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The reaction kinetics of the 50-K recovery stage of tellurium irradiated with 20-MeV
electrons can be explained by correlated vacancy-interstitial annihilation. Moreover, the in-

fluence of the doping on the transport properties of irradiated tellurium crystals was inves-

tigated. It turned out that the assumption of a reduction of the dislocation scattering po-
tential by vacancy trapping as proposed in previous papers is insufficient. The experimen-
tal findings are comprehensible if screening of the dislocations by free carriers is assumed to
be the predominant mechanism. With this model the doping dependence of the mobility in
unirradiated tellurium crystals can also be understood.

I. INTRODUCTION

A considerable amount of work has been devoted
to the investigation of the conduction mechanisms in

the elemental semiconductor tellurium; nevertheless,
our present knowledge is rather incomplete. Part of
the problem arises from a number of rather unusual

properties of Te. In the past, the preparation of
high-quality single crystals of sufHcient purity
turned out to be difficult. After this problem was
solved —it is possible nowadays to pull single crys-
tals with a low-temperature free-carrier concentra-
tion of a few 10' cm —it turned out that disloca-
tions play an important role in the transport proper-
ties. Even if tellurium crystals are prepared with

extreme care, dislocation densities of the order 10
cm seem unavoidable. An additional complica-
tion in low-temperature experiments is accumulation
layers of chemical origin at the surface which act as
a bypass for a bulk current. Another handicap
results from the small energy difference of a few
meV between the valence band and the acceptor lev-

els associated with lattice defects in Te.
In order to find out whether the quasimetallic

behavior of pure Te at helium temperatures could
possibly arise from intrinsic point defects, studies of
the influence of 1-MeV electron irradiation on the
transport properties were initiated a few years ago. '

It turned out that the hole density —Te is always p
type in the extrinsic range —always increases with

the irradiation dose. The investigation of the anneal-

ing behavior revealed two striking recovery stages in

the carrier isochronals, a very sharp one at 50 K
and another around 110 K. Surprisingly enough,
the mobility could be substantially improved by
electron irradiation. In order to explain this
unusual behavior, a mechanism was invoked which
explained the increase in the mobility by shielding
of built-in dislocations by irradiation-induced vacan-
cies. This model could describe the early findings.
%hen the experiments were, however, extended to
plastically deformed samples it was not possible to
explain the data with the proposed model. More-
over, difficulties existed in the interpretation of the
microscopic nature of the 50-K recovery stage.
Also, the shape of the mobility isochronals could
not be explained satisfactorily; it was especially not
clear why in the S0-K stage the mobility decreases
at small doses and increases at high doses.

In order to clarify the situation, irradiation experi-
ments with 20-MeV electrons were performed. The
higher electron energy has the advantage that it is

possible to achieve a rather homogeneous distribu-
tion of the irradiation defects generated in relatively
thick samples. The preparation and handling of
single-crystal specimens of about 100 pm thickness
had caused some problems in the 1-MeV irradiation
experiments. Moreover, the availability of very pure
Te specimens promised to provide new insights into
the transport properties. In order to learn more
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about the influence of dislocations, we studied plast-
ically deformed crystals. Another goal of this inves-

tigation was to obtain reliable information about the
energy levels of the radiation-induced point defects.

In the following, we shall first discuss relevant as-

pects of lattice defects, particularly the dislocations
in Te. Subsequently, we outline the problems asso-
ciated with the determination of those energy levels

which are generated by the irradiation defects.
In Sec. VI we discuss the results for the depen-

dence of the mobility on electron irradiation. The
data can be explained if it is assumed that in crystals
of very high purity the free holes are located in a
disturbed region around the dislocations where the
mobility is reduced with respect to the bulk value.
Introduction of point defects by irradiation or dop-

ing populates the dislocation-free regions of the sam-

ples with holes and results in an increase of the ef-

fective mobility.
In Sec. VII isochronal annealing data will be

presented which were obtained for deformed and

undeformed specimens of different doping after irra-

diations with various doses. Analysis of the first

recovery stage suggests a close-pair recombination,

whereas the second stage can be understood as an

uncorrelated vacancy-interstitial annihilation.

Finally we discuss possible reasons for the ex-

istence of deformation-induced acceptor states which

do not anneal at room temperature. These states

are introduced into the crystal by a we11-defined de-

formation process which should produce a edge

dislocations oriented parallel to the crystallographic

c axis.

The high disloation density is caused by the special
binding properties in Te (Sec. III). Since crystals
with fewer dislocations cannot be produced, many
authors studied the influence of the dislocations by
increasing the' dislocation density deliberately by
plastic deformation.

The concentration of the holes can be varied by
chemical doping (e.g., with antimony), but fluctua-
tions of the dislocation density in different samples

may occur because the specimens are extremely sus-

ceptible to plastic deformation. Therefore assertions
about the influence of the free carriers drawn from
measurements on various specimens are clouded
with considerable uncertainty. Subsequently it will

be shown that the low-temperature irradiation of Te
with high-energy electrons is a suitable method of
varying the hole density continuously in the same

sample.

