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used in a study of carrier recombination and scattering in boron-doped silicon containing A * centers,

which are analogs of negative hydrogen ions (H™).
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INTRODUCTION

The problem of negative ions has been attracting in-
terest for decades because creation and annihilation of
negative ions (for example, H") plays an important role
in astrophysics, gas-discharge physics, acceleration
of charged particles, and elsewhere (see, for ex-
ample, '=*!), In semiconductors, where shallow neu-
tral impurities are usually hydrogen-like, the capture
of an excess carrier produces D~ (A*) centers, which
are negatively charged donors (or positively charged
acceptors) that are in many respects analogs of nega-
tive H™ ions. Studies of these centers in solids is im-
portant not only because of the considerable role played
by the D~ (A*) centers in various phenomena in semi-
conductors but also because these centers can be used
as model experiments on free negative ions with cer-
tain specific advantages.

The possibility of existence of D~ (A*) centers in
semiconductors formed by the capture of an excess
electron by a neutral donor D° (or a hole by an ac-
ceptor A°) was first discussed in®®’. In some cases
the presence of such centers explains conduction be-
tween impurities, '"? certain features of the lumines-
cence spectra, "®1 scattering and recombination of
free carriers. '%19-181 In view of the low binding energy
e; of the D~ (A*) centers, compared with the ionization
energy of neutral centers &, (g;~ 0. 055¢,°*), the concen-
tration of the charged centers becomes significant only
at fairly low temperatures when kT < €; in the case of
intrinsic or impurity optical excitation of free car-
riers. In the case of Ge and Si the values of ¢; of vari-
ous impurities were determined inf%-%!! at T < 4,2°K
directly from the long-wavelength photoconductivity
edge representing the detachment of electrons (holes)
from the D~ (A*) centers. These energies are 1-3
meV and they correspond to the submillimeter wave-
length range.

The present paper describes an investigation of

D~ (A*) centers based on the photoconductivity at fre-
quencies close to the binding energy e;, where it is
most convenient to observe the effects which are just
due to these centers because there are no other photo-
conductivity mechanisms in this frequency range. The
study was carried out on boron-doped silicon (Si: B),
in which the A* centers had a relatively high binding
energy (e;~2,5 meV). This made it possible to in-
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vestigate, in an accessible temperature range (7T
=1.4-4.2 °K), the characteristic features of the photo-
conductivity, scattering, and recombination processes
resulting from the presence of the A* centers. The ex-
periments were carried out under the conditions of im-
purity optical excitation of free carriers in samples
with low acceptor concentrations (N, <5x 10" ¢m™) and
weak impurity compensation (N,/N,%0.01), which made
it possible to avoid secondary effects such as those as-
sociated with the interaction between impurities™!? and
optical heating of carriers. #%18]

SUBMILLIMETER PHOTOCONDUCTIVITY
MECHANISM

1. We shall calculate the photoconductivity due to
the detachment of electrons (holes) from D~ (A4*) cen-
ters by considering briefly the recombination of free
carriers formed as a result of absorption of back-
ground radiation (T = 300 °K) in weakly compensated
samples at helium temperatures. Since the experi-
ments were carried out on Si: B, we shall consider
specifically a p-type material, i.e., we shall discuss
the photodetachment of holes from the A* centers.
Holes released from neutral acceptors (transition 1 in
Fig. 1) can recombine either at ionized acceptors
(transition 2) or they can be captured by neutral ac-
ceptors (transition 3), which produces the A* centers.
At high temperatures (¢; S £7), the concentration of
these centers (Ny.) is low because of the strong thermal
re-emission of the captured holes (transition 4). When
the temperature is lowered, the number of the A* cen-
ters increases and in a weakly compensated sample it
may become greater than the concentration of the com-
pensating impurity N,. This increases the concentra-
tion of the recombination centers, which are the ion-
ized acceptors: Nj =Np+ N+ and, consequently, re-
duces the density of free holes p.

If p<< Np + Nu+, this situation is described by the fol-
lowing system of equations

No®=pa~ (No+Na), Nak=paNs, (1)
where
No=N,—Np—2N 4.

