(-Q/kT). (2)

The activation energy Q is related to the barrier height and the pre-exponential factor Do involves

the attempt jump frequency and jump distance. Several mechanisms for diffusion exist. Impurities

moving via interstitial sites are characteriz,ed by high diffusion constants. Diffusion over

substitutional sites is very slow. The magnitude of diffusion of zinc in silicon is intermediate

between these cases and suggests an interstitial-substitutional exchange mechanism. In one of thesg

models a highly mobile zinc atom on interstitial position can change place with a silicon atom on

a regular lattice site, pushing the silicon atom into interstitial position. This kick-out mechanism,

represented by

Zn, Ê ZÍt, + I, (3)

l0- ró

N

Ë 10-17
b

l0- rr

ro-'b.ï 0.4 0.6 0.8
hco (eD

Figure 3. Photoionization cross sections o for holes ofthe neutral and singly charged

zinc centres as a function of photon energy hco. Data after Ref. [18].
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was found to be dominant for the zinc in silicon diffusi2n 17,81. The diffusion rate may be limited

by the diffusivity of the interstitial impurity or by thé flow of self-interstitials. The concentration

of the intrinsic defect is affected by the crystal quality, such as dislocation density, or the conditions

of the surface. This may explain the wide scatter of diffusion data in the literature. Data

representing the rather limited lilerature of zinc in silicon diffusion are given in f,rgure 2.

Representative values for the parameters D" and Q can hardly be given.

2.3.Ionizatron levels

Already in its first year of observation zinc was recognized as a substitutional impurity with a

double acceptor behaviour [4,13]. From the Hall effect measurements the first and second hole

ionization levels were determined at about E\, + 0.30 eV and E\, + 0.60 eV, respectively. These

results were essentially confirmed in many following experiments using infrared absorption [4,15],
photoconductivity [16], and several variants of the deep level transient spectroscopy (DLTS) [17-

24J. A summary of the results obtained, showing some scatter between the data, is given in Ref.

[24l.In view of the propensity of zinc of complexing with other impurities, the reported values are

remarkably consistent. The photoionization cross sections for the excitation of holes to the valence

band from the zinc levels as reported in Ref. [18] are shown in figure 3. By fttting the spectral

dependence with the Lucovsky model the ground state binding energies were derived. In most of
these experiments additional electronic levels were observed. These are attributed to zinc-related

complexes.
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Figure 4. Optical absorption ot of Zn" (lines I) and the complex Zn(X2) (lines J) due

to excitation to bound effective-mass like states. Data after Ref. [27].
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Table 1. Optical absorption energies q and total ionization energies Q for the double acceptors Zno

and Beo, for centre Zn(XZ) and for the single acceptor B'. Theoretical EMT binding energies Q,

are also given. All energies in meV.

EiEi

Tran-

sition
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2.4. Acceptor states

A much more precise value for the optical ionization energy is obtained by the observation of
ground to bound excited state transitions in the neutral impurity. Such experiments have recently

been reported using high resolution, - 0.06 meV, Fourier transform spectroscopy Í25-271. A

spectrum of absorption lines, labeled I, to Ia, observed at low temperature, is shown in figure 4.

The excitation energies corresponding to these absorptions, 4, Íue given in table 1. For the excited

states, with holes in extended orbits, the binding energies $ can well be calculated in the effective

mass theory (EMT). Adding the respective values one obtains the ionization energy 4 : 4 + 4.
The constant result, as given in table 1, demonstrates the validity of the analysis. To high precision

the first ionization level Zn"lZn- of the acceptor is determined as 0.3192 eV. In the figure this

value is indicated as the series limit. The spectrum consisting of the lines Ii, i=1,2,4, also shown

in figure 4, is attributed to theZn(X2) complex; for further details see section 3.3.

3. ZINC-IMPURITY PAIRS

3.1. Zinc-donor pairs

Donor-acceptor pairs are a familiar form of small impurity complexes. Their formation is favoured

by the electrostatic attraction between negative acceptor impurity and positively charged donor.

Being an acceptor, zinc can form impurity pairs of this kind by trapping a donor impurity.