III. CRYSTAL AND DISLOCATION STRUCTURE

The lattice of Te can be described as a hexagonal

array of parallel helical chains with threefold screw
- axes. The direction of these helices defines the crys-
tallographic c axis. Viewed along the c axis on the

crystal, the chains reduce to equilateral triangles

(Fig. 1).
Because of the six valence electrons there is a ten-

dency for the elements of group VIb to compose
linear structures. Thus at first it was assumed that

II. LATTICE DEFECTS IN TELLURIUM

The transport properties of pure and slightly

doped Te single crystals at low temperatures are in-

fluenced quite substantially by the existence of
strong accumulation layers at the surface and dislo-

cations and point defects in the bulk. For pure
samples the natural surface layers can mask the gal-

vanomagnetic properties of the bulk completely,

especially at very low temperatures. Field-effect
measurements showed that the influence of the sur-

face can be reduced drastically by employing a new

etching process, which means that our samples ex-

hibit essentially bulk properties in the investigated

temperature range (T & 10 K).
The dislocation density of at least 10 dislocations

per cm is rather high in Te single crystals com-

pared with the classical semiconductors Si and Ge.

c p

X, l, Gt
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FIG. 1. Projection of the Te lattice in the xy plane.

Q, first (fourth) atom in chain. Qo, second atom in chain.

, third atom in chain. 1 (2): first (second) nearest
neighbor to atom 0. a ~, a2, a3, and c are the four hexag-
onal axes. c = 5.95 A, a = 4.45 A, r = 1.19 A (Ref. 16)
(c is the distance between the first and fourth atom in

chain).
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each atom in the Te lattice is covalently bound to its

two next-nearest neighbors within a chain, where

there is merely van der Waals attraction between

the chains. However this crude model is too simple
in the case of Te. As the distance of an atom to the
four second-nearest neighbors located in three adja-
cent chains (Fig. 1) is only 20% higher than the dis-

tance to the two next-nearest neighbors within a
chain, there is no pure covalent binding within a
single chain. Also, the binding between the chains
is stronger than the van der Waals attraction alone.
In spite of this more complex binding behavior, the
bonds inside a chain are strong and directional,
whereas the bond between diAerent chains is weak-

er. The binding energy of the two next-nearest
neighbors is about 1.5 times larger than that of the
four second-nearest neighbors. '

Owing to this peculiar structure, slip should oc-
cur on planes parallel to the axes of the chains
(prismatic planes) in order to avoid moving disloca-
tions breaking strong bonds within the chains ("co-
valent bonds"). Uniaxial compression experiments
show that for homogeneous stress the only glide
planes are prismatic planes of the first kind [ 0110 ]
(cleavage planes) with slip vector (Burgers vector)
a = —, (2110) (a glide) and c = (0001) (c glide).

Furthermore, it turns out that the dislocations have

a strong tendency to align themselves parallel to the
c axis. This favors the a edge dislocation and the c
screw dislocation. If only the a glide system be-

comes activated, which consists of three subsystems

( (0110),[2110];(1010),[1210];(1100),[1120) ), only a
edge dislocations should be produced. According to
Schmid's law' pure a glide should occur if the
compression axis is perpendicular to the c axis (a
deformation). If in this case the angle between the

compression axis and the normal vector of one of
the [ 0110 ] planes is 0' or 30' two of the glide sys-

tems should be activated equivalently, but not the
third one (duplex a glide). If the angle is 15', one
glide system is favored (simplex a glide). This pre-
diction can be experimentally verified by the etch-pit
technique' because the dislocations have the tenden-

cy to build up layers oriented parallel to the activat-
ed glide planes.

In order to check the influence of dislocations on
the galvanomagnetic properties, it is useful to write
down for a homogeneous crystal in thermal equili-

brium the relation between the electric field, mag-
netic field, and current:

can be expanded in increasing powers of 8:

Pik(B) Pik + PiklII i + (2)

Because the Te lattice belongs to the point group 32
(D 3 ) the resistivity tensor (P;k ) as well as the Hall-
effect tensor (piki) have only two independent com-
ponent' "am y p» =pp p c) p»= pll (j~~c) and

P132 ~ I (B~c) P123 ~
~~

(B
I lc» «spectiveiy.

(The indices 1,2,3 stand for the directions of the

x,yp axes. ) It is possible to determine these quanti-

ties by measuring samples cut in three special orien-
tations from the crystal (Fig. 2), which leads to
three diAerent Hall mobilities:

IV. EXPERIMENTAL

Our samples were cut from Czochralski-grown
single crystals with an acid string saw in order to
avoid unnecessary lattice damage. The specimens
were etched with great care to a thickness between
0.5 and 1 mm. This is suAiciently thin to guarantee
a homogeneous damage rate in the bulk material if
the samples are bombarded with 20-MeV electrons
because the penetration depth for electrons with this

energy is about 1 cm in Te. The irradiations were

»J

}

8

ps ~ ~~/pl pL = ~l/p~~ pg = ~l/pi.H H H

For undeformed samples cut from high-quality
crystals grown in the c direction it can be expected
that there is a homogeneous distribution of the dislo-
cations with respect to the symmetry operations of
the point group 32. Indeed, no anisotropy of the
galvanomagnetic quantities can be found for unde-
formed samples in the xy plane. ' ' So we need
not take into account new tensor components. In
samples that were subjected to an a deformation at
room temperature (b1/1 a few percent, deformation
velocity u = 2 X 10 mm/s) layer structures were
found which lead to an anisotropy in the xy plane. '

But even for a 9.7% duplex a deformed sample
(u = 8 X 10 mm/s) a homogeneous distribution
of etch pits of the order 10 cm could beob-
tained.

