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position in the silicon lattice during charge
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icon lattice, it is worthwhile to study the be-
e impurity photoconductivity as the duration
igth of a preliminary monochromatic optical
¢ varied. This pumping stimulates their charge
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r various wavelengths and durations of a pre-
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& strength of the anisotropic electric field ap-
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senching and a regeneration of photoconductivity have been observed in silicon

and sulfur centers during preliminary pumping by
whromatic light. These effects stem from the reversible photodissociation of a one-
gotron state of a deep double chalcogen donor in the silicon.

Note that Figs. 2-4 show the spectra of the quenching and
regeneration of only the interband photoconductivity in
silicon with chalcogen centers; a corresponding behavior of
the quenching and regeneration was observed over the en-
tire spectrum.

In the Si{Te) samples we observed a quenching of the
photoconductivity in the course of a preliminary optical
pumping with photon energies in the interval 0.34 <hv
<0.69 eV (Fig. 2a). Subsequent illumination with
0.1<hv<0.34 eV or 0.75 <hv<1.15 eV (Fig. 2b) caused a
regeneration of the photoconductivity signal.

In the silicon samples doped with selenium, we ob-
served a more complex kinetics of the quenching and re-
generation of the photoconductivity. For a short illumina-
tion time, preliminary optical pumping with photon
energies 0.4 < hv<0.75 eV or 0.85<hv<1.0¢eV (Fig. 3a)
stimulated a quenching of the photoconductivity, while an
increase in the duration of the preliminary illumination
resulted in a regeneration of the spectrum (Fig. 3b). In
addition, the photoconductivity signal could be restored in
the course of optical pumping with a photon energy 0.15

<hv<0.4 eV (Fig. 3b).

In Si (S) we also observed two spectral intervals of the
preliminary-pumping light which stimulated a quenching
of the photoconductivity (0.4<hv<0.7 eV and 0.7<hv
<0.85 eV; Fig. 4a). Subsequent illumination by light with
0.15<hv<0.3 eV or 0.65 <hv<1.1 eV resulted in a resto-
ration of the photoconductivity signal (Fig. 4b). In addi-
tion, in the sulfur-doped silicon samples we studied the
effect of an external electric field, directed along the [111]
axis. We observed that an increase in this field changed the
spectra of the photoconductivity quenching and regenera-
tion (Fig. 4). There was a pronounced weakening of the
quenching in the energy interval 0.4 <hv<0.7 eV (Fig.
4a), while the second quenching region shifted toward
higher values of the photon energy of the preliminary
pumping (Fig. 4a). An electric field also caused a sharp
intensification of the regeneration of the photoconductivity
signal. It expanded the interval of pump photon energies
(0.15 <hv<0.8 eV) which resulted in a restoration of the
photoconductivity (Fig. 4b).

After the pump light which stimulated the quenching
of the photoconductivity in the silicon containing chalco-
gen centers was turned off, a restoration of this photocon-
ductivity was not observed. Photoconductivity spectra
could not be measured even after a prolonged wait at
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FIG. 1. One-electron band scheme of double chalcogen donors in silicon.

7 =77 K. Only heating to room temperature restored the
photoconductivity over the entire spectrum.

The results found here can be explained by the model
of a reconstructed point defect for which the electron—
vibrational interaction constant is a nonmonotonic func-
tion of the number of electrons at the center. In this model,
a defect tunnels between positions characterized by differ-
ent symmetries of the lattice of the semiconductor crystal
in the course of a charge-exchange process.“”5 The change
in symmetry compensates for the effect of the Coulomb
repulsion which arises in the course of the charge exchange
of the deep center.® This model incorporates the character-
istics of the charge states of the double chalcogen donors in
silicon: The one-electron state D* is at a Ty lattice site,
while the empty state DTt and the two-electron state
D° are in respectively tetragonal (Dy;) and tetrahedral
(C;,) interstitial positions.

To pursue the analysis of the experimental results, we
use two-electron adiabatic potentials, whose minima are

TABLE L Activation energies of chalcogens in silicon found by various
methods.

