Negative-U tunnélling centers and photostimulated
reactions in semiconductors

N.T. Bagraevand V. A. Mashkov
A. F. Ioffe Physicotechnical Institute, Academy of Sciences of the USSR

- (Submitted 9 January 1984)
Pis’ma Zh. Eksp. Teor. Fiz. 39, No. 5, 211-213 (10 March 1984)

Tunneling systems formed by centers in semiconductors with negative U are
observed because of the dependence of the electron-vibrational interaction
constant on the charge state, whose presence leads to an experimentally observable
reversible restructuring in the system of lattice defects under the action of optical

pumping.

Centers with deep levels in semiconductors are generally characterized by low-
symmetry Jahn-Teller distortions and interelectronic correlations. Anderson' showed
that these effects could be interrelated, and he proposed a model of a deep center in
which a bound state of two electrons arises at the center due to electron-vibrational
interaction (EVI) (model with effective negative U). A peculiarity of the model” is that
the EVI constant is independent of the number of electrons at the center, which is
similar to the band-theory concept. In this connection, this model can only be used to
describe so-called elastic systems, for which strong deformation of wave functions with
a change in the number of electrons at the center is observed. An example of such
centers is a vacancy in silicon, which has inverted levels in the forbidden band due to
U <0, which was confirmed experimentally in recent studies by Watkins ez al. It
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should be noted that other mechanisms for producing U < 0 have been discussed in the
literature.*

In this paper we examine an alternative situation for the appearance of U <0,
characterized by the absence of a Jahn-Teller effect and large deformations of wave
functions of the deep center accompanying a change in its charge state. As a result,
such a center can be called a rigid center. The equivalent of the Jahn-Teller distortions
in the proposed model is a transition of the center to a new equilibrium position as a
result of changing its charge state. The physical reason for the appearance of two
positions of equilibrium is the nonmonotonic dependence of the EVI constant on the
number of electrons at the center, in contrast to Ref. 2, which is characteristic for deep
centers with a small localization length.’ In this case, there is a tunneling system with
an interaction U of different sign and magnitude in different positions of the center in
the lattice, for example, a lattice site-interstice system. We shall examine a model
tunneling system with three charge states: two-electron state A_ (n = 2), single-elec-
tron state 4, (n = 1), and empty state A (n = 0}, whose adiabatic potentials are plot-
ted in Fig. 1 as a function of the configurational coordinate Q. The 4, and 4_ states
of the system are stable at the lattice site, and the states 4, exists only at an interstice
and correponds to the absolute minimum of the energy of the system. The correspond-
ing Hamiltonian has the form

P?
- 2
H=—+ ~2——Q +E0(n1.+ n¢)+UnTn¢~FQ(nT+nL—2n1n¢), (1)

where P and Q are the canonical momentum and the coordinate of the center, M and x
are its mass and the corresponding force constant, E, and U are the single-electron
energy and the interelectronic interaction at the center, F is the EVI constant, and n,,
is the occupancy number of the center for electrons with spin o = 1,!. As a result of
diagonalizing (1) with respect to the charge states of the tunneling system, we find the
explicit form of the adiabatic potentials for different values of n = n, + n, (see Fig. 1,
where the energy is measured with respect to the bottom of the conduction band):

K K K
En(Q/“_'{‘z"Qz, n=0; *11+E‘(Q"Qo)2, n=1; -1, +EQ2» n=2}, (2)

FIG. 1. Adiabatic potentials of different charge states of the tunneling system of centers with an interaction
U differing in sign and magnitude, as a function of the configurational coordinate.
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where