E; = P;k(B)jk .
S sample L sample Q sample

The galvanomagnetic transport coefficients P;k(B) FIG. 2. Sample orientations in the crystal.
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performed with a 35-MeV Betatron with an external
beam guide system at temperatures of 10 and 35 K.
The direction of the electron beam was parallel to
the magnetic field. To avoid surface effects the
specimens were rinsed with ammonia (Sec. II). The
rod-shaped S and L samples (Fig. 2) were provided
with five contacts in the usual way. In the case of
the quadratic LQ sample (combination of L and Q
samples) eight probes were necessary to measure the
galvanomagnetic properties parallel and perpendicu-
lar to the c axis. in the same sample. The measure-
ments of p and R~ were performed under constant
current conditions with conventional dc techniques;
the influence of the sample geometry was con-
sidered according to the technique of Vogler. ' The
scattering factor was determined to be 1.0 at 35 K
for the used magnetic field of about 0.1 T for S as
well as L samples. This result was drawn from
measurements of the Nernst-Ettingshausen coeffi-
cient of samples irradiated with 1-MeV electrons. '

Therefore the interpretation p = I/eRIt and

pD„.« ——pH, &&
is justified.

In Table I the typical parameters of the investigat-

ed samples (orientation, degree of deformation b, I/I,
initial hole concentration p „,and maximal irradia-
tion dose P~~) are summarized. Samples 3 and 4
were cut from crystals doped with antimony with

an average Sb concentration of 1 )& 10' at. Sb
cm and 5 X 10' at. Sb cm, respectively. The
sample notation 4/1 and 4/2 indicates, e.g., that the
specimens were prepared from adjacent regions of a
particular single crystal and should have the same
carrier concentration. If there are differences, they
can be attributed largely to the experimental error
in the determination of the Hall coefficient, caused
mainly by uncertainties in the geometry of the speci-
mens. Samples 5 and 6 are deformed under duplex
a conditions at room temperature.

The elemental semiconductor Te is always p type
in the extrinsic range. The positions of the acceptor
levels can be determined under certain conditions
from the temperature dependence of the Hall coeffi-
cient. If we assume n acceptor levels Ez. the hole

I

density of the unirradiated sample is given by

= gN& 1+ g„. , exp (4)

Nq is the concentration of acceptors with energy

Eq. and gz is the degeneracy factor. Knowing the

hole density p and the temperature T, we can calcu-
late the associated Fermi energy EF(p,T) from

p = f D(E)f&(E,E~,T)dE (5)

where fz(E,EF,T) is the Fermi distribution for
holes. The density of states D (E) is determined
from a valence-band model as proposed by- Bangert
et al. ' Using (4) and (5) we make a fit of the tem-
perature dependence of the hole concentration. In
the case of the stronger doped sample 4/2 we can
neglect those levels which are not caused by the im-

purity atoms. Figure 3 shows that we can fit to the

p ( T) curve satisfactorily with only one fit parameter
Ez . The fit is quite good for an acceptor energy of
Ez —.1 meV. This is in agreement with the values

found by other methods. Impurity atoms such as
antimony are associated with an energy level
between 1 and 1.5 meV. (The zero point coin-
cides with the valence-band edge. )

V. IRRADIATION-INDUCED ACCEPTOR LEVELS

TABLE I. Typical parameters for the samples investigated.

Sample 1 2 3/1 3/2 4/1 4/2 5/1 5/2 6 7 8/1 8/2

Orientation S S
p„(10 K) (10' cm ) 3 4

(10'2 cm ) 11 88
Deformation (%%uo) 0 0

S S S S S S S L LQ LQ
14 12 78 71 4 5 23 3 3 3
8 88 35 87 12 87 86 7 3 140
0 0 0 0 1.9 1.9 3.7 0 0 0
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Our irradiation experiments at low temperatures
with 20-MeV electrons showed that the hole con-
centration p increases linearly with the irradiation
dose P, ' except for sample 2, which showed a
slight downward curvature (Fig. 4) and the deformed

specimen 6 for which the data are shown in Fig. 16.
The same behavior was found after 1-MeV irradia-
tion. The increase of the hole concentration due
to the generation of point defects by electron irradia-

tion causes a decrease of the Fermi energy Ez.
From this, we can find out in principle where the

40

30

„& 20
E'

C)

10

20 I I I I I I I

0 20 40 60 80
T (K)

FIG. 3. Temperature dependence of the hole concen-

tration for a stronger doped sample (sample 4/2). ,
measured; —,calculated (the numbers next to the

curves stand for the fit parameter E& in meV).

radiation-induced levels are located, and we can also
investigate the influence of those acceptor levels

which are already present in the unirradiated sam-

ples.

The comparison of the 1- and 20-MeV data

shows that the irradiations produce mainly vacan-

cies and interstitials. According to semiempirical-

calculations for Te model crystals by Weigel

et al. , vacancies generate shallow acceptor levels,

whereas the interstitials can act as deep donors only.

Therefore we proceed from the assumption that va-

cancies act as acceptors, and firstly we suppose that

the interstitials act as donors. Moreover, we assume

that the irradiation produces the same concentration

of vacancies and interstitials and that their number

increases proportionally with the irradiation dose,

which means Nz ——Nz ——cP, c = const, where Nz

is the concentration of acceptors with energy Ez
and SD the concentration of donors with energy ED

created by irradiation. Then we get for the hole

concentration as a function of the irradiation dose

p(P) = N„($) —ND+(P)+ pe (P) . (6)

",N„(p.) are the holes produced by those levels

which are already present in the unirradiated sam-

ples,

N~ (4) =&~I l+g~ exp[(E~ —EF)/kaG I
' (7)

are the holes produced by the irradiation-induced

acceptor levels, and

1
ND+(P) = ND l + exp[(E~ —ED)/ksTt

gD

are the holes which are trapped by the irradiation-
induced donor levels.