Optical
Hall method Capacitance measurements
E.; eV measurements E 6 Ve
+
— —0.59 —0.62 —0.63
++
S
0
— —0.3 —0.32 —0.36
+
+
— —0.52 -0.59 —0.65
++
Se
0
— —0.28 —0.3 —0.32
+
+
— —0.36 —0.4 —0.45
s
Te
o]
— —0.19 —-0.2 —
+
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FIG. 2. Spectra of the quenching (a) and the regeneration (l
interband photoconductivity in tellurium-doped silicon. The du
the preliminary pumping (quenching) and of the subsequent
(regeneration) was 20 min. The voltage across the sample was
(e=4 x 10* V/cm).

separated by a distance corresponding to the actl
tions of the charge states of the S, Se, and Te ce
silicon*® (Figs. 5-7). '

According to the model proposed here, the qu
of the photoconductivity occurs after a preliminat
ing by light with a photon energy hvzI, [Fig. 1
I, is the ionization energy of the background elé
the defect: a ( 4/ + ) process], which stimulates
ionization of the D% state (Figs. 5-7): i

a
10} - —— — b =,
1 k jf
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3
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FIG. 3. Spectra of the quenching (a) and the regeneralio
interband photoconductivity in selenium-doped silicon. The
the preliminary pumping (the quenching) and that of b
pumping (the regeneration) was (1) 10 and (2) 20 min
across the sample was U=40 V (ex4 X 10* V/cm).
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‘ tra of the quenching (a) and the regeneration (b) of the
photoconductivity in sulfur-doped silicon. The duration of the
y pumping (quenching) and of the subsequent pumping (re-
) was 20 min. 1—The voltage across the sample, was 40 V
0 V/em); 2—120 V (e=~1.2 X 10° V/cm).

E

hv(I,)— D+

"+2e- D" : (1)

Shv(l,) > D"+ D+,

otoionization is accompanied by two-electron
.’ The new long-lived state D°+ D** is a center
s¢ Auger recombination,"%*

W~E,)— D°+e+h— Dt +e— D+ + +2e— DP,
' 2)

ads to a sharp decrease in the lifetime of the non-
m carriers and a corresponding quenching of the
uctivity over the entire spectrum.

ching of the photoconductivity can also arise
ptical pumping with hv=E,— AT in the process

(hv=E,— AI) - D"+ A, 3)

[is the ionization energy of the correlated elec-
tAI=1,, and I, is the energy of two-electron
zation of the center® (Figs. 5-7).

meration of the photoconductivity spectra be-
ssible when the test sample is illuminated by light
oton energy™®® hv=E,—1I, (Figs. 5-7):
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D*+e+h W (Q)
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FIG. 5. Adiabatic potentials of the charge states of a tellurium center in
silicon in the absence of an electric field corresponding to (impurity
level)—(conduction band) transitions (a, b, ¢, d) and to (valence band)—
(impurity level) transitions (a’, b’, d').

Dt 4 hv(E,—I)»D* +h

Dt

+ D" +hv(E,—1,)-2D".

In the course of this process, the concentration of D
states is restored, and the lifetime of nonequilibrium carri-
ers increases.

In addition, regeneration of the D™ state can be in-
duced during optical transitions into the conduction band
in the course of an ionization of the long-lived D° state
(Figs. 5-7):

D+ hv(AI) - Dt +e. (5)

The quenching and regeneration spectra separate in
greatest detail in the tellurium-doped silicon samples, in
which the quenching of the photoconductivity in the pho-
ton energy interval 0.34 < v <0.69 eV (Fig. 2a) is due to
process (1) (Fig. 5). A regeneration of the photoconduc-
tivity spectrum becomes possible during optical pumping
with 0.1 < Av <0.34 eV (Fig. 2b), by virtue of reaction (5)
(Fig. 5), and in the interval 0.75 <Av <1.15 eV (Fig. 2b),
in the course of process (4) (Fig. 5).