Transition element donors ofthe 3d series, which are fast interstitial diffusers, are good candidates

for this process. Indeed, the observation of impurity pairs between zinc and vanadium, chromium,

manganese, iron and copper has been reported. Investigations, mainly by deep level transient

spectroscopy (DLTS) and electron paramagnetic resonance (EPR), have revealed the microscopic

electronic aspects of these centres.
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The first observation of such centre was the MnZn pair by magnetic resonance [28]. Figure

5 is an illustration of the result, revealing information on fine and hyperfine structure. While figure

5 gives the spectrum for the magnetic field B parallel to a <111> crystal direction, the full

angular dependence studies were made. Analysis of data using the spin hamiltonian for4alism

determines the int€raction constants. The more important of these are given in table 2. From the

observed <111> axial angular patterns the spectrum is concluded to arise from a centre with

trigonal symmetry. For an impurity pair this is a probable configuration. The spectrum consists of
the transitions between states with electronic quantum numbers from m, : 1512, down to m, =

-512, and requires electron spin S = 512 for its full description. Manganese can act as double

donor; Mn" ê Mn2* * 2e-.It favours the electronic configuration [Ar]3d5, with half-filled d shell

and without bonding 0o the crystal. Spin alignment, following Hund's rule, results in spin S* :
512. The double acceptor zinc has the ionized configuration [Ar]3dt04s4p3,'on a substitutional site

with bonding to four silicon neighbours. The spin of this Znz- state is Sz, = 0. In this pair

configuration (MnZn)' = Mnlï .Znku the observed electron spin S : 512 for the pair finds an

evident explanation. The hyperfine interaction parameters with the manganese ion (isotope 55Mn,

nuclear spin I:5/2, 100% natural abundance) are given in the original literature [28] as A1 :
-154.2 MHz and Ar = -150 MHz. The interaction appears to be nearly isotropic, with a =
(Al +2Ar)/3 = -151.4 MHz, indicating only a small influence of the trigonal fields in the centre.

A comparison with the isolated manganese impurities in the silicon crystal can therefore be made.

* i-.i ,,l-+[
-+--+

.I--l,+:-+' ,t-.f *t-**-*--t
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Figure 5. Electron paramagnetic resonanoe spectrum of the neutral centre MnZn in

silicon, for magnetic field direction parallel to <111). Different sets of lines

correspond !o different orientations of the trigonal centre in the crystal. Data after

Ref. [28].
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For interstitial Mn2+, the reported value is a : -l6f.21 MHz; for substitutional Mnz-, a :
-L2I.5 MHz, with both cases referring to 3d5 and S : 5/2. As additional bonding in the pair is

likely !o lead to some delocalization of the d electrons and therefore reduction of the hyperfine

strength, the measured value for the pair is consistent only with manganese on an interstitial site.

In the pair model the spin density is highly localized on the manganese ion. The hyperfine

interaction with this impurity is strong and _easily visible through the sixfold splitting of the

resonance lines, see figure 5. No sprn density is localized in the model on the zinc ion. In
agreement with the model the spectrum shows no resolved zinc hyperfine structure. Although the

interaction is rireasurable, it is about 50 times smaller than for manganese, indicating some, but

small delocalization. The absence of orbital momentum in the electron configuration is consistent

with the observed g-values, which are close to the free electron value g = 2.

Most probably the same centre has also been observed in deep level transient spectroscopy

[19]. Figure 6 demonstrates the observation of the MnZn related emission near T = 100 K. A
donor level at 4 t 0.18 eV is derived for the centre. It is consistent with the observation of the

pair in a neutral charge state in the magnetic resonance experiment. Both constituents of the pair

have donor or acceptor activity and can be observed themselves separately in the DLTS experiment.

In figure 6 the Zn and Mn signals are also observable. By monitoring the time dependence of the

intensities of Mn-, Zn- and MnZn-related peals the reaction kinetics can be followed. Such

experiment was carried out in more detail for vanadium, which similar to manganese, is also 4
double donor. In the experiment the equilibrium was established in the reaction
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Figure 6. DLTS spectrum observed in silicon

double-doped with zinc and manganese. After

Ref. U9l.
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Figure 7. Temperature dependence of the
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silicon. After Ref. t19].
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v2+ + zn2- è vzn, (4)

then frozen by quenching and measured at low temperature. In a mass action description

lYZnlllvllznl : K(T) : Kexp(U/kT) (5)

the temperature dependent reaction constant K(t) was determined. The result is displayed in figure

7. The slope gives U : 2.7 eV, which reflects a considerable binding energy and stability of the

pair. The value can be put in perspective by comparison to the result U = 0.65 eV reported for

the well-known Fe+B- pur 1291. The enhancement by an almost exact factor 4 for the YZn pair

is a good confirmation of its double donor-double acceptor character.