For special cases, we can neglect the depopulation
of those levels which are present in the unirradiated

sample, which means that we can substitute

,Nq by the initial concentration p„. With

hp (P) = p (P) —p „and Nz ——ND ——cP,
c = const, we get from (6), (7), and (g):

0
0 25 50

(P(]0 cm )

I

75 &00

FIG. 4. Dose dependence of the hole concentration for
an undoped undeformed S sample (sample 2) by 20-MeV
electron irradiation at 10 K. 0, measured;, cal-

culated (the numbers next to the curves stand for the fit
parameter E in meV).

&p(P) =
l + gz exp[(E& —Ez)/kz T]

1
cP

l + exp[(E~ —ED )/k~ T]
gD

If E~ && E~ and ED && EF, then the hole density
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increases proportionally with the irradiation dose:
b,p(P) = cP. If the irradiation-induced acceptor
and donor levels are depopulated, then the mea-
sured p (P) curves should have a clockwise curva-
ture (Fig. 4). We cannot distinguish whether only
the acceptors or donors or both of them are in-

volved in this depopulation. Therefore we can only
determine the maximal possible values of either Ez
or ED, by setting ED ———(x) or Ez ———ao. The
factors gz and gD, which can only be —, or 2, are

chosen for this estimation such that Eq and ED,
respectively, are maximal, i.e., gz ——ga ———,.

For

&p(P) =
1 + —, exp[(E —EF )Ikz Tj

(10)

with the fit parameters c and E, where E stands for
(E~) and (ED) ~, respectively. In this way, we

find Eq & 2 meV, ED & 2 meV for the 20-MeV ex-

periments. This result is illustrated in Fig. 4 for the

undoped and undeformed Te sample 2 with an ini-

tial hole concentration of about 4 )& 10' cm at
10 K. The measued hole concentration p as a func-

tion of the irradiation dose P is represented by the

circles. The solid curves represent calculated
values, and the numbers next to the curves stand for
the fit parameter E in meV. c is fixed by the initial

slope of the measured curve.
The Fermi level could be lowered further by the

previous 1-MeV irradiations because at this energy
the Van de Graaff generator used could reach doses
that were orders of magnitude higher. If we apply
our method to the 1-MeV measurements, we find

E& & 0 meV, E& & 0 meV. On the other hand, Saf-
fert et al. computed from the p (P) curves of the
1-MeV experiments that E~ ——15+ 5 meV and

0 & ED & 50 meV. They obtained this different
result because in their analysis they made the invalid

assumption E~ && ED. Our result is in agreement
with that of Koma and Tanaka, who concluded
from their measurements that the acceptor levels of
the lattice defects produced by 1.5-MeV electron ir-
radiation are located in the valence band as con-
sidered by Takita et al. Most of the 20- and 1-
MeV irradiation experiments yielded a linear depen-

1 + —, exp[(E —EF)Ikz T]

1= 1 —---
1 + 2 exp[(E+ —E)/k' T]

we can try to fit to the measured curves—
considering (5)—by

dence of the generated excess hole concentration on
the electron dose. This results in negative acceptor
and donor binding energies, which means that both
energy levels are located inside the valence band.
We chose the data of sample 2 for the evaluation of
an upper limit for Eq and E~. Because electrons
have never shown up in low-temperature transport
measurements on tellurium, one must conclude that
the donor level is located below the acceptor and
that no self-compensation occurs. An estimate of
the concentration of Frenkel defects from the cross
section of 20-MeV electrons which tellurium atoms
and the multiplication factor shows that it is reason-
able to conclude that each vacancy-interstitial pair
generates one hole, but no electron.

VI. MOBILITY INCREASE DUE
TO ELECTRON IRRADIATION

Contrary to other materials, the creation of lattice
defects in Te by low-temperature irradiation with

high-energy electrons can lead to an increase of the

hole mobility. 1-MeV irradiations at 35 K produce
a maximal rise of less than 40% for samples with

jJ.c, whereas for j ~
ic the mobility is lowered from

the beginning of the irradiation. This behavior was

quantitatively described by a model based on the
assumption that the dislocations act as saturable

traps for the vacancies and that this process lowers

the scattering efficiency of the dislocations in the
case of jj.c. For j i ic it was additionally assumed

that in a particular volume around the dislocations,
no carrier transport takes place so that the mobility
should only decrease due to the radiation defects
remaining in the bulk material. Contrary to the last
assumption we also found for j inc a rise of maximal
250% (Fig. 5). Moreover, the relative mobility

