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The electronic properties of chalcogens as dopants in silicon are discussed with em-

phasis on tellurium. Tellurium gives rise to two dominant donor levels which have been

studied by junction space-charge techniques, infrared absorption, and ESR. Both donor
levels exhibit excited states (Rydberg series and multivalley split-off states) which are in

agreement with those expected for singly and doubly charged centers, respectively. These
results suggest that tellurium causes a double donor level in silicon. One of the donor

states has been identified by ESR as Te+. Hyperfine interactions with the I =—nuclei

Te and ' Te as well as with Si in the surrounding lattice have been observed. The
ESR line shape due to the interaction with Si suggests that the tellurium donor levels

occupy substitutional sites. Photo-ESR clearly shows that both the ESR signal and the
data obtained from junction space-charge techniques and infrared absorption m, easure-

ments originate from the same center. From the excited states, temperature-independent

ground-state binding energies of 198.8 and 410.8 meV, respectively, have been deduced.

I. INTRODUCTION

If an atom of the host lattice in silicon is re-
placed by an atom belonging to the fifth group in
the Periodic Table, the potential binding the extra
electron at the impurity atom can in most cases be
approximated by a hydrogenlike potential. ' This
gives rise not only to an energy level in the band

gap for the impurity ground state but, in addition,
also to a series of excited states. In silicon, the
ground-state energies of these impurities are of the
order of 50 meV. Such centers are therefore called
"shallow" impurities and are widely used in semi-
conductor technology for modifying the type and
degree of electrical conductivity. The energy levels
of the excited states are almost independent of the
ground-state energies and are. well described by
effective-mass theory.

If, on the other hand, a host atom in silicon is
replaced by an atom from the sixth group in the

Periodic Table, two extra electrons are available
which may give rise to double donors. The poten-
tial binding these two electrons at the impurity
atoms is frequently compared with that for the two
electrons in a helium atom. The ground states of
impurity atoms from the sixth group which have
been investigated so far lie at much greater dis-
tances from the conduction band than shallow im-

purity levels, thus creating so-called "deep" impur-
ity levels. Apart from some transition metals, the
excitation and recombination spectra of deep
centers in semiconductors generally show a smooth
energy dependence without any of the detailed
structure which is otherwise characteristic of shal-
low centers. This has often been considered as an
indication for the nonexistence of excited states at
deep centers. Recently, however, evidence was
given that the electronic properties of certain
sulfur- and selenium-related deep donors in silicon
are best understood in terms of excited states.
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It could be shown that two types of excited states
are involved: those which are generally referred to
as the Rydberg series and those which originate
from the multivalley nature of the conduction
band. Two of the donor states investigated were

midgap levels and, hence, represent the deepest en-

ergy levels which can be created in silicon.
Since the doping with chalcogens was performed

at relatively low temperatures, only two dominant
donor levels were observed in Si:S (Ref. 7) and
Si:Se (Ref. 6). Whereas the midgap levels in Si:S
and Si:Se (the A centers) have the "thermal activa-
tion energies" of 0.59 and 0.52 eV, respectively, the
corresponding binding energies of the shallower en-

ergy levels (the 8 centers) are E,—0.32 eV and

E,—0.30 eV. In all cases very large electron-
capture cross sections have been observed. This we
believe is due to the excited states. The data ob-
tained from the B centers strongly suggest that the
electron-capture process is at least partly governed

by a cascade process. '

Unlike sulfur and selenium, tellurium has not so
far attracted much interest. In spite of the fact
that tellurium often has been used for ion implan-
tation in silicon, very little information about the
electronic properties of tellurium-doped silicon is
available in the literature. ' ' Rather peculiar
properties of the energy levels observed in

tellurium-implanted silicon have been reported. '

These may result from residual implantation dam-

age effects. On the other hand, several authors
claim that most of the implanted tellurium atoms
are incorporated on substitutional sites. ' ' It
will be shown later that these results are in agree-
ment with our own data. As early as 1963,
Fischler used vapor-transport processes to intro-
duce tellurium into silicon. ' From Hall-effect
measurements, he found an energy level due to tel-

lurium doping 0.14 eV below the conduction band.

One of the major problems encountered in the
investigation of deep energy levels is that of the
chemical identification of the defect studied. In a
recent paper, the diffusion' profile of selenium in

silicon was investigated using secondary-ion mass

spectroscopy (SIMS) and two different junction
space-charge techniques. In both cases, similar
profiles were obtained. Since the profiles measured

by SIMS were due to selenium atoms, it was con-
cluded that the two dominant donor levels previ-

ously investigated ' in Si:Se by junction space-
charge techniques are in fact selenium related.
From these measurements, however, no informa-
tion about the local environment of the selenium

atoms could be obtained.
The purpose of this paper is to present a

thorough study of tellurium-doped silicon and to
give further evidence for the identification of the
energy levels in selenium-doped silicon previously
investigated. Using these new experimental data, a
discussion of the electronic properties of chalcogen-
doped silicon is given. The data in Si:Te have been
obtained using three entirely different measuring
techniques, viz. , infrared absorption, ESR (includ-

ing photo-ESR), and junction space-charge tech-
niques. The results obtained show that the energy
levels studied in Si:Te are probably caused by sin-

gle substitutional tellurium atoms. The similarity
of the observations made with Si:Se and Si:S (Refs.
6—8) suggests the same microscopic model also for
these elements. This implies that the data present-
ed in this paper and previous papers are best
understood if the 3 centers are identified with Te+,
Se+, and S+, respectively, and the B centers with
Teo~ Seo~ and So

II. EXPERIMENTAL DETAILS

A. Sample preparation

The samples used in this paper have been

prepared with two different techniques giving
identical results. Those prepared at Wacker (vapor
transport) were used for infrared-absorption and

ESR measurements. They were also used together
with the samples prepared at the University of
Lund (diffusion) for measurements employing junc-
tion space-charge techniques.