Another system for which results from different sources are available is zinc-chromium. The

DLTS measurement has revealed the formation of CrZn pairs with an associated acceptor level at

E" - 0.10 eV [19]. The simple rule that double acceptor plus single donor gives single acceptor

seems to be obeyed. Also in magnetic resonance such pairs were observed, actually two different

ones [30,31]. By the controlled intentional introduction of the nuclear magnetic isotopes oZn, | :
512, znd 53Cr, I = 312, to a high enrichment, the hyperFrne structure was enhanced, allowing better

studies. In both cases the involvement of one zinc and one chromium atom each was established

for the centres. The two centres differ in their geometrical structure. One centre, labeled Si-NL35,

has trigonal symmetry and could well correspond to a pair formed by a substitutional zinc atom

with a chromium atom on a nearest interstitial site along < 111 > . The other centre, with spectrum
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Figure 8. Angular variation for the trigonal

Si:CrZn centre, spectrum Si-NL35, for

rotation of the magnetic field in the (OTt)

plane, at X-band frequency. After Ref. [30].

Figure 9. Angular variation for the ortho-

rhombic Si:CrZn centre, spectÍum Si-NL36,

for rotation of the magnetic field in the (0Tl)
plane, at X-band frequency. After Ref. [3U.
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label Si-NL36, has orthorhombic-I symmetry and could arise from a pair with constituents

separated at a further distance. Angular dependence patterns on the basis of which the symmetry

of the paramagnetic centres is found are given as figures 8 and 9 for the centres Si-NL35 and

NL36, respectively. One might speculale that the two centres with chemical identity differ only in

their geometrical arrangements of atoms and that transformations between the two species are

possible. Such atomic bistability is well documented for iron-shallow acceptor pairs, for example

by the trigonal and orthorhombic iron-aluminium pairs 132,331. Presently it is still unclear whether

the ZnCr pairs represent a new case of such atomic bistability.

Other 3d transition metals involved in pairing reactions with zinc are iron and copper.

Results as following from DLTS studies are summarized in figure l0 [19]. Some parameters

describing the magnetic resonance for zinc and its impurity pairs are collected in table 2.

3 .2. Zinc- acceptor complexes

Although no detailed information about structure is known, the formation of pairs between

zinc and the shallow acceptor dopants is reported frequently in the literaturel4,l3,l'7,241. The

reports are based on observations by the Hall effect or DLTS. In general, the disappearance of the

shallow acceptor level is observed with simultaneous appearance of a new electronic level. For

boron a level at Ev + 0.09(2) eV is found 14,13,241, or at E, + 0.167 eV [17]; for gallium the

level is at Q t 0.083 eV [4]. As regards the atomic model of a complex only speculative ideas,

involving interstitial zinc or vacancies, have been forwarded. On the basis of reaction kinetics the

centre Zn3B was proposed [17].
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Table2. Spin Hamiltonian constants of EPR spectra of zinc-related centres in silicon.

Centre/

spectrum

Symmetry Spin Principal g-values Reference

Zn-
(MnZn)"

CuZnlNL34

CrZnlNL35

CrZnlNL36

NL37

FeZnlNL38

2.050

2.001

1.9980

L.9972

1.9956

2.0164

2.1520

1.996

2.0872

2.0w4
1.9903

2.0507

2.0328

L.9912

2.01 19

1 .ggg l

[28,34,351

128l

tg6t
t30I

[30,3 U

t30l

t30I

cubic

trigonal

monoclinic-I

trigonal

orthorhombic-I

monoclinic-I

trigonal

u2
512

U2

312

U2

Lt2

312

3.3. Zinc-hydrogen complexes

Hydrogenation is a new method of improving control over electrically active centres. Also

for zinc in silicon the interactions with hydrogen were investigateÁ 1231. Samples doped with zinc,

measured by the deep level transient spectroscopy, showed the familiar Zn ace,eptor levels. As

figure 11 shows, new levels, labelled Zn(Xl) and Zn(X2), were present in addition. These
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Figure 11. Deep level transient spectra of silicon subjected to zinc diffusion at (a)

900 "C and O) 1000 oC, and after hydrogenation. Dotted curves indicate the absence

of active levels after hydrogenation. Data from Ref. [23].
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complexes, which were shown to be related to one zinc atom, have ionisation energies of 230 and

320 meV, respectively. Probably, the lines J, to Jo observed in optical absorption, see figure 4, are

associated with the Zn(X2) complex. Upon treatment in a hydrogen plasma all electrical levels

disappear. This is indicated in figure 11 by the dotted line. New levels from zinc-hydrogen

associates aÍe not present. By heat treatment in the range 444-616'C the zinc acceptors are

reactivated. This process follows first-order kinetics with an activation energy of 2.2 eY. Also the

Zn(Xl) centres are recovered, but their reactivation is not described by simple kinetics. Centre

Zn(X2) is not stable at temperatuÍes above 400 'C.

i
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