600- ~4~ ~ 4«4
~~~

~et'

Jlc
I4

400- e 8/2

ape
~ 4 ~ 4

200 '
j li c

T= 35K-

04I

0
I I

50 100

g 0012 cm-2~

150

FIG. 5. Dose dependence of the relative change in

Hall mobility for the two orientations of an undoped and

undeformed LQ sample (sample 8/2} by 20-MeV electron

irradiation at 35 K.
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change (p —p„)/p„, p, being the preirradiation
value of p, is strongly dependent on the doping,
which is not involved in the model presented above.
Figure 6 shows this behavior for differently doped S
samples ( jlc) at an irradiation temperature of 10 K.
For undoped samples (1 and 2) we reached in-

creases of up to 700%, whereas the slightly doped
specimen 3/2 shows only a maximal rise of about
10%. A somewhat stronger doping (cf. sample
4/2) causes a mobility decrease from the outset of
the irradiation. (3/2 and 4/2 are associated with
the strongly stretched scale on the right-hand side. )

We can understand this doping dependence by
looking at the mobility as a function of the hole
concentration in Fig. 7. In this figure, the mobility
values of differently doped S samples are plotted for
three temperatures; the solid symbols stand for unir-

radiated samples, while the open symbols designate
the same, but irradiated samples. For the mobility
dependence on the carrier concentration it does not
seem to matter whether the carrier increase is due to
doping or irradiation. If one wants to maintain the
explanation of the strong mobility increase of the
undoped samples in the case of the irradiations as
being due to the vacancy-dislocation mechanism,
then one is tempted to assume that the initial mobil-
ity of the slightly doped samples, which is several
times higher than that of the undoped samples, is
caused by an analog of the impurity-atom—
dislocation mechanism. However, it is more prob-
able that in both cases the essential shielding of the
dislocations is due to the free carriers. This assump-
tion is also supported by the fact that we could
reach mobility increases of 100% at 10-K irradia-
tions for pure samples with such small doses that
only 1 vacancy per 1000 atomic chains per mm

—~—~—44~0
600-

~H
—.r—400- 24

4

4 2oo-:." 20
3/2

4/ ~o~ ~~~«4
QP 0~ ~ ~ ~ 4

2/z

T=10 K

e e

4

g (10'3 cm 2)

FIG. 6. Dose dependence of the relative change in

Hall mobility for differently doped undeformed S sam--
ples (see Table I) by 20-MeV electron irradiation at 10 K
(Ref. 31).

100

30-
~T=20 K

~~o
T =35 K

E 10- 1

3/1
3/2
4/1 o

4/2 o

thickness was created. Considering that the vacan-
cies are not mobile at this temperature, and that
their shielding of the dislocations, if it exists at all,
requires relatively small distances and that therefore
the dislocations would have to attract the vacancies
over extremely long distances to gather a sufficient
number around them, the whole process does not
seem plausible. The shielding of the dislocations by
the free carriers can be imagined as follows: The
dislocations are surrounded by a region of enhanced
hole concentration (dislocation screening region),
whereas the rest of the crystal (bulk material) is
depleted of holes. If the total hole density is in-
creased by irradiation or doping, then a saturation
of the dislocation screening regions with holes will
take place and the concentration of holes in the
bulk material will increase. This will cause an in-
crease of the measured effective mobility if the mo-
bility in the bulk material is higher than that in the
dislocation screening region. Because the mobility
in the bulk decreases with increasing defect concen-
tration, the measured mobility will pass through a
maximum. Abokarov et al. conclude from
quenching experiments that the holes which are al-
ready present in undoped undeformed samples (with
a hole density of a few times 10' cm ) are dislo-
cation induced. They assume that the dislocations
capture electrons, whereby they become negatively
charged. The holes created in this way form screen-
ing cylindrical regions with high hole densities
around the dislocations. If the dislocations are com-
pletely screened in a crystal with no current, then
this screening is preserved if the current is parallel
to the dislocations (L samples). If the current is
perpendicular to the dislocations (S and g samples),
the holes are forced to leave the screening regions.

10 30 100

p (10' cm-)

FIG. 7. Hall mobility of differently doped unirradiat-

ed (solid symbols) and irradiated (open symbols) unde-

formed S samples (see Table I) as a function of the hole
concentration at various temperatures (Ref. 31).
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Therefore, for additional holes produced by irradia-

tion, quenching, or doping, the dislocations are not
completely screened. As a consequence the max-
imum of the mobility is reached for jlc at an essen-

tially higher hole concentration than for j ~
~c (Fig. 8)

if we create additional holes by electron irradiation.

Consequently, we can start from the following sim-

ple assumptions in the case of the L orientation:
(1) In the unirradiated crystal all present holes

(pd;, i) move in the dislocation shielding region with

the mobility pd;, l.
(2) The irradiation-induced holes are not required

for screening and can therefore move in the bulk
material. Their density is p —pd;, l, where

p = 1/eRH is the total hole density.

(3) The mobility of the holes is smaller in the
dislocation screening region than in the material

which is free of dislocations:

JMdisl & I bulk

Hence for the conductivity

~Pcs lych i + e(P Pch 1)iMb ik

with which we get for the eAective mobility

P rT H LduislP' isld+ (P Pdisl)PbulkVP
H

So me can explain the curvature of the experimen-

tally found mobility p as a function of the total
hole density p (Fig. 8) in the following way: At first

(p = pd;, i) we measure the hole mobility in the
screening region (iu, = iud;, i), then a composite
quantity, and finally for p » pc;,i the mobility in

the dislocation-free crystal (iu = pb„ik). According
to this model wk can compute the mobility in the
dislocation-free region from measured values as fol-

lows:

Pb|dk (PP P disi Pdisl )/(P Sdisi ) ~

Looking at Fig. 9 we notice that 1/iub„ik increases
proportionally to the defect concentration as
predicted by theory. Moreover, we can see from
the measured quantity I/rrRH that for j ~

~c already
a small carrier increase is insuAicient to outweigh
the influence of the dislocations.

For p &g pd;, l that means in the range where

p = pb„lk it can be seen from Fig. 8 that the aniso-