Here, N,, Np, and N,+ (cm®) are the concentrations of
neutral acceptors, neutral donors, and A* centers, re-
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spectively; &~ and a®(cm?/sec) are the coefficients
representing the capture of free holes by ionized and
neutral acceptors; N,;® (cm™ °sec'1) is the rate of re-
lease of holes from neutral acceptors by the background
room-temperature radiation; N,+£(cm™.sec™!) is the
rate of release of carriers from the A* centers; the
quantity £ is governed by a set of factors which result
in the annihilation of the A* centers:

§=T'+0'+C'+E',

where T*=aN,exp(—¢;/kT) is the temperature factor
(N, is the density of states in the valence band), &* is
the background-radiation factor, C* is the factor
governed by the intensity of radiation received from a
monochromator, and E* represents impact processes
in electric fields. ’

2. We shall give the solutions of the system (1) for
three temperature ranges separated by the values of
Np/Ny, ®/a”, £/a° in the case when N,/N, < 0.01,
and £ =T* + d*

I. The range of a weak dependence p(7) is observed
at high temperatures when N +<< Np and T* > &*, In
this range the solutions are

p=ON.i/a~Np, N=N,0 exp(ei/kT)/a"N.. (2)

II. The range of an exponential dependence p(7T) is
observed for N,+> Np and T*> ®*, It corresponds to
the solutions

p=[N.0 exp(—e/kT)/a-]" Na=N.[O exp(e/kT)/a~N,]" (3)

IIO. The range of saturation of p(T) is observed for
&*>> T*,  In this range, we have

p=(00"/aa’) "  No=N,/[(0'a/0a°)"+2]. (4)

If we ignore the reduction in Nj due to the charging
of the centers, the value of N,+* is given by the simpler
formula

No=N.(Da/o-0")", 4"

The temperatures of the transitions from range I to
range II (7;) and from range II to range III (73), de-
fined as the temperatures at which the values of p (or
N,+) are equal to those calculated using the formulas
for the adjoining ranges can be described by

Ty=¢,/k In(N.a~N.*ON,?), (5)
T.=e./k In(N./O®*). (6)

3. We shall use the above relationships for the cal-
culation of the relative photoconductivity generated by
submillimeter radiation C*, When the mobilities u of
equilibrium and nonequilibrium carriers are equal, the
relative photoconductivity is given by the ratio &p/p,
where 0p is the change in the hole density under the ac-
tion of the monochromatic radiation C*. In ranges II
and IlI, we have

306 Sov. Phys.-JETP, Vol. 43, No. 2, February 1976

p=(0%&/a—a’)",

where £=£ -~ C*=T*4+d* + E*,

Therefore, the value
of 6p/p is given by

8p/p=(1+C"[&) "1, (7
where
8p/p=C/28,, C/E.<], (7a)

8p/p=(C/%0)",  C/8>1. (o)
Thus, in the case of low values of C* in range II, we
have

8p/p=C"|T"=C" exp(e,/kT) IN.. (8)

In range III, where £,=®* + E* the ratio 6p/p is in-
dependent of temperature. It follows from Eq. (2) that
in range I the value of p varies weakly with tempera-
ture and is independent of §,. However, even there

8p/p=C- exp(ei/kT)/N.,

since the concentration of the A* centers absorbing sub-
millimeter radiation and, consequently, the value of

0p, increase with rising temperature proportionally to
C*exn(e./RT).

EXPERIMENTAL CONDITIONS AND METHOD

We determined the dependences of 6p/p, p, and n on
temperature (7=1.4-4. 2 °K) and electric field (E
=0,1-200 V/cm) in the presence of submillimeter and
background radiations of different intensities. A dumb-
bell-shaped sample (2X2x 10 mm) was connected to a
dc circuit and placed in a liquid helium cryostat. Radi-
ation was piped along a polished stainless-steel guide
whose diameter was 20 mm and it was concentrated on
a sample by.a cone. A filter of pure Ge, 0.5 mm thick,
was placed in front of the sample; this avoided excita-
tion of free carriers by background radiation of wave-
lengths A<1.5u,

The submillimeter photoconductivity was investigated
using either an echelette spectrometer or a backward-
wave tube. %! The photoconductivity spectrum was
determined in the photon energy range 1. 5-3 meV using
the echelette spectrometer and the spectral distribu-
tion of the incident radiation power was measured with
an OAP-4 optoacoustic receiver; the photoconductivity
signal was normalized to the constant number of photons
at each wavelength. The dependences of p, 8p/p, and
p on the submillimeter radiation intensity, and the de-
pendences of 3p/p on T for various values of C* and
E* were obtained using the backward-wave tube. In
this case the radiation power was measured with a
calibrated attenuator. The photoconductivity was deter-
mined by a standard modulation technique employing a
V6-2 selective voltmeter and an SD-1 synchronous de-
tector.