The original purpose of all the preparative work
on this subject at Wacker was the desire to learn
more about the inherent properties of sulfur in sil-
icon. The investigations were soon extended to
selenium and tellurium —for the simple reason that
certain properties of the materials could better be
understood from a knowledge of their variation
within a homogeneously group of elements incor-
porated by one and the same method during crystal
growth.

For preparing homogeneously doped samples, a
modification of a close-spaced chemical transport
method via the gaseous state ' ' was developed.
This will be described elsewhere. In our case,
vapor-transport agents are group-VI elements only.
The experimental setup used for growing epitaxial
silicon specimens is shown in Fig. 1.

In contact with the silicon seed and source ma-
terial volatile silicon chalcogenides are formed at
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B. Experimental techniques
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FIG. 1. Experimental setup for high-temperature va-

por growth of extra-large epitaxial layers of chalcogen-
doped silicon. 1—Si substrate (seed), 2—Si source, 3—
quartz ring (spacer), ~ quartz "beaker, " external, 5—
quartz "beaker, " internal, 6—. quartz seal {ring-shaped
welding), 7—support for ampoule system (alumina +
quartz), 8—thermocouple, 9—furnace tube.

high temperatures. In a shallow thermal gradient,
epitaxial silicon layers are deposited under quasi-
equilibrium conditions in which the chalcogen is
incorporated at its maximum solubility value.
Moreover, doping through crystal growth occurs
without additional lattice defects being generated,
as is known from the application of indiffusion
methods.

Electronic-grade float-zoned silicon monocrystals
of difFerently doped qualities (Wacker-Chemitronic)
were used as source and substrate specimens (see
Fig. l). For the material discussed in this article,
59-grade selenium (Balzers) and 69-grade tellurium
(Cominco), respectively, provided the vapor-
transport vehicle. Epitaxial overgrowth was ac-
complished at geometrical dimensions of 30-mm
diameter maximum and thicknesses up to 10 mm
(for Te-doped silicon at maximum growth rates of
0.3 pm min ').

The Si:Te diodes prepared at the University of
Lund were fabricated on 7-0cm n-type silicon by
diffusion using conventional technology. The sam-

ples were tellurium diffused at 1200 C for 4 h in a
sealed evacuated quartz ampoule to give samples
with a concentration of tellurium-related centers of
2X10' cm . In order to minimize erosion of the
samples during diffusion, the tellurium was mixed
with silicon powder. The p+n junctions and
Schottky contacts were fabricated in the conven-
tional manner.

Three completely different experimental tech-
niques were used for investigating our samples:
junction space-charge techniques, absorption mea-
surements, and ESR studies. The samples were in-
vestigated using various forms of junction tech-
niques. These include isothermal capacitance,
deep-level transient spectroscopy (DLTS), admit-
tance spectroscopy, photocapacitance, dark capaci-
tance, and dark current transient techniques.
Isothermal capacitance and photocapacitance mea-
surements were performed at either constant capa-
citance or constant voltage. The spectral sensi-
tivity of these techniques in the threshold region
could greatly be increased by using the initial-slope
technique described in detail in a previous paper.

Absolute photoionization cross sections 0. were
calculated from the measured optical emission rates
e' and photon fluxes P using the relation
o =e'/P. Because of the large differences in sen-

sitivity for intrinsic and extrinsic optical excita-
tions, any stray light had to be very carefully ex-
cluded during the experiments. Glgbar or incan-
descent lamps with either a Zeiss MM3 prism dou-
ble monochromator or a double-grating monochro-
mator from Jarrel Ash or Jobin Yvon (HRD l)
were therefore used as light sources. For further
suppression of stray light, various sets of filters
were employed.

The low-temperature infrared-absorption spectra
were recorded on either a grating Perkin-Elmer 180
or Fourier-Nicolet MXI spectrometer. In addition,
a Spex grating monochromator system was used
for wavelengths shorter than 3.5 pm.

The ESR studies were performed on a Bruker
ER 420 X band spectrometer at 20 K. The light
dependence of the ESR intensity was measured by
focusing a 150-W halogen lamp through the slotted
front of the ESR cavity onto the sample, the light
having been monochromatized by either a set of in-
terference filters or a grating monochromator. Re-
lative calibration of the photon flux was accom-
plished using a thermopile. By replacing the sam-

ple in the cavity by a calibrated solar cell absolute
values of the photon flux could be obtained.

III. THEORETICAL BACKGROUND

Relevant parts of the theory involved in our ex-

periments will be treated later, together with the
experimental results. Only two features of more
general importance will be discussed in this sec-
tion.
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The ground state of a donor level in silicon
which is mainly built up from conduction-band
states is expected to split up because of the mul-
tivalley nature of the conduction band. For a
donor level with T~ symmetry, the sixfold-
degenerate 1s "ground" state is split into a one
fold-degenerate 1'&, a threefold-degenerate 1sT2
and a twofold-degenerate lsE state (cf. Fig. 2}. In
addition, the Coulombic tail of the impurity poten-
tial gives rise to a set of excited states commonly
referred to as the Rydberg series.
- Recently, a model for two-stage thermal emis-

sion and capture processes was proposed by Gibb
et al. (Fig. 3). In this model, the electron is first
excited thermally from the ground state to the
deepest excited state accessible in a cascade capture
process. For chalcogens in silicon, this state may
be the 2po state. It is assumed to lie at an energy

E2 above the ground state. The thermal emission
of electrons from this state into the conduction
band competes with the recapture of charge car-
riers into the ground state. At higher temperatures

(e~ && v2), the thermal emission rate for electrons,
e„', can be expressed as

e„' =v2exp( E2/kT)—
=vpexp[ (E2+E,—)/kT],

where E, is the thermal activation energy of the
recapture process. E, is zero if, for example, the
recapture of the electron is radiative. For emission
processes governed by Eq. (1},an Arrhenius plot of
the thermal emission rate should therefore yield an
activation energy which is given by E2+E, .

sp. ] &i

ISA)

e2

FIG. 3 Emission via an excited state according to
Ref. 27.