Qo =Ffk; I =— Eq +f—>o; L =— (2B, + U)>0. 3)
The condition for stability of the equilibrium position at an interstice is I, > I,, i.e.,
Ey,+ U + F?/2x>0. The instability of the state 4, at a lattice site is described by the
inequality E;> 0, while a condition of stability of 4 _ at a lattice site is equivalent to
the last relation in (3), i.e., the inequalities U < — 2E, <0 are satisfied. Thus, when a
center makes a transition from an unstable state at a lattice site (Q =0, U <0) to an
interstice (Q = @), the single-electron energy decreases, and the interelectronic inter-
action increases and changes sign. Therefore, an Anderson system with U <0 exists at
the lattice site (4 _ is the ground state, 4, and A, are the excited states), while at an
interstice the system has the usual order of levels (4 _ is the ground state, 4 _ and 4,
are the excited states). The proposed scheme, which takes into account the rigidity of
the electronic wave functions, predicts low tunneling transition probabilities with a
change in the charge state of the system An = + 1. For this reason, the times 7 of
photostimulated and spontaneous transitions of the centers between stable configura-
tions 4_ at a lattice site and A, at an interstice differ by the factor KX from the
corresponding values characterizing the excitation and trapping of carriers, in which
the structural changes are ignored: 7= ' = 7;” 'K. The cross sections for trapping and
photoionization of carriers (0 = oK ) change analogously. A quantum-mechanical cal-
culation of the probabilities of tunneling transitions between equilibrium positions of
the system, accompanying photostimulated and spontaneous ‘““level-band” transitions
of the electron or hole at the center, gives the following upper limit for the tunneling
factor K:

- N — _

Kpgx = QuN Y2 @VN, ) eN=Nm), N=(0o/2 <80 >)?; (4a)

N, = {AQ-; _AE YN we? =k/M; <8Q>=(H 2Mw,)''?, (4b)
wo mO

where A2 is the width of the spectrum of the pumping light, AE is the difference
between the energies of the electronic subsystem with a spontaneous transition, and w,
is the frequency of localized vibrations. The inequality corresponding to maximum
quantum nature of the process N,, <N is a result of the rigidity of the tunneling system
AE > wy> @, where wp is the Debye frequency. An example of the tunneling systems
examined with sign-alternating U are gold impurity centers in silicon, which create
two levels in the forbidden band (see Fig. 2): an acceptor level (E,—0.49-0.54 eV),%
which correponds to a center Au™ at a lattice site, and a donor center (E, + 0.35 eV),
which belongs to a noncentral, interstitial, neutral gold atom.” The independence of
the donor and acceptor gold levels has been proved with the help of different tech-
niques.®® In addition, it has been shown that in Si{Au) central gold centers are not
observed at the lattice sites.’

It is well known®® that Si{Au) is characterized by rapid recombination pro-
cesses. However, the existence of an extremely slow process Au® + e—Au~, which is
related to the low tunneling probability of the given transition, was reported in Ref. 10.
The data on Ref. 10 agree well with the computed values of K, , obtained with the
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FIG. 2. Spectral dependence of the impurity photoconductivity of n-type silicon doped with gold. 1) Initial
state, 2) after optical pumping with light from a 1-kW incandescent lamp for 3.5 h 3} after optical pumping
with light from an incandescent lamp {1 kW) for 5.5 h.

help of (4): 1.4X 107" < K., <2X 1073, depending on N,,. Thus, under prolonged
optical pumping in the tunneling gold system in silicon, there should be a gradual
disappearance of Au® centers, with a corresponding increase in the concentration of
Au~, which we obtained while investigating the spectra of impurity photoconductivity
of n-type Si{Au) (see Fig. 2). The starting state correponds to the presence of Au°
centers (see the increase of I, at hv~0.31 eV) and Au™ centers (see the increase of I,
with Av~0.49-0.54 eV on curve 1 in Fig. 2), which appeared due to cancellation of the
phosphorus donor centers. To record the transitions v-band—(E, + 0.35 eV), the pho-
toconduction spectra were recorded in daylight. As a result of prolonged optical
pumping by light from an incandescent lamp, with intensity 1 kW, a gradual disap-
pearance of Au® centers and simultaneous increase in the concentration of Au~
centers were observed (see Fig. 2). In addition, the times of the transitions of the Au°
center from the state with U> 0 to the state with U <0 are in quantitative agreement
with the model discussed above (see Fig. 2). The relaxation of the tunneling gold
system in silicon to the initial state after the pump light was switched off occurred over
a time of the same order of magnitude, consistent with the proposed model.
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