Holes were excited from neutral acceptors either by
background radiation emitted by the warm parts of the
guide or by CO, laser radiation (A=10.6 p). The back-
ground radiation was controlled by crystalline quartz
filters of different thickness. The intensity of the laser
radiation was varied by a system of diverging KBr
lenses and reflecting germanium filters oriented at an

V. N. Aleksandrov et al. 306



5p, rel. units

A
ik
I FIG. 2. Long-wavelength photo-
057 conductivity edge.
o1t X )
1.5 20 25 J0 IS5
hy, meV

angle of 45° with respect to the beam. In this way the
free-carrier density at 7=4. 2 °K was varied within the
range p=10"-10" ¢m™, The values of the hole density
» and mobility u were determined from the resistivity
and Hall coefficient.

We investigated five Si: B samples with N, =(1-5)
x 10" cm and N,/N, =0.01-0.003. The parameters
of these samples were deduced from the temperature
dependences of the resistivity and Hall coefficient in
the temperature range 7=20-300 °K. These depen-
dences will be given later for a sample with Ny =3
x 10" ¢cm™ and N,/N, =0. 005.

EXPERIMENTAL RESULTS

1. Figure 2 shows the photoconductivity spectrum
obtained at T7=1.4°K in a field E=5 V/cm. We can
clearly see the long-wavelength photoconductivity edge.
The value of ¢; deduced from the photon energy cor-
responding to 8p=30p, .. is 2.5+ 0.1 meV, ¥

2. Figure 3a shows the dependences of 6p/pon T
obtained in a constant electric field (E=5 V/cm) for
different values of the submillimeter radiation power
C*. The curves are normalized to T=4.2 °K. Figure
3b gives the dependences of 6p/p on T for C* =C¥ and
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FIG. 3. Dependences of ép/p on T: a) for E=5 V/cm and
different mtensxtles of submillimeter radiation C*, where
cl/ct=cl/ct =Cy/Cy=Ck/Cy=C}/C =2, where the index
refers to the number of the curve; b) for C* = CJ and different
values of E (V/cm).
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various values of E. These dependences are plotted
for the A =445 p radiation obtained from the backward-
wave tube. Clearly, in the temperature range 4. 2-2 °K
the dependence of 6p/pon T is exponential and at low
values of E and C* the argument of the exponential
function is 2.45-2.6 meV. At T'S2°K there is a sat-
uration of the dependence of &p/p on T. When E or C*
are increased, the deviation from the exponential de-
pendence begins at higher temperatures.

3. Figure 4a shows the dependences of &p/p on C*
for E=5 V/cm at various temperatures. We can see
that at 7> 3.0 °K the dependence is 6p/px C*. When
the temperature is lowered, the dependence becomes
weaker and at T=1. 4 °K it becomes 6p/pcc VC* at high
values of C*. An increase in the electric field gives
rise to the dependence &p/poc C* (Fig. 4b).

4, Figure 5a shows the experimental temperature
dependences of the free-hole density p obtained in
various electric fields, whereas Fig. 5b shows the
corresponding dependences p(E) at several tempera-
tures. It is clear from Fig. 5a that cooling first makes
the dependence p(T) stronger but at lower tempera-
tures it flattens out again. In weak electric fields (E
X 0.25 V/cm) the temperatures of the transitions be-
tween the characteristic regions are T,= 2, 6 °K and
T,~1.8-1.85°K. When E is increased , the value of
T, grows; in fields E>15 V/cm, the value of T, also
begins to rise so that the exponential region is ob-
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FIG. 5. Dependences p(T): a) for different values of E (V/cm):
1) 0.25, 2) 2.5, 3) 10, 4) 40, 5) 75, 6) 100; downward arrows
denote the transition temperature Ty and the upward arrows
identify T; b) at different temperatures T: 1) 4.2°K, 2) 2.9°K,
3) 2.2°K, 4) 1.4°K; Lurve 5 is the dependence of 5p/p on E at
T=1.4°K for C* Ci
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FIG. 6. a) Dependences p(T) obtained by varying the rates of
optical excitation of holes from neutral acceptors: 1) &;=@,
2) &,=4/10, 3) $3=108, 4) &,=&, C*=C;; the continuous
curves are calculated; b) Dependences u (T); the dashed
curves are the calculated dependences p;(T).

served in fields E<40 V/cm; in the range E>70 V/cm,
there is no strong dependence p(T).

