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Free carrier recombination in silicon is studied for principal impurity concentrations N = 10'°-
10" ¢m 3, compensations K = 10~°-10~", and optical excitation levels W, N = (107°-10°)-N
s~ !cm 3. Several recombination mechanisms can occur, depending on the values of these
parameters and the temperature: 1) direct (cascade) trapping at the attracting centers (AC);

2) trapping by D™D complexes; 3) indirect recombination at the attracting centers, i.e.,
capture into the D~ state with subsequent hopping (along neutral centers) or drifting (along the
D~ band), with a flow of carriers to the AC’s. Indirect recombination dominates for large N and

small X, 7, and W}, and the corresponding lifetime 7 is several orders of magnitude shorter than

for cascade trapping at the attracting centers. The observed dependence of 7on N and T'is

explained qualitatively, and the estimated lifetimes 7 agree in order of magnitude with the

experimental values. Values of 7 shorter than the energy relaxation time were observed for
N> 3-10'"°cm™3indicating that the photocarrier distribution function was inverted.

1.INTRODUCTION

The lifetime 7 of electrons (or holes) excited from neu-
tral centers is generally thought to be determined by cascade
trapping by attracting centers':

T=1"=(a*N*)"!,

where a™ and N * are the trapping coefficient and the con-
centration of the attracting centers. At low photoexcitations
W, N we have N " =KN, so that

p
Tr=1t=(a*KN)™!

(here K is the compensation, N is the concentration of neu-
tral centers, and we assume K< 1).

At low temperatures (kT < ¢; =¢€,/20, where ¢, is the
ionization energy for the neutral centers), D™ (A™)-
centers” are generated in the semiconductor with binding
energy ¢; and effective radius a; ~4.2a,, where a, is the Bohr
radius for the ground state. These D~ centers (we will as-
sume throughout that the material is n-type) result in the
formation of an equal number of attracting centers:
N* =KN+ N, where N ~ is the number of D™ centers.
For materials with K <5-1072, there is a temperature T
depending on W, below which N ~ exceeds KN and 7" de-
creases.>> For N '/3a,> 5-10~2, the overlapping among the
D states becomes large enough to permit the trapped elec-
trons to hop along the neutral centers and approach the at-
tracting centers to within a distance R=~R_, where
R, =~0.6N ~'/3 is the mean distance between the impurities.
This leads to the formation of D™-D* complexes which are
analogous to ionized hydrogen molecules with binding ener-
gy e(R) =¢; + /xR (Refs. 6, 7). The generation of these
complexes causes 7, to increase.

In the above situation the neutral centers act as attach-
ment centers; the steady-state lifetime 7 is equal to 7+, and
forT>T,, 7" = 75" . However, our previous measurements®
showed that this is not always the case—the influence of the
neutral centers on the carrier lifetime in Si may be more
complicated. For very small K, there is a wide range of tem-
peratures T for which 7 is appreciably less than ;" even
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when T'> T, holds, and the ratio 75" /7 may be as large as
10%. Moreover, 7 is N-dependent (and may in fact be deter-
mined by N alone), which indicates that some other recom-
bination mechanism is dominant. It has been shown that one
such mechanism involves trapping at the neutral centers fol-
lowed by migration to the attracting centers (indirect re-
combination). This is the dominant mechanism in materials
with low K and sufficiently high doping conentrations,
where overlapping of the D™ states allows the electrons to
move toward the attracting centers, either by hopping along
the neutral centers or by drifting along the D~ band. Materi-
als were classified into groups I and II, depending on which
type of transport occurs.

These results suggested that photoconduction along the
D~ band should be observed in group-II materials, and in-
deed in Ref. 9 it was found that for N '3a,>6-1072
K <107*, and small W, =107°-10""' s~', the D™ -band
photoconductivity op, is nonzero and may be several tens of
times larger than the photoconductivity o, along the free c-
band.

In the present paper, which is a continuation of Ref. 8,
we discuss the results of an investigation of the role of the
D~ states in free carrier recombination in silicon for a wide
range of N, K, and W, (10'°-10"" cm~?, 107°-107", and
1073-10% s~ !, respectively). We show that under our ex-
perimental conditions, the following trapping mechanisms
occur in silicon. 1) Ordinary cascade trapping at attracting
centers; 2) trapping by D™-D™ complexes; 3) trapping into
D~ states, with subsequent hopping toward an attracting
center (indirect “hopping” recombination); 4) trapping
into D~ states, after which the carriers move along the D™-
band toward the attracting centers (indirect D™ -band re-
combination). As N increases and K decreases, the indirect
recombination mechanisms 3) and 4) determine 7 over a
wider range of T'and W ,,,.

The external conditions determine the dominant mech-
anism. The dependence of 7 on N * and T is found to be
highly unusual: 7 may increase substantially as N * increases
and T decreases. Since the first step in indirect recombina-
tion involves trapping at a neutral center, the properties of
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TABLE L.