IV. EXPERIMENTAL RESULTS

A. Junction space-charge techniques
and infrared absorption in Si:Te

1. The shallower donor level

(B center) in Si:Te

From the data presented in Fig. 5, an activation
energy of 196 meV is obtained for the 8 center in
Si:Te. To facilitate the interpretation of this value,
infrared absorption measurements were performed

A typical DLTS (Ref. 28) spectrum for one of
our tellurium-diffused Schottky diodes is shown in
Fig. 4. Similar spectra were obtained for vapor-
transported samples. For comparison the spectrum
of a reference sample fabricated in exactly the same
way as the Si:Te samples but without the addition
of tellurium is also shown. It is readily seen that
doping with tellurium gives rise to two dominant
energy levels, the deep 3 center and the shallower
8 center.

The logarithms of the thermal emission rates
for electrons versus 1/T, (Arrhenius plots) for the
two centers are shown in Fig. 5. It should be men-
tioned that the transients were slightly nonex-
ponential, probably due to electric field effects.
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FIG. 2. Energy-level scheme of a donor in silicon
taking the multivalley nature of the conduction band
into account.

FIG. 4. DLTS spectra of tellurium-doped Schottky
diodes (solid curve) and of reference diodes not deli-
berately doped with tellurium (dashed curve).
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on tellurium-doped n-type samples.
Overall transmission spectra, covering the spec-

tral range from 4000 to 1000 cm ', are shown in

Fig. 6 for n-type and weakly ri-type Si:Te samples.
For both samples, traces of interstitial oxygen
could be detected by the characteristic local-

FIG. 5. Arrhenius plots of the thermal emission rates
of electrons for the two dominating donor levels in
tellurium-doped silicon.

vibrational modes at 1205 cm ' (149.4 meV) and
1136 cm ' (140.8 meV).

The lower spectrum of Fig. 6 was recorded on
an n-type 0.19-Oem tellurium-doped silicon sam-
ple. The occupancy of the 8 center, i.e., the neu-
tral charge state of the tellurium impurity, Te, is
stabilized in this sample by the Fermi level. Start-
ing at low energies, the first line due to excitation
of the electron from the 8 center is seen at 1288
cm ' (159.7 meV): this is shown on an expanded
scale in Fig. 7. The line at 1288 cm ' arises from
the electric-dipole (E 1) allowed transition
1'

&

—+1sT2. A slight asymmetry of the line might
be explained by the E 1-forbidden transition,1' ~

—+1sE. This transition may borrow oscillator
strength from the nearby E1-allowed transition via
random electric fields in the crystal. The line at
1217 cm ' (151 meV) is probably due to oxygen
although the relative strength of absorption for the
two lines 1217 and 1205 cm ' should be different
at 5 K.."

Shortly before the photoionization of electrons
directly into the conduction band at photon ener-

gies of about 0.2 eV, two sharp absorption lines are
observed at 187.3 and 192.4 meV (Fig. 8). These
are due to transitions from the deep 1' ~ ground
state into the shallow Rydberg levels 2po and 2p+,
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FIG. 6. Overall transmission spectra of n-type (0.19 0 cm, lower trace) and weakly n-type Si:Te samples (upper
trace) at T=20 K.
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FIG. 7. Lowest-energy electron excitations,
1sA ~~ 1sT', 1sE of Te donor states in silicon. The
highest energy (1205 cm ') local mode' of interstitial ox-
ygen is also detected. The origin of the line at 1217
crn ' is uncertain but is probably also due to oxygen.
T&5 K.

respectively. The energy separation for these two
lines of 5.1 meV is in agreement with the value of
5.11 meV deduced from eAective-mass theory
(EMT). The EMT value for the energy separation
of the 2p+ level form the conduction band is 6.40

. meV. Hence, the binding energy of the B center

[E,—ET(Te )] is 198.8 meV.
Comparing the results from our absorption mea-

surements with data obtained from measurements
of the thermal emission rate, it is quite obvious
that E, cannot be equal to zero. From the data
presented in Fig. 5, an activation energy and,
hence, a value of 196 meV for Ez+E, was ob-
tained. Our absorption measurements show that
the energy separation between the 2po state and the
ground state (i.e., Eq) is 187.3 meV. Assuming
that the two-stage emission (via the 2po state}.
model is valid E, would then be equal to about 9
meV, implying that the transition 2po~ lsd i is
nonradiative. This would not be surprising, since

Eq is equivalent to only three optical-phonon ener-

gies. The capture of the electrons from the con-
duction band into the B center was too fast to be
measured with our equipment. Unlike Si:S (Ref. 7}
and Si:Se (Ref. 6), the thermal activation energy of
the electron-capture process could therefore not be
determined and no further evidence to facilitate the
interpretation of our absorption data can be given.
In the two-state model the activation energy of the
capture process is namely equal to the difference
between the energy spacing of the conduction band
from the the lowest state accessible in a cascade
process (e.g., Zpo} and E, .