tropy of the Te lattice causes no significant influence
on the mobility. This is in agreement with measure-
ments on doped samples (p = 3 X 10' cm )
where no anisotropy of the galvanomagnetic proper-
ties could be found. On the other hand, there is a
strong anisotropy of the mobility (p~~ = 5im„at 10
K in the unirradiated sample caused by the disloca-
tions oriented parallel to the c axis. (The hole den-
sities appertaining to Fig. 8 differ at most by 3% at
the same dose. )

The undeformed samples used in the 1-MeV ex-
periments had a hole density of about 5 )& 10'"
cm . Figure 8 shows that for this concentration
the mobility has already passed its maximum for

j ~
~c. Therefore only a mobility decrease due to

electron irradiation was found for L samples. On
the other hand, the maximum is almost reached in
the case of jlc. Thus a small mobility enhance-
ment for S samples could still be obtained.

Now we can also explain the extreme mobility in-
creases of more than 3000% obtained in I-MeV ex-
periments with duplex a deformed. S samples by
Roos. * These samples were cut, like our undoped
samples, from purer crystals with an initial hole
concentration of some 10' cm due to advances
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FIG. 8. Hall mobility for the two orientations of an

undoped undeformed I.Q sample (sample 8/2) as a func-

tion of the hole concentration by 20-MeV electron irradi-
ation at 35 K.

FIG. 9. Reciprocal mobility of the dislocation-free re-

gion 1/pb„~k calculated from the measured Hall mobility

oRH for an undoped and undeformed L sample (sample
8/2 L) by 20-MeV electron irradiation at 35 K.
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in the crystal preparation. According to our model
the mobility should decrease with increasing disloca-
tion density for samples with jJ.c. Consequently,
the maximal rise of the relative mobility change
should increase with increasing degree of deforma-
tion. Moreover, a higher hole density is required for
a higher dislocation density to reach the maximum
of the mobility. This was experimentally found.

On the other hand, in the case of j ~
~c the increase

of the dislocation density should not alter the mobil-
ity. This was found by Abakarov et al. ' for an-
nealed samples (cf. Sec. VIII). Immediately after
deformation they obtained an increase of the mobili-

ty for j ~
~c. According to our model this can be ex-

plained by the fact that during the deformation,
point defects were also produced in the bulk materi-
al, which causes an enhancement of the hole density
in the dislocation-free region,

The suggested model has, for the time being, only
qualitative character. It is obvious that a two-carrier
model should be used for the analysis. of the Hall
data. In principle, one could obtain information
about the ratio of holes in the regions around the
dislocations and in the bulk and the respective
mobilities from the magnetic field dependence of the
Hall constant. This, however, would require mag-
netic fields of the order 10 T, which unfortunately
were not available in the cryostat used; the data
were taken in fields of less than 0.1 T.

It seems that the line character of the dislocations
does not influence the magnitude of the low-field
Hall coefficient significantly, because within the ex-
perimental accuracy E.~ is the same for the two
magnetic field orientations parallel and perpendicu-
lar to the c axis. An estimate of the size of the
space-charge cylinder around the dislocations is
rather difficult because of the high concentration of
electrons on the dislocations, which should give rise
to many-body effects. We intend, however, to look
into these problems in some detail in the future.

So far, no non-Ohmic effects have been found in

very pure tellurium samples at helium temperatures
in zero magnetic field at electric fields of the order
1 V/cm. No strong deviations from linear current-
voltage characteristics are expected anyway, because
with a binding energy of 3 meV of dislocation
bound holes, most of the carriers are no longer lo-
cated at 35 K, the temperature at which the data
shown in Fig. 8 were taken. Owing to the relatively
weak binding energy, deviations from Ohm's law
might occur already at rather small electric fields,
and it seems possible that the nonlinearities escaped
detection.

VII. ISOCHRONALS

It was shown that isochronal annealing experi-
ments are especially appropriate to investigate the
recovery behavior of electron-irradiated Te. There-
fore we determined the hole density p and the mo-
bility p at a reference temperature Tz ——35 and
20 K, respectively, after an annealing of 10-min
duration at successively higher annealing tempera-
tures Tq up to 315 K. The heating and cooling
times increased with the annealing temperatures;
however, in the ranges in which quantitative ana-

lyses were performed, they were short compared
with the annealing time, especially in the range of
the first recovery stage (several seconds). Typical
isochronal annealing curves —for differently doped
undeformed S samples (see Table I)—are plotted in

Fig. 10, showing the unannealed fraction

~here p „is the preirradiation and po the postirradi-
ation value of the hole concentration p. The follow-

ing remarkable properties can be seen:
(1) An especially sharp pronounced recovery

stage at 50 K (first stage).
(2) The number of holes increases again after the

first stage up to about 90 K.
(3) A recovery stage between 100 and 150 K

(second stage).
(4) A recovery stage above 200 K (third stage).
The isochronal annealing studies were performed

for all samples summarized in Table I. Figure 11
shows the carrier isochronals for undoped S samples
with different degree of deformation. We deter-
mined the activation energy E, and the order of
reaction y for stage 1 for each carrier isochronal.
We obtained the following result, independent of the
dose, the doping, the deformation, and the orienta-
tion ':

E, = 170+ 30 meV, y= 1+0.1
Moreover,

(1) The first stage always lies at T„=49 + 1 K.
(2) The same percentage of carriers always van-

ishes in the first stage for the investigated S samples
(13%, see Fig. 12).

This indicates a vacancy-interstitial annihilation
with its own partner. This agrees also with the fact
that in the first stage of the 1-MeV measurements
(which was detected exactly at the same tempera-
ture) a clearly higher percentage of holes (about
35%) vanished (Fig. 13). If the energy of the irradi-
ation particles is only a little higher than the thresh-