Specimen| Na» Np, Specimen N4, Np,
Ié:,, 1sem=3 102 em-—2 | ¥ 107 1\;:,, toeem=3  tonem-3 | K107
1 0.004 6 1500 21 3 9 3
2 0.30 12 40 22 341 140 45
3 0.38 163 429 23 3.5 4.7 1.3
4 0.5 1 2 24 4 12 3
5 0.5 70 140 25 4 1200 300
6 0.62 12.4 20 26 42 24 0.5
7 0.67 9.4 14 27 4.3 172 40
8 0.7 3.2 46 28 45 27 6
9 0.8 48 6 29 5 175 35
10 0.8 48 60 30 5.3 1590 300
11 0.89 5.8 6.5 AN 5.9 2.2 0.37
12 1.3 T4 57 32 6.8 136 20
13 1.35 6.75 5 33 73 438 6
14 1.6 73 46 34 78 26 3.3
15 2.2 6.6 3 35 8 2.4 0.3
16 2.4 1400 583 36 8 4000 500
17 2.5 0.31 0.125 37 9.4 188 20
18 2.6 19 73 38 12 2.4 0.2
19 2.8 0.7 0.25 39 12 36 3
20 3 1.2 0.4

the latter influence the measurements. For example, the
trapping coefficient a° increases tenfold as the carrier energy
€ increases. The photoelectron distribution function is in-
verted under certain conditions, so that 7 becomes less than
the energy relaxation time.

In Sec. 2 below we describe the experimental method
and the results of the measurements, while in Sec. 3 we use a
model for the electron transitions to analayze the experi-
mental results. The main conclusions are discussed at the
end.

2.EXPERIMENTAL METHOD AND RESULTS

The free carriers were excited by background radiation
at room temperature in the wavelength range A = 8-12 um
(we used an interference filter). This ensured that the carri-
ers were uniformly generated inside the doped Si crystals,
which in most cases had a Hall geometry with dimension
d = 0.1 cm along the direction of the radiation. The excita-
tion intensity W, Ncm™>s ™' was varied by using light from
aCO, laseratA = 10.6 um (W,, =107 ' =10*s~") and was
calibrated by measuring the conductivity o of a Si : B refer-
ence specimen for which N, =~4-10"* cm~> and K =0.15
were known. In many cases we used radiation from an InAs
diode, A =3 um, W, =0-0.25 s~ '; both the specimen and
the emitter were positioned precisely. In all cases, the values
of o for the specimens were thus obtained at a constant W,
with 7= const (T'=4.2 or 1.5 K).

We measured o and Ry, . In the case when the product

R, 0 = u* was equal to the value u, calculated for scatter-

ing by neutral impurities, o was equal to the conductivity o,
along the c-band. In contrast, the two-band model®'* was
used to calculate o, and o, when u* was less than the calcu-
lated values and depended on T and W, (indicating that
conduction occurred along both the c- and the D ~-bands).’

We studied the dependence of 7 on the energy difference
&* = fiw — €, fiw = 45-60 meV, by inserting an Si : Ga fil-
ter ahead of the specimen. The specimen thickness was
d =0.02 cm. The radiation spectrum of the IKS-31 (Fis-3)
monochromators used as the emitter was calibrated using a
Ge bolometer. The Si specimens were doped with B, Ga, As,
or P to N=10"-10"" cm 3, and K ranged from 107> to
10~". For given values of K and N '/3a,, the results were
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similar® regardless of whether the silicon was doped with B,
Ga, P, or As; they will be illustrated here for the case of
Si : B. The properties of the specimens were found by stan-
dard equilibrium galvanomagnetic measurements and are
shown in Table 1. We used the approximation N, ~2-10"
T32 ecm—2 (Ref. 11) to calculate K and N, and the Hall
factor was taken equal to 1.

Figure 1 shows 7(T) for three Si : B specimens Nos. 1,
11, 15 with the same amount of compensating impurity
KN~=6-10'2cm 3 but with unequal principal impurity con-
centrations N. The dependence 7( T') evidently changes as N
increases. Thus for specimen 1, 7(T) o< 7'~ for T>3 K,
while 7(T) ~const for T<3 K and 7=7" is independent of

7.8
w0l
wi L
T (4.2K)

,0'117 | [ N I N R

7 Z 4 6610 T,K

FIG. 1. Dependence 7(T) for specimens No. 1, 11, and 15 with equal
KN~=6-10"2 cm~* but different N, cm~*: 1) 4-10'%; 2) 8.9-10'%; 3)
2.2-10'¢ for W, =0.25 s™' (@) and W, =30 s~! (O). The dashed
curves show 7(T) calculated by Eq. (7).
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FIG. 2. Curves 7(T) and u* = oR (T) for specimen No. 26, W =1)
0.25;2) =~3;3) ~30;4) =~3-10°s~'. The dashed curves give 7(T) calcu-
lated by Eq. (7).