The nature of the dependences p(E) in Fig. 5b varies
with temperature. At T'=4.2 °K, the region of con-
stant p is followed by a relatively uniform increase of
P(E) ending with a steep rise of p due to the breakdown
of neutral acceptors. At T=1.4°K the region of weak
variation of p(E< E,) changes to a region of steep varia-
tion of p(E> E,), which ends at E~ E,, and then the
dependences p(E) at T=4.2 and 1.4 °K are close to one
another. The value of 8p/p at T=1.4 °K decreases with
rising E and a steep fall corresponds to the onset of a
strong rise of p, i.e., it begins in the field E= E,.

5. We have quotea so far the results relating to the
rate of excitation of holes from neutral acceptors and
from the A* centers, governed by the background radia-
tion from the warm parts of the guide. Figure 6 com-
pares the dependences p(7)(Fig. 6a, E=1 V/cm) and
w(T) (Fig. 6b, E=0,25 V/cm) under the same condi-
tions (curves denoted by 1), when the rate of excitation
is reduced by a factor of 10 by filters (curves denoted
by 2), and when this rate is increased by a factor of 10
(laser radiation, curves denoted by 3), compared with
the usual rate. It is evident from Fig. 6a that the
change in the rate of excitation does not alter the nature
of the dependence p(7) and simply shifts the region of
the strong temperature dependence in accordance with
the actual values of T; and 7,. The dependences u(7)
are governed by similar relationships. Illumination of
a sample with additional unmodulated submillimeter
radiation (A=445pu, C* =C:') under conditions of nor-
‘mal background excitation increases T, and reduces the
fall of the values of p and u in the temperature range
under discussion (curves denoted by 4).

DISCUSSION

The photoconductivity signal in the submillimeter
range and its rise with decreasing temperature in ac-
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cordance with an exponential law whose argument con-
tains ¢; (Figs. 3a and 3b), which is the binding energy
of the A* centers determined directly from the long-
wavelength photoconductivity edge (Fig. 2), is in full
agreement with our analysis of the relationships govern-
ing the photoconductivity associated with the A* centers.

The p(T) dependences (Fig. 5a) are also in good
qualitative agreement with the proposed model: the
region of a weak p(7T) dependence changes to strong
and this ends in saturation. In quantitative comparison
of the calculated and experimental values in the case of
a known ratio Np/N, for a given sample, we have to
determine the values of €;, ®/a", ®*/a° and the de-
pendence a~(T).

In the calculations we used €;=2.5 meV. The de-
pendence a™(T) was found by investigating strongly
compensated Si:B samples with concentrations N,
close to those in the sample under consideration (o~
«1/T%% if E~0.25 V/cm at T>2°K; at T< 2°K, a”
=const). The ratio ®/a~ was deduced from the hole
density at 7=4.2 °K for several Si:B samples with
N, <5%10™ ¢cm™ and compensations exceeding 10%
(®/a"=6x10°% cm™),

In the determination of ®* it seemed desirable to find
the role of the short-wavelength part of the phonon
radiation, governing the value of . It is clear from
Fig. 6a that a reduction in & (curve 2) lowers T, and
T, [saturation of the dependence p(T) does not occur at
all down to T7=1.4°K]. An increase in & (curve 3 in
Fig. 6a) increases 7% and T,. It follows from these
results that in the absence of additional submillimeter
radiation the annihilation of the A*(D") centers is domi-
nated by high-energy photons and ®* =%, where B is a
dimensionless coefficient.