In Si(S) and Si(Se), the pump photon energies which
stimulate quenching and regeneration are approximately
equal. Accordingly, the kinetics of the photoconductivity
signal during the preliminary optical pumping is most
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FIG. 6. Diagrams of the adiabatic potentials of charge states of a seleni.m
center in silicon in the absence of an electric field corresponding to (im-
purity level)—(conduction band) transitions (a, b, c, d) and (valence
band)-(impurity level) transitions (a’, b’, d’).

complex in this case (Figs. 3 and 4). In the case of sele-
nium, the quenching of the photoconductivity during pre-
liminary pumping with 0.4 <hv <0.75 eV (Fig. 3a) is due
to process (1) (Fig. 6), while at 0.85<hAv<1.0 eV (Fig.
3a) it is stimulated by reaction (3) (Fig. 6). As the dura-
tion of the preliminary pumping is increased, the probabil-
ity for reaction (4) increases (Fig. 6), with the result that
process (1) is completely suppressed (Fig. 6).

In the sulfur-doped silicon we again observe two re-
gions of photoconductivity quenching, 0.4<hv<0.7 eV

w,.rw w @ W, (9)

132 Semiconductors 28 (2), February 1994

e e ) | "‘udl
D*ee D'*h :
- FIG. 7. Diagrams of the adiabatic potential

[process (1)] and 0.7 <Av <0.85 eV [reaction (3)]‘-
4a and 7). The subsequent regeneration of the phot
ductivity results from reaction (4) (Figs. 4b and 7);

In addition, at low pump photon energies the rege
ation of the one-electron states of sulfur (0.15<hy
eV; Fig. 3b) and selenium (0.15<hv<0.4 eV; Fig
results from photoionization of the D° state [see (5)
Figs. 6 and 7]. .

In the samples doped with selenium and sulfu
observed an additional mechanism for the regenerai
photoconductivity. This other mechanism involves a
tical excitation of the correlated electron into the L
of the conduction band. Its wave functions are prim
responsible for the formation of the two-electror
state®'® (Figs. 6 and 7):

D+ hv— Dt te.

This process is accompanied by an intervalley se
ing with a corresponding transformation of the positi
the center (C;, — C,,). This process is responsible fc
regeneration of the photoconductivity signal at highj
photon energies (0.8 <Av<0.98 eV in the case of selé
and 0.8<Ahv < 1.1 eV in the case of sulfur; Figs. 3b and
Note that the one-electron state forms at a lattice site
dominantly from wave functions of the valence ban
from the T valley of the conduction band in the ca
which the center has the 7', symmetry. Its position
acterized by a C,, symmetry is related to the [110
mum of the conduction band.'° In turn, the empty s
formed predominartly from the wave functions of *
valley of the conduction band.!° ;

In the case in which the electron—vibrational ini
tion is a nonlinear function of the number of electrons
center, the quadratic Stark effect induced by an exte
electric field shifts the charge states of the defect
causes corresponding changes in the energies of direc
tical transitions and in the kinetics of the charge exch
of deep centers.>®? We studied the kinetics of the que
ing and regeneration of photoconductivity with an ele
field directed along the [1 11] axis (Fig. 6) in sulfur-
silicon. ;

charge states of a sulfur center in silicon
absence of an electric field (4) and in an¢
field directed along the [111] axis (B). T
agrams correspond to  (impurity
(conduction band) transitions (a, b, ¢
(valence band)-(impurity level) transitio
bl .dl): i
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se a change in the position of the defect
(Fig. 7) leads to a decrease in the probability
1) and is manifested in a decrease in the
he photoconductivity (Fig. 4a) and alsoin a
egion of the quenching due to process (3)
gher energies (Fig. 4a). On the other hand,
ctric field raises the probability for processes
. 7), which are responsible for the regenera-
conductivity. It also broadens the spectral
mp photon energies (0.15 <Av<0.8 eV; Fig.
mulate regeneration.

ary, we have observed a quenching and a re-
photoconductivity after a preliminary optical
nonochromatic light. These effects have been
erms of long-term processes in which a deep
goes charge exchange. We have proposed
ep isolated chalcogen centers which undergo
etween sites of different symmetry in the sil-
DU—C-_:,U, D+ *—‘Td, and D+_t—.D2d) in the
‘charge exchange. We have shown that the

iconductors 28 (2), February 1994

dynamics of the quenching and regeneration of the photo-
conductivity depends on the strength of the external elec-
tric field. Under conditions corresponding to the quadratic
Stark effect at a deep defect in the silicon, this field deter-
mines the relative importance of one- and two-electron
trapping in the recombination of nonequilibrium carriers.
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