W, . For specimen 2, 7o« T2 at high temperatures, but 7
is appreciably less than 7+; as T decreases, the power-law
dependence 7(T) is replaced by a stronger exponential de-
pendence with activation energy =~e&(R_)/2, where
€(R.)=~5.8 meV. The temperature T, at which this transi-
tion occurs decreases with decreasing W,,. At still lower
temperatures 7' T, the dependence 7( T') becomes less pro-
nounced. For all the specimens with &N =3-10'-2:10'°
cm > we have 7~ 7, for T<T,, and T, also dependson W,
Finally, for the more heavily doped specimens 3, 7(T) « T%°
for T =4-20 K, and 7 is substantially less than 7+ for all T
and depends only weakly on W,,.

Figure 2 plots 7(T) and u* = R, o(T) for Si : B speci-
men No. 26 for E = 10 V/cm and several values of W,n. The
curve u*(T) is nonmonotonic and the dependence changes
with W,. As W, increases, the minimum of u*(T) be-
comes shallower and eventually disappears, so that
u*(T) =const = p..

For low T the lifetime 7 may be shorter than the energy
relaxation time 7, for small W, and equal to 7, for large
W, - This is typical for specimens with K~10"°-10"3ina
narrow range of concentrations N~2.5-10'°-5-10' cm 3.
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FIG. 3. The ratio 7/7% (N) for W, =0.25s™', T=T7K, for K= (2-
6)-107° (@); (2-16)-107* (A); (2-6) 1073 (O); (2-6)- 102 (A ).
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FIG. 4. Dependence 7(N) for T'= 1.5K and W,,, = 300 (1) and0.25s~"
(2) for specimens with K = (2-6)-107° (O); (2-6)-10~* (A); (2-
6)-107* (O); (2-6)-1072 (@).

We note that there is a range of W, in which the dependence
7(T) for these specimens is “anomalous”: 7 increases with
1/T tovalues r=7¢. For T>3.5K

t(T)wexp (—0e/kT),

and for small W, 6e = ¢, =~2.8 meV (Ref. 9), while for
large W, the curve has a region characterized by a large
activation energy e ~¢(R./2),e(R.) =8 meV. As Won in-
creases, the transition from one activation energy to the oth-
er occurs at higher T.

Figure 3 plots 7/7* (N) for W,, =0.25s 'and T=7
K. For our values of T'and W,,,,, 7 is independent of W, for
all of the specimens (at least for W, =0.1-1s7'). We see
that as N increases above 5:10'> cm ™3, the ratio 7/7% de-
creases faster as K decreases. For small K = 1074-1075 it
satisfies 77/7«N =% and reaches ~10° For larger
K =10"2-10"", 7/7™ approaches the value 1.

Figure 4 shows the curves 7(N). Forsmall N 7= 7., but
when N increases above a critical value N * (indicated by the
arrow) depending on W, 7 drops abruptly to 710~ "' s.
For W, =3- 10% s~! (curves 1) 7 is independent of K, and
N*=5-10"° cm™>. When W, drops to ~0.25 s™', for
N=2.5-5-10" cm™3, 7 decreases more rapidly as K be-
comes smaller. For K <1073, N*=2.5:10'° cm ™3 (curve

3
gy CM/s

0 ﬂ

1077
a.

£, meV

FIG. 5. Dependence a’(£*) for specimen No. 28, T= 1.5 K, W,

~0.5
ph ~
s~ (curve 1). Curve 2 gives the calculated dependence a’(£*).
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FIG. 6. The dependence 7(1/T) for specimen No. 17, W, =0.25 s,
electric field £ =10 (1), 30 (2), 70 V/cm (3).

2). Under these conditions 7 clearly increases with K (i.e.,
with N *). We note that for still smaller W, =3-1072s™/,
the lifetimes 7 for specimens with K > 10~ approach those
for curve 2.

Figure 5 shows how the trapping coefficient a° depends
on the transition energy of the electron for specimen No. 28:

@ ()0 (e7) 17 (¢,

where £* = #iw — £,. We see that for T=2 K and W, =0.5
s~!, 77!(e*) increases with £*~1-10 meV, while for
£*> 10 meV we have 7~ ! (¢*) ~const. For higher T~ 10K
or W, =~300s~,

v~!(e*) ~71.(kT)=const.

Figure 6 shows 7(T) for specimen No. 17. For T' = 3-
10 K we see that o, <exp( — 8e/kT), where de =€, =2.5
meV; for T2 10K, o, « T2 The dependence 7 < exp( — €,/
kT) holds for all Twhen the electric field E is increased from
10V/cm (curve 1) to70 V/cm (curve 3). For T <3, 7= 7,.

3.DISCUSSION

We divide the specimens into groups, according as the
trapped carriers reach the attracting centers by hopping
(group I) or along the D™