The proportionality of & and ®* is indicated also by
a good agreement between the values of u in region IIT
(Fig. 6b) obtained for different rates of excitation of
holes from neutral acceptors. Clearly, in this range
the value of u is governed primarily by the scattering
on charged centers. If we assume that the various
scattering mechanisms are additive (1/u=1/p; +1u,
+1/p,.), we find that subtraction of the contributions of
the scattering by acoustic lattice vibrations ”actzu and
neutral centers u,"*’ gives the dependence on T of the
mobility u; governed by the scattering on charged im-
purities (dashed curves in Fig, 6b). We can see that
the values of p; converge at T=1.4 °K; the depen-
dences p;(T) are analogous to p(7') and they have the
same inflections characterized by the temperatures T
and T,. This is to be expected, because p; and p de-
pend in the same way on the ionized acceptor concen-
tration. In the absence of coupling between & and &*,
the values of N+ and N,- and, consequently, the values
of u; for illuminations corresponding to curves 2 and 3
should have differed by a factor of 10 [see Eq. (4)].

We shall now estimate the value of 8. The expres-
sion governing the ratio of the hole densities in ranges
I and III,

pl/pll!=NAamNA‘/ND'-lENAy
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can be used to determine the maximum value of the
ratio N+/N, for several samples provided we know

N,/Np, oir/ai, and py/prr. We then have
N /N ,=~0.05. 9

If $* =pd, Eq. (4') with the aid of Eq. (9) transforms
to

NA'/NA=(G0/3G—)I”zO.05. (10)

Using the values for ag(ay= 10"7 cm®/sect® %)) and

a" (a"=1x10"°-5x10"% cm3/sec'®), we find that Eq.
(10) is satisfied well for =1, Moreover, if =1

(®* =®), the temperature 7T, given by Eq. (6) agrees
with the experimental value. In fact, the interaction
between high-energy photosn (4v>45 meV in the case
of Si:B) with the A* centers may destroy the latter by
at least two processes: either by the direct detach-
ment of the excess carrier or by the detachment of
one of the original carriers. The photodetachment
cross sections of the latter process is clearly close to
the photoionization cross section of a neutral acceptor.
Therefore, the value of B may be of the order of unity.

1t follows from Eq. (9) that in the case of unipolar
excitation of free carriers the influence of the A* cen-
ters on the recombination and scattering processes may
be manifested only by samples with compensations be-
low 5%.% An increase in the electric field (a reduction
in a”) increases the permissible range of compensa-
tions.

The experimental values of ¢;, &/a", and Np/N,
were used in a calculation of the dependences p(T) for
three values of ®: &,=%, $,=%/10, &,=10% on the
assumption that * =&,

Since the conditions of -validity of the simple rela-
tionships (3) and (4) for the sample under consideration
are satisfied in our experiments strictly only in nar-
row temperature intervals, we used the general system
(1). In Fig. 5a the calculated curves are superimposed
on the corresponding experimental dependences and
they agree well with the latter.

A change in the electric field alters the carrier ener-
gy and, consequently, the coefficient of the capture of
a hole by an attractive center a”. In the sample under
discussion the temperature 7T=4. 2 °K corresponds to
range I (see Fig. 5a), where the concentration of the
recombination centers is equal to the concentration of
the compensating impurity (N; = Np), so that the depen-
dence p(E) in fields E<100 V/cm is entirely due to the
dependence a"(E): px1/a” in accordance with Eq. (2).
At lower temperatures when N,+> N, (ranges II and
IM), the field E not only alters &~ but also the number
of the recombination centers N;~ N+. In weak fields
(E< E,, curve 4 in Fig. 5b), when the carrier energy
is low and there are no breakdown effects in the A*
centers, we have p<1/Va~ [see Eq. (3)], because an
increase in E increases the concentration of the re-
combination centers: N; =N+ 1/Va™, in accordance
with Eq. (3). It is this increase in the number of the
A* centers with rise in E that is responsible for the in-
crease of the inflection temperature 7 (see Fig. 5a
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) [13:

A further increase in the electric field (E> E,) makes
the hole energy comparable with the binding energy of
the A* centers and we can then expect the annihilation of
these centers by impact processes. Therefore, in
fields E> E,; the hole density p should rise steeply with
E because in these fields both o™ and N; = N4+ decrease
simultaneously. An increase in E in the range E>E,
reduces N4+ to a value below Np (N; = Np= const) and the
dependence p(E) corresponds again, as in range I, to
the dependence a”(E) with N; =const (Fig. 5b). The
assumption that for E> E, we have N +< N, is con-

" firmed by the absence of an exponential region in the

dependence p(T) in fields E> E, (curve 5 in Fig. 5a).