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different electron dose (see Table I).as a function of the annealing temperature (Ref. 31).

old energy, mostly vacancy-iriterstitial pairs with
small distances between the partners should be
created.

These conclusions differ from those drawn due to
the 1-MeV experiments, where it was assumed that
a "defect rearrangement" occurs in stage 1 whose
microscopic nature was not yet known. The basis
of that consideration was the experimental result
that, independent of the irradiation dose, the same
number of defects should always recombine. The
data shown in Fig. 12, which have a considerably

higher precision than the 1-MeV results (Fig. 13),
indicate, ho~ever, that the same percentage of de-
fects always recornbines. Inspection of the original
1-MeV data shows that a reinterpretation is possible
if the experimental scatter is taken into account
(Fig. 13) and if the data point for the highest dose
(full symbol in Fig. 13) is omitted. Scrutiny of the
original recordings for the highest dose reveals ob-
scure discontinuities in the Hall voltage during the
irradiation as well as during the annealing, which al-

lows us to ignore these data.
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FIG. 12. Fraction of the hole concentration annealed
in the 50-K stage as a function of the irradiaton dose for
all S samples (see Table I) of the 20-MeV investigations.

Now we can also understand the behavior of the
mobility isochronals in the first stage. Looking at
the isochronals of the Hall mobility (p, —p„)/p„
in Figs. 14 and 15, we can perceive a decrease (sarn-

ples 1, 3/1), no changes (sample 2), or an increase
(sample 3/2) in stage 1 dependent on the dose.
Moreover, a strong dependence on the doping is

displayed by the mobility isochronals as opposed to
the carrier isochronals. The influence of doping and
dose on the formation of the 50-K stage becomes
clear with the consideration of the dependence of
the mobility on the carrier concentration in Fig. 7.
This p(p) relation comes about as follows. Firstly,
the irradiation defects as well as the impurity atoms
act as scattering centers. Secondly, they produce
dislocation-shielding free carriers. The recombina-
tion of close pairs means that the p(p) relation is

passed through backwards from larger to smaller p
values. So a decrease of the carrier concentration
causes a mobility decrease in the range before the
maximum of the mobility and an increase in the

0 I I I I

0 2 4 6 8
$(10'~cm 2}

FIG. 13. Fraction of the hole concentration annealed
in the 50-K stage as a function of the irradiation dose for
the undoped undeformed S samples of the 1-MeV mea-
surements (Ref. 2).

10

range after the maximum. There is no change in
the plateau region.

To prove this assumption, we calculate mobility
isochronals from the carrier isochronals and from
the p(p) curves which were obtained during the irra-
diation. Then we compare these calculated values
with the measured isochronals. As can be seen in
Figs. 14 and 15, the calculated and the measured
curves agree in the region of stage 1. This holds for
all investigated samples independent of doping, dose,
orientation, and deformation.

All data indicate that in stage 2 an uncorrelated
vacancy-interstitial recombination takes place. For
example, the onset of stage 2 shifts from about 150
K to about 100 K with increasing dose (Figs. 10
and 11). The analysis of the carrier isochronals
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FIG. 14. Annealing curves of the relative change in Hall mobility for undoped undeformed S samples for different
electron doses (see Table I). O, measured;, calculated. (Ref. 31).
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shows, however, that the order of the reaction is

between 1 and 2. This behavior can be explained by
the fact that the dislocations capture a fraction of
the mobile defects before the defects find a recom-
bination partner. This view is supported by the fact
that the percentage of the carriers vanishing in stage
2 decreases with increasing dislocation density (Fig.
11). Such a capture also explains the additional in-

crease of the measured mobility isochronals after
stage 1 (Figs. 14 and 15). The migration of neutral
interstitials into the dislocation screening region
mould enhance the bulk mobility, because scattering
centers vanish from the bu/k material. As the dis-

tribution of the holes in the crystal is not changed

by this process, an increase of the measured mobili-

ty will occur. This additional rise cannot be seen in

the calculated curves (Figs. 14 and 15), because
such a change of the p, (p) relation is not considered.
If, instead of the interstitials, the negatively charged
vacancies are captured, the situation is still more
complicated, because the distribution of the holes in
the crystal is also altered. In this case the disloca-
tions can act only as traps, not as sinks, because no
carriers vanish at these annealing temperatures.
Since we cannot distinguish from our experiments
whether the vacancies or the interstitials interact
with the dislocations, there are alternative possibili-
ties for the annealing process in the third stage,
where all irradiation-induced defects vanish.

Contrary to the additional mobility increase after
the 50-K stage which was also found in the 1-MeV
experiments, the small rise of the hole density after

stage 1 should be a minor effect. Since this increase
could not be seen in the 1-MeV carrier isochronals,
it could be caused by the higher irradiation energy.
Also, the dislocations should be involved in this

process, because the rise of the carrier isochronals
after stage 1 decreases with increasing degree of de-
formation (Fig. 11).

A pronounced recovery stage at 35 K was found
for the pure, deformed S samples of the 1-MeV
measurements. Our carrier isochronals (Fig. 11)
verify the existence of a 35-K stage. However, the
effect is very small and the available data are scarce,
so it seems premature to make any statements about
the nature of this stage.

In addition, small stages at 140 and 180 K oc-
curred in the 1-MeV experiments with undeformed

samples (p = 5 X 10' cm ), but they could not
be found in the carrier isochronals of the deformed

samples * which were cut from purer crystals with

a hole density of some 10' cm . In the case of
the 20-MeV experiments, there was no 180-K stage,
whereas the 140-K stage seemed to exist for the
more strongly doped sample 4/1 (p = 7 X 10'

cm ). This could be an indication that an interac-

tion between irradiation-induced defects and impuri-

ty atoms also takes place.