50- 0.19 A cm

2. The deeper donor level (A center) in Si:Te
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FIG. 8. 1sA &~2po and 1sA ~~2p+ absorption lines of
'Te in silicon at T&5 K.

Since the Fermi level of the weakly n-type Si:Te
sample (cf. Fig. 6) is relatively low, some of the 8
centers are already empty at thermal equilibrium.
If the A and B centers are difIIerent charge states of
a double donor, the empty B centers represent sing-

ly ionized tellurium centers, Te+, and, hence, filled
A centers. It is expected that the excitation of elec-
trons from the A centers occurs at higher energies
than for the 8 centers (cf. Fig. 2). The energy

spacing between the transition 1sA1~1sTq at 234.2
meV and the transition 1'~~1sE at 239.6 meV is
more pronounced for the 3 center than for the B
center. Prior to the photoionization threshold,
sharp absorption lines are observed at 364.4 and
385.2 meV due to the excitation into the Rydberg
states 2po and 2p~, respectively (Fig. 9). The ener-
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gy spacing of 20.8 meV between these two lines
, agrees with the EMT value for- an ionized double

donor which should be four times 5.11 meV, i.e.,
20.44 meV. The binding energy of the A center at
5 K is obtained by adding the EMT value of 4
(6.40) =25.6 meV to the energy of the 2p+ state,
giving a value of 410.8 meV.

Using junction space-charge techniques in-
formation about these excitation energies can be
obtained at much higher temperatures by measur-
ing the spectral distribution of photoionization
cross sections. Figure 10 shows a linear plot of the
spectrum of the photoioriization cross secton for
electrons o.~ for the A center at 77 K. The rapid
increase of o~ with increasing energy, starting at
about 411 meV (as indicated by the arrow F ), is
caused by the photoexcitation of electrons from the
ground state directly into the conduction band.
The structures seen at energies smaller than that
indicated by the arrow F are due to internal transi-
tions from the ground state into excited states.
Internal transitions are expected to cause changes
in the diode capacitance only if they originate from
a two-step photothermal excitation process in
which the electron is first excited optically from
the ground state into an excited state and then fur-
ther excited into the conduction band by absorbing
one or several phonons. Expanding this region of
the 77 K spectrum (cf. insert of Fig. 11), three
clearly resolved peaks can be distinguished. Figure
11 shows the same data in a logarithmic plot to-
gether with the absorption data of Fig. 9 for com-
parison. It is readily seen that two of the peaks of
the photoionization cross-section spectrum agree

FIG. 10. Spectral dependence of the photoionization
cross section of electrons for the A center plotted in a
linear scale. The onset of photoexcitation of electrons
from the ground state directly into the conduction band
is marked with an arrow (F). The structure at lower en-
ergies is due to photothermal ionization processes.

with the main absorption lines within 0.2 meV. If
the same assignment is tried for the spectrum of
the photoionization cross section as for the absorp-
tion spectrum, this would imply a binding energy
of 410.6 meV at 77 K for the ground state of the A
center. This is indicated by the arrow F in Figs.
10 and 11. The good agreement between the bind-
ing energies obtained from absorption measure-
ments at 5 K and from the spectrum of o„q at 77
K may suggest that the A center is pinned to the
conduction band.

From EMT, it is known that the 2s state lies
35.3 meV (Ref. 4) below the conduction band. The
corresponding peak in the spectrum of the pho-
toionization cross section should therefore be seen
at 375.3 meV. From investigations of shallow
donors in silicon it is known that the 2sT2 state is
somewhat deeper than predicted by EMT. ' It is
therefore not unreasonable to believe that the peak
at 374.3 meV in Fig. 11 is caused by the absorp-
tion of electrons from the ground state into the
2sT2 state. A closer inspection of the absorption
data shows that a weak line at the same energy is
also observed in these measurements (Fig. 9).

The Arrhenius plot of the thermal emission rate
for the A center e~ (Fig. 5) gives a thermal activa-
tion energy of 364 meV which is equal to the sum
E2+E, in the two-stage model. Fram lumines-
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FIG. 12. Spectral dependence of the photionization
cross section of electrons for the 3 center at 115 K (o ),
and 77 K (). The sharp peak at about 0.23 eV in the
115-K spectrum is caused by the internal transition
lsd ~

~1sT2.

FIG. 11. Expanded version of the low-energy part of
Fig. 10, plotted logarithmically in the main figure and

linearly in the inset. The absorption data above the
main figure are the same as in Fig. 9.

cence measurements, it is known that the internal
transition 2po~ lsA

&
at least partly is radiative,

and hence, it is not unreasonable to assume that
E, is zero. This would imply that the energy
separation between the 1sA I ground state and the

2po Rydberg state is given by the thermal activa-
tion energy of 364 meV. Hence, the value for the
binding energy obtained from thermal measure-
ments is in excellent agreement with the optical
data shown in Figs. 9 and 11.

In Fig. 12 are shown spectra of the photoioniza-
tion cross section o„z for two different tempera-
tures. Compared with the spectrum taken at 77 K
the corresponding peaks measured at 115 K are
rather smeared out. However, in contrast to the
77-K spectrum, a sharp peak at about 0.23 eV is
observed at 115 K. It is believed that this peak is
caused by the internal transition 1sA &~1sT2 which
is therefore strongly thermally activated. The ener-

gy position of the peak is in fair agreement with a
corresponding line seen in absorption (cf. Fig. 6).