It is clear from Fig. 5a that an increase in the electric
field increases not only T; but also T,. In fact, in
electric fields exceeding E; the annihilation of the A*
centers is no longer due to the background radiation ®*
but due to impact processes (the value of E*), which
are enhanced by an increase in E and, consequently,
may begin to predominate over the thermal release at
higher temperatures [$* in Eq. (4) should be replaced
with &% + E*], In the range E> E, the value of E* is so
high that N+ does not exceed Np at any temperature and
the exponential dependence p(7) is not observed at all
(curve 5 in Fig. 5a).

It follows from Eq. (7) that the value of 86p/p is
governed by £,. At T=1.4°K, we have T*<&* and
§,=%* + E*, Anincrease in the electric field above
E, causes £, to rise and, consequently, reduces 5p/p.
In fact, in fields E> E, the value of &p/p falls strongly
(Fig. 5b). The influence of the electric field is mani-
fested also by the rise of T, in the dependence of &p/p
on T (Fig. 3b) and in the dependence p(T).

1t follows from Eq. (7) that as a result of increase
in C* the dependence 5p/px C* should cease to be
obeyed when C* becomes comparable with £,. At high
temperatures the value of £, is large and 6p/pc C*
(Fig. 4a). When the temperature is lowered, &, de-
creases exponentially and the dependence of 5p/p on C*
changes from linear to sublinear, and at 7=1.4 °K and
for high values of C* it is close to vC*. An increase
in the electric field above E =E, increases £, and re-
stores the proportionality between 6p/p and C* (Fig.4b).

Since £, may become less than C* when C* is large
and temperature is low, the main factor which is re-
sponsible for the annihilation of the A* centers is then
unmodulated submillimeter radiation (£ =§,+ C*= C*),
and the value of T, should rise, as observed experi-
mentally (curves denoted by 4 in Fig. 6).

These results show that, as in the case of intrinsic
excitation of carriers, ®*! the recombination and scat-
tering processes and the submillimeter photoconductiv-
ity under impurity excitation conditions in weakly com-
pensated samples can, under certain conditions, be en-
tirely due to the formation of D~ and A* centers in
semiconductors.

The authors are grateful to G. N. Gol’tsman for his
help in the backward-wave tube experiments and to
V. F. Bannaya for measuring the parameters of the
samples.
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DThe direct transitions from A* to A” centers!!} can be ig-
nored for samples with N,<5%101 cm™3,

2)The formulas of the (3) and (5) type were first obtained in!13],
$This value of e; represents the energy for the photodetach-
ment of a hole from an isolated A* center; it is clear from
the experiments that in the N,>10% cm™ range this energy
rises with N, (for example, [197 jt may reach e; 2 5 meV for
Si.B).

“1n the ambipolar excitation case, 14 their influence is im-
portant for any value of the compensation.
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Dynamic Jahn-Teller effect for the E-term with allowance

for phonon dispersion
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It is shown that the dynamic Jahn-Teller effect for a non-Kramers doublet leads, in the presence of
phonon dispersion of active E vibrations, to the possibility of appearance of local and pseudolocal electron-
phonon states. Criteria for appearance of such states are found. The limits of applicability of the cluster
model for impurity centers are discussed. Spectral effects of local and pseudolocal states in the optical and
infrared absorption and in Raman scattering of light are considered.

PACS numbers: 63.20.Dj, 63.20.Kr, 78.50. —w

1. INTRODUCTION

The problem of electron-vibrational (vibronic) inter-
action in systems with electron degeneracy or quasi-
degeneracy is extremely complicated, owing to the im-
possibility of separating, in the general case, the elec-
tronic and the nuclear motions. The manifestation of
the vibronic interactions in such systems is customarily
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called the Jahn-Teller effect (JTE). This effect has
been the subject of many theoretical and experimental
papers (see the books and reviews'!=®’). The greatest
progress was attained in the solution of the so-called
molecular vibronic problems, where the electrons, in
the degenerate state, interact with a small number of
vibrational degrees of freedom. This model is adequate
for the description of phenomena connected with vi-
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