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VIII. DEFORMATION-INDUCED
ACCEPTOR LEVELS

Doukhan et al. ' conclude from their measure-
ments that the hole concentration is not altered by
the generation of a edge dislocations due to a a de-

formation, because these dislocations do not break
the strong bonds within the chains (Sec. III). How-
ever, it must be considered that the mean va1ue of
the hole densities for the samples investigated by
these workers was about 6 &( 10' cm and that
the variations between the Hall coeAicient of de-
formed and undeformed samples of the same orien-
tation which were declared as "not remarkable" to-
tal up to 50%. Therefore we assume that a
dislocation-induced enhancement of the hole con-
centration of a few 10' cm (cf. samples 2 and 6
in Table I) was not detectable within the limits of
the experimental accuracy- of Doukhan et al.
Moreover, von Alpen et a/. ' "found in optical
measurements of identically deformed samples
dislocation-induced levels located 3 meV above the
valence-band edge. Although they estimate jog den-
sities of about 10'"—10' cm for 4% deformed
samples during duplex a deformation, they conclude
from their experiments that the bound states are not
due to the broken covalent bonds caused by jogs.

Furthermore, in all other attempts, the a defor-
mation leads to an increase of the hole density' ';
the investigators at the University of Wurzburg al-

ways find an enhancement for duplex, as we11 as for
simplex a deformed samples (see, e.g. , Ref. 5).
During plastic deformation not only does the dislo-
cation density increase, but also point defects are
created. Therefore we annealed the deformed
samples at room temperature before taking data.
Since we know from our experiments that the
recovery of the electrical propeties of electron-
irradiated Te is complete at room temperature,
those charge carriers which are due to deformation
and do not vanish by room-temperature annealing
should be dislocation induced. We find a charge
density per dislocation of one-half an elementary
charge per angstrom. (This value may be an order
of magnitude smaller because of the uncertainty in
the determination of the dislocation density. ) Near-
ly the same value (0.8e/A) was obtained by
Abokarov et al. in experiments with inhomogene-
ously deformed samples.

Several reasons are conceivable for the existence
of acceptor states attributed to dislocations which
were created by a deformation. Faivre' asserts that
the majority of the dislocations does not consist of
pure a edge dislocations, but is of a mixed charac-
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FIG. 16. Dose dependence of the hole concentration
for an undoped 3.7% deformed S sample (sample 6) by
20-MeV irradiation at 10 K (upper curve). The lower
solid curve shows the calculated depopulaton of the levels
which are already present in the unirradiated sample, if it
is assumed that in this case all holes are produced by 3-
meV levels. If we subtract the lower from the upper
curve we obtain the concentration of the irradiation-
induced holes (curve starting at the origin).

ter. If only a edge dislocations are generated, jogs
may, after all, be important. However, even in the
case of no broken covalent bonds, bound states
should occur due to the lattice deformation caused

by the dislocations.
Figure 16 shows the dose dependence of the hole

density for the undoped 3.7%%uo deformed sample 6
irradiated at 10 K (upper curve). If we assume that
in the unirradiated sample all holes (p „)are pro-
duced by 3-meV levels, then we can calculate—
considering Eq. (5)—the depopulation of these 3-
meV levels with increasing dose (lower solid curve
in Fig. 16). This emptying causes a decreasing anti-

clockwise curvature of the measured curve (upper
curve) with increasing dose. If we subtract the
lower from the upper curve, we obtain the concen-
tration of the irradiation-induced holes, which in-

creases at first proportionally with the irradiation
dose as expected. The deviation from a straight line
at the highest doses can be explained again by the
depopulation of the irradiation-induced levels. (We
do not consider higher levels at 8, 15, and 20 meV
which were also attributed to deformed samples due
to measurements of the far-infrared photoconductivi-

ty, because they would be depopulated at 10 K.)

The interpretation of the p, (p) curve for the un-

doped undeformed L sample (Fig. 9) by the pro-
posed model is a hint that also the "natural" dislo-

cations in Te are negatively charged. In addition to
the above-mentioned mechanisms, an attachment of
point defects to the dislocation core is also possible.
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We require more detailed information about the
microscopic properties of the dislocations in Te to
answer these questions completely. This will be a
task for the future.

IX. CONCLUSION

A systematic variation of the concentration of im-

purity atoms, Frenkel defects, and dislocations by
doping, irradiation, and deformation, yielded in-

teresting information about the influence of lattice
:defects on the transport properties of the elemental
semiconductor tellurium. Our data—as well as the
results of quenching and irradiation experiments of
other investigators can be interpreted as follows.

(1) The strong anisotropy of the low-temperature

mobility of undoped Te samples with a hole concen-
tration of a few 10' cm is caused by the disloca-
tions oriented parallel to the crystallographic c axis.

(2) The dislocations are surrounded by a region of
enhanced hole concentration, whereas in undoped
samples the rest of the crystal is depleted of holes.

(3) The-mobility of the holes is smaller in the dis-

turbed regions around the dislocations than in the

material which is free of dislocations.
(4) Introduction of acceptors by doping (impurity

atoms) or irradiation and quenching (vacancies) po-
pulates the dislocation-free regions of the samples
with holes and results in an increase of the eA'ective

mobility.
(5) The dislocations (in duplex a deformed sam-

ples) cause acceptor levels 3 meV above the
valence-band edge and the impurity atoms (an-

timony) 1 meV above, whereas the levels of the va-

cancies are located slightly below the valence-band

edge. There is no donor action of the interstitials.

(6) In the 50-K recovery stage a correlated close-

pair recombination occurs, whereas the recovery

stage between 100 and I50 K is caused by an un-

correlated vacancy-interstitial recombination.
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