We tried to measure o&z by photocapacitance
measurements. However, it turned out that the ra-
tio o„z /o~z was so large that no measurable
change in occupancy could be achieved. If no
deeper centers are present in the sample such elec-

tronic properties are generally very favorable for
the determination of ozz using the steady-state
photocurrent technique. From detailed investiga-
tions of photocurrent measurements, however, it
was found that all our samples contained a residual
midgap level with very large photoionization cross
sections for both electrons and holes. Although
the concentration of the midgap level was more
than 2 orders of magnitude smaller than that of the
A centers, the total photocurrent was nevertheless
completely dominated by the midgap level.

In principle op& can be studied by absorption
measurements in p-type samples. Such samples
were prepared by strongly counterdoping with
boron. The diamagnetic charge state, Te +, and
hence empty A centers, is stabilized by the Fermi
level and infrared absorption from the photoioniza-
tion process Te ++hv~Te++e+ may then result
by exciting electrons from the valence band into
empty A centers'with an expected threshold energy
of about 0.75 eV. This was indeed confirmed by
measuring the spectral dependence of the Te+ ESR
photoexcitation rate (see Sec. IV B). However,
due to small values of crzz in this spectral region,
infrared absorption was too weak to be detected
directly. It is also noted here that no bound shal-
low excited states should exist because the holes
are released optically from a Coulomb-repulsive
Te+ core.
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B. ESR measurements. in Si:Te
and Si:Se

Figure 13 shows the ESR spectrum of a
tellurium-transported silicon crystal. The pattern
is independent of the orientation of the magnetic
field and is described by the spin Hamiltonian

4 =g,P,H.S+a I S—g„P„H.I, S=—, (2)

Si:Te+

20 K

9.74 6 Hz

gain reduced

123 Te

(0.9 r.)

125
T

(7 t. )
"Te

(92.i z.)
I I I I I I I I I I I I I I

3000 3500
Magnetic field (6)

FIG. 13. ESR of the ground state of the Te+ donor
in silicon. The doublets arise from the Te isotopes indi-
cated. Their natural abundancies are also given. "Te
denotes even Te isotopes with zero nuclear spin.

4000

where the first and last terms represent the electron
and nuclear Zeeman interactions, respectively, and
the second one the isotropic hyperfine (hf) cou-

pling. The doublet splittings seen in Fig. 13 are
consistent with the hf interaction of the I = —, nu-

clei of ' Te and ' Te. The hf couplings (see Table
I) scale as their respective nuclear moments and
the relative intensities of the lines correspond to
the natural abundances of the Te isotopes. The
strong central line arises from the even Te isotopes
with zero nuclear spin. The centroids of the Te hf
patterns are shifted from the position of this line

by terms which are proportional to a /H. Table I
lists the relevant ESR parameters.

The corresponding spectrum of selenium-diA'used

silicon is shown in Fig. 14. Here, the doublet is
due to Se (I=—,). Table I compares the ESR
data with those of Si:S+. As will be discussed
below, the spectra presented in this paper are attri-
buted to the ground states of the Te+ and Se+
donor levels, i.e., of the A centers in Si:Te and
Si:Se.

Further resolution of the ESR lines of Si:Te+
(Fig. 15) reveals a structure which can be attribut-

ed to the hf interaction of Si (I= , a—nd 4.7% na-

tural abundance) in the various shells surrounding

Te. These would be described by the additional

terms in the spin Hamiltonian:

4 ( Si)=QS.T;.I;—g„P„H.I;, (3)

where i labels the quantities related to the ith sur-

rounding nucleus. The Si hf pattern depends

slightly on the orientation of the magnetic field H
with respect to the crystal axes, since the tensors

T; are not isotropic. Their components are to be
determined in an electron-nuclear double resonance
(ENDOR) analysis. In the lower part of Fig. 15,
the intensities of the Si lines are shown as ob-
tained from a model assuming Te+ to be located
on a substitutional site. In this model, Te+ has
four neighbors in the first Si shell and twelve in the
second one. The pattern obtained obviously resem-
bles the structure of the ESR spectrum if the as-
signments of the lines are made as shown. For the
orientation used (H~

~

[100]), the first-shell coupling
is about 7.5 G. The corresponding value for Si:S+
is 13.1 Q.

The present observations {large hf interactions
with nuclei of Se and Te, isotropy of the reso-
nances, small g shifts) are consistent with single
unpaired electrons in s-type donor wave functions

of Se+ and Te+. This assignment is also support-
ed by the similarity of the spectra to those of
Sj:S+. It has been shown by Ludwig that the
electron spin S for this defect is indeed equal to —,,

which excludes sulfur on an interstitial site in the
most likely S = —, electron configuration. Howev-

er, a value of —, for S on an interstitial site cannot

be ruled out. In the case of Te+, our data and in

particular the simulation of the ESR spectrum
shown in the lower part of Fig. 15 may suggest
that Te+ in silicon should be og a substitutional
site. For Te+ on an interstitial site, the four first-
shell neighbors have nearly the same distance (2.35
0
A) to the donor ion as the six next-nearest ones

(2.70 A). Assuming a similar hf coupling for both

types of ions, one expects a total multiplicity of 10
for these closest ions instead of four in the substitu-

tional model. The lines assigned to the first shell

in Fig. 15 should thus be about 2.5 times higher
for an interstitial Te. The number of ions in the
next possible positions is twelve for both choices of
donor positions.

A final assignment of the donor position is ex-

pected from a reconstruction of the ESR spectrum
from the Si hf interactions obtained from an EN-
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TABLE I. ESR parameters of S+, Se+, and Te+ donor ground states in silicon. The
values in parentheses signify the uncertainties of the measurements in units of the last figure
shown. All isotopes of S, Se„and Te have the same g value.

33S+

7Se+

125Te+

123T +

2.0054 (2)

2.0057 (3)

2.0023 {2)

2.0023 (2)

(a
~

(10 4cm ')

104.2 {2)

553.2 (2)

1164.7 (2)

966.1 (2)

Reference

33

present
work

present
work

present
work

DOR analysis and from the line intensities corre-
sponding to the probabilities of finding Si in the
shells surrounding Te+.

For the chalcogen donor wave functions, g is ex-

pected to be close to that of a free electron, as has
been observed for Te+. Small positive deviations
have, however, been found for Se+ and S+. These
deviations can be attributed to the admixture of
states corresponding to holes in the valence band to
the donor wave function 'induced by the local Si
spin-orbit coupling. Such contributions are ex-
pected to become smaller with increasing distance
of the donor level from the valence band. The g
shift is therefore smaller for Te+ than for S+ and
Se+. There is apparently no influence of the spin-
orbit coupling of the donor ions themselves, as in-
dicated by the similarity of the g values of Se+ and
S in spite of the large difference in spin-orbit cou-
pling.

The hf interactions of the chalcogen nuclei lead
to estimates of the probabilities of finding the un-

Si:Se+
20 K

9.72 GHz

O
Cl

~ ~
3400

lL
CO
UJ

34)0

si: Te+
H II f)003
20 K

9.58 GHz

3420 G

paired electrons near the donor ions. In Table II
the spin densities

~

%(0)
~

at the respective nuclei,
as determined from a =8m/3g, P,g„P„~%(0) ~, are
compared with values expected for ns states in the
(ns) (np) electron configuration of the free S+,
Se+, and Te+ ions. These values have been calcu-
lated from Hartree-Fock wave functions of the free
ions. It is readily seen that the density of the un-

paired electrons is about 10% at the central ions of
the donor centers in all three cases. Hartree-Pock
calculations of the contact hf interaction in s-state
ions, however, generally underestimate the actual
interactions, since they are not able to take proper
account of the correlations with inner-shell elec-
trons. Corrections to include such effects were ob-

I

she ll: 1+2 ) 2 2 1 1+2

xse
(92.5%)

I I

37DO3100 3300 350D

Mognetic field {G)

FIG. 14. ESR of the ground state of the Se+ donor
in silicon.

Magnetic field (6)

FIG. 15. High-resolution ESR spectrum of the cen-
tral line of Fig. 13. The structure lying symmetrically
with respect to the main line is due to hyperfine interac-
tions with Si nuclei surrounding Te+. The diagram in
the lower part of the figure presents a possible assign-
ment of the lines assuming substitutional Te. The inten-
sities correspond to the probabilities of finding Si in
the shells indicated.
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TABLE II. Spin densities of S+, Se+, and Te+ donor
ground states at the donor nuclei. Values of

~
%(0)

~

in
the first column are experimental. In the second column
these have been divided by the Hartree-Fock prediction
for the free atom (FA)., i.e., the density of the ns part in
the (ns)2(np) state of S+, Se+, Te+ at the respective nu-
cleus. In the third column, the atomic values have been
corrected via Goudsmit's formula (see Table III). The
data are otherwise as in the second column.

q'( )I' (10"cm )

S+
Se+
Te+

6.13
13.18
16.65

0.106
0.115
0.119

0.094
0.103
0.110

tained by comparison with densities resulting from
the semiempirical Goudsmit formula. The method
is indicated in Table III which lists the free-ion
predictions used in the analysis given in Table II.
It is clear from Table II that even if the mentioned
corrections are included, the densities of the un-

paired electrons at the donor ions remain about
10%.

Turning to the Si hf interaction, it should be
noted that the couplings with the Si shell closest to
the donor are laiger in the case of S+ than for
Te+. One has to conclude that the donor wave
function for Si:Te+ is less compact and approaches
more a conduction-band state. This is consistent
with the smaller energy distance from the
conduction-band edge of this donor. A thorough
discussion of this point has, however, to await the
results of an ENDOR analysis of Si:Te+.

Some insight into the chalcogen donor wave
functions can nevertheless be obtained from Si
ENDOR data of Si:S+ which are already avail-

(0)
[

' (10' cm ')
~

4 (0)
)

' (10' cm ')

S+
Se+
Te

57.9
114.2
139.5

66.0
127.9
182.8

TABLE III. Predictions for spin densities for free S+,
Se+, and Te+ ions at the nuclei. In the first column,
the Hartree-Fock (HF) values are calculated from func-
tions tabulated in Ref. 35. In the second column, the
HF values are corrected by factors obtained by compar-
ing the free-ion Hartree-Fock predictions for the alkali-
like series S +, Se +, and Te + (see Ref. 44) with values
calculated from the semiempirical Goudsmit formula
(see Refs. 45 —47).

able. ' For the nearest-neighbor Si ligands, the
tensor T; is axially symmetric around the bond
direction with TII ———20.2 G and Tz ———7.4 G.
The isotropic part a is thus -11.7 G and the aniso-
tropic one b is -4.3 G. Comparing these values
with those expected for the Si free atom 3s and 3p
wave functions, a~ and b~, respectively, one finds
a jr=0 00.8 and b Ib~ ——0.12. The donor electron
is thus found at each of the Si ligands with a pro-
bability of about 13% and moves there in essential-
ly a p-type orbital pointing towards the S+ site.
The hf interactions with S ( —10%%uo) and its four
first-shell ligands [4X(13%)]can thus account for
about 60% of the spin density of the unpaired elec-
tron, emphasizing the rather small radius of the
wave function of this deep donor. It should be
noted that the density is higher at the ligand than
at the donor core, in contrast to the situation in an
effective-mass orbital. This finding appears to be
the first experimental demonstration of the fact
that the unpaired electron rather moves in an anti-
bonding orbital orthogonal to a binding state
deep in the valence band. For this latter state, the
highest density is expected at the donor core.
Hence, in the orthogonal, antibonding orbital, the
density must move out to the ligands, as is actually
observed.

Photon-induced valency changes of Te+ and
Te + were investigated in two samples with dif-
ferent positions of the Fermi level. One was n-

type with- a room-temperature resistivity of about
1.7 0 cm and the other p-type with a resistivity of
about 1 0 cm. For the n-type samples the ESR
signal was very strong, indicating that the Fermi
level was above the A center. In the p-type materi-
al, only a weak Te+ signal was observed when the
sample was cooled to 20 K in the dark. The Te+
signal could be reduced to zero by illuminating the
sample with photons of energy less than 0.7 eV but
larger than 0.4 eV. Most of the measurements to
study the spectral energy dependence of the
creation and quenching of Te+ by illumination
with light were performed on this p-type specimen,
although quenching of Te+ was 'also observed with
the n-type sample. These measurements provide
strong evidence that the microscopic models for
Si:Te+ and Si:Se+ suggested in this paper are
indeed responsible for the relevant optical and pho-
tocapacitance features studied.

Figure 16 shows schematically the time depen-
dence of the Te+ signal, i.e., the concentration of
filled A centers in the p-type sample due to il-
lumination. When the sample was illuminated
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FIG. 16. Schematic time dependence of the pho-
toresponse of Te+ in p-type Si. - I: excitation with
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with photons of a particular energy specified below,
Te+ was created (I). It should be noted that the
initial conditions were chosen to be such that all A

centers were empty and hence the initial Te+ con-
centration nT(0) was zero. After removing the
light source, the Te+ intensity first increased

slightly and then decreased slowly (II). Illumina-
tion of the sample with photons of another energy
during this stage led to a strong decrease in the
Te+ signal (III). The slopes defined in Fig. 16
were taken as a measure of the sensitivity of the
system to light irradiation.

Figure 17 shows the generation and annihilation
of Te+ centers (filled A centers) in silicon as a
function of photon energy. It is easily seen that
the A centers start to fill at about 0.73 eV, in good
agreement with the energy position of the centers
obtained from junction space-charge techniques
and absorption measurement (Figs. 9 and 10). The
rate of filling is given by oz&PXTr where ErT is
the total concentration of A centers. Reflection at
the crystal surface has been taken into account in
determing P. Assuming that tellurium forms only

single substitutional impurity centers, XTT has
been determined to be about 1&(10' cm from
mass spectrometric analysis. The absolute values
of o&z are taken to be correct within a factor of 5.

The light-induced quenching of the Te+ signal is
obviously caused by the optical excitation of elec-
trons from filled A centers into the conduction
band. The rate of the quenching process is given

by o~gnT(0) The spectral d.istribution of the
photoionization cross section of electrons o.~ is
shown in Fig. 17 together with the data obtained
from photocapacitance measurements at 77 K (cf.
Fig. 12). Since nT(0) has been measured by com-

FIG. 17. Energy dependence of the photoionization
cross sections of Si:Te+ for holes, o.

~~ (O), and electrons
o.„z (), as determined by ESR. The vertical scales for
both quantities are based on different calibrations, as
described in text. The solid curve in the o.„~ spectrum is
a plot of the photocapacitance data shown in Fig. 10.
The absolute values of the o.„& data obtained by ESR are
adjusted to give optimal agreement with photocapaci-
tance data. The adjustment is within the experimental
error. It should be noted that the photocapacitance data
for energies smaller than about 0.4 eV are due to pho-
tothermal excitation processes and therefore thermally
activated. At low temperatures these excitation
processes are thus not observed, in agreement with the
ESR data shown.

parison with a Si:P ESR standard, ' absolute o~
values are directly obtained from the quenching
rate.

The increase of the Te+ signal after removing
the light source (II in Fig. 16) can be understood as
follows: The generation of Te+ and, hence, the
filling of empty A centers in a steady state is stabi-
lized by recombination of electrons from the A
centers with holes in the valence band and further
optical excitation of electrons from the A center
into the conduction band. Electrons excited to the
conduction band may be recaptured by trapping
centers, possibly empty 8 centers. The increase in
the Te+ intensity may therefore be caused by the
reverse process. After the slight initial increase the
decrease of the Te+ signal in darkness (II in Fig.
16) is known from our photocapacitance measure-
ments, to be due to room-temperature radiation
causing photothermal excitation of electrons from
the ground state into the conduction band via the
Rydberg series.
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These results were confirmed by measurements
on the n-type Si:Te sample. By comparing the Te
concentration obtained from mass spectrometric
analysis with the Te+ concentration determined
with ESR, it turned out that the number of filled 8
centers was negligibly small. Changes of the Te+
signal were observed only with photons of energy
large enough to excite electrons from the A centers
to the conduction band. From the initial slopes of
the Te+ quenching, values in good agreement with

the data obtained with the p-type sample were
derived. After removing the light source, the Te+
signai returned to its initial dark value within a
few seconds at 20 K.

A study of the photoionization cross section in
Si:Se is shown in Fig. 18. Since the A center in
Si:Se is a midgap level and the concentration of
filled A centers in thermal equilibrium was much
larger than in our Si:Te samples, the measurements
were more difficult to perform than in the case of
tellurium. Nevertheless, the extent to which the
initial Se+ signal (i.e., the concentration filled A

centers) could be reduced by illuminating the sam-

ple with photons of energy of about 0.6 eV was
large enough to observe net effects which were in
agreement with the data obtained from previous
measurements of photocapacitance (the solid lines
in Fig. 18). Hence, these results also make possible
an interpretation of previous experimental data in
Si:Se on the microscopic basis.

V. DISCUSSION

As in the case of Si:S (Ref. 6) and Si:Se (Ref. 7),
two dominant donor levels are observed when tellu-
rium is incorporated in silicon at 1200'C. The
spectra of electron transitions from the chalcogen
donor levels to the conduction band are best under-

-1—10

L
D -10
cf

b

b
-10 3

4 0.6 0. 8
I I I I

Photon energy {eV)

1.0

FIG. 18. Energy dependence of the photoionization
cross sections of Si:Se+, as determined by ESR. The
vertical scales of the experimental data have been adjust-
ed to give optimal coincidence with the photocapaci-
tance data (solid lines) reported in Ref. 8.

. stood in terms of excited states. Two types of ex-
cited states are involved. Those which are general-
ly referred to as the Rydberg series are in good
agreement with calculated values of singly and
doubly charged centers using EMT. Hence, the.
ground-state binding energies of all chalcogen
donors could be determined with high accuracy
(Table IV). The highest energy resolution was ob-
tained in Si:Te, resulting in data of an accuracy,
which to the best of our knowledge, has hitherto
not been obtainable in deep-level spectroscopy.

TABLE IV. Excitation energies (meV) for chalcogens in silicon relative to the ground-
state. S values are taken from photoconductivity measurements in Ref. 49, S+ (and Se+)
values are from photocapacitance measurements in Ref. 8 (although the designations of the
peaks are difFerent). The Se values are takeri from the absorption measurements in Ref. 48
and the Te data from the present work.

S' Se' Se+ Te' Te+

lsT2

2pp

2p+
conduction
band .

283

307
312
318

428

567
586
612

272

295
300
307

428

544
564
589

160

187
192
199

234

364
385
411
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In agreement with previous investigations, our
ESR measurements clearly show that the donor
levels studied in Si:Se and Si:Te by junction space-
charge techniques and absorption measurements
are all chalcogen-related centers. Furthermore, the
interpretation of our ESR results, together with the
thermal and optical data presented in this paper,
suggests that tellurium forms isolated substitutional
impurity centers in silicon. Since the properties of
Si:S and Si:Se are similar to those of Si:Te, it is
probable that also in these cases the properties of
substitutional double donors have been studied.
The donor levels investigated are then the neutral
D (8 centers) and singly ionized D+ (A centers)
charge states of the corresponding substitutional
double donors.

As pointed out earlier, multivalley splitting is
only expected when the donor wave function is
built up mainly from conduction-band states. That
this is valid for all chalcogen donor levels has been
confirmed by the observation of split-off levels and
is further supported by the facts that the g values
of the A centers are very close to that of free elec-
trons and that, in all cases studied, the ground-
state binding energies are independent of tempera-
ture (which means that the chalcogen donor levels
are probably pinned to the conduction band).

EMT is in good agreement with experimental
results obtained for excited states such as Rydberg
series, but has had limited success for the ground
states even for shallow levels. In Fig. 19, the ex-
perimentally observed energy states of the chal-
cogen donor levels are compared with the corre-
sponding EMT values and helium states. It is

quite evident that for all chalcogens the multivalley
split-off 1s state is deeper than expected from
EMT. Among the excited states, the deviation is
largest for the 1sT2 states of Te+ and S+ which lie
about 0.18 eV below the conduction-band edge in-
stead of 125 meV as derived from EMT. On the
other hand, only slightly larger values were found
for the 1sT2 states of S and Se . For these
centers, the 1sT2 states were rather close to a value
of about 34 meV which is observed for shallow
donors (cf. Table IV). Furthermore, it is easily
seen that the 1'

&
ground states of the neutral B

centers are in all cases much deeper than the corre-
sponding ground states of the singly charged A
centers after correction for efFective charge. A
similar behavior is found for the He system. If the
effective charges Z of the cores of the neutral
donors were exactly equal to 1 in all cases, their
1'

&
ground states would have the same binding

energy as the singly-ionized donors in the scheme
used in Fig. 19, where corrections are made for dif-
ferent charge states. As for He, the deviation
from Z =1 is obviously caused by electron-electron
correlations which prevent spherically symmetric
screening of the twofold core charge by electron 1.
Electron 2 thus experiences an efFective charge
1 ~Z & 2. As can be seen from Fig. 19, an appre-
ciable part of the ground-state energy of the neutral
donors is due to this mechanism. This can at least
partly explain why compared to the shallow donors
P, As, and Sb, these neutral donors are so deep.
It should be noted that such, correlation effects are
much weaker for the excited states, since the
electron-electron interaction is strongly reduced,

~op
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FIG. 19. A comparison of the energy-level schemes for chalcogens in silicon and the helium atom. For energy
values and references, see Table IV.
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because of the larger orbital radii.
In a forthcoming paper, we intend to discuss in

detail the chemical thermodynamics of the chal-
cogen transport systems, the different properties of
the resulting products, and to compare them with
data from chalcogen-diffused specimens. A model
of the chemical bond situation for all chalcogens in
silicon will also be presented.

Note added

A different interpretation of the two peaks at
234.2 and 239.6 meV in Fig. 6, upper curve, is

given in a forthcoming paper by H. G. Grimmeiss,
E. Janzen, and K. Larsson. The authors ascribe
the doublet to transitions from the ground state
1'

&
to spin-orbital split 1sT2 states.

Recently A. L. Lin, A. G. Crouse, J. Wendt, A.
G. Campbell, and R. Newman [Appl. Phys. Lett.
38, 683 (1981)] investigated the electrical and opti-
cal properties of a neutral tellurium center. The
binding energy reported is identical with that of
the 8 level in this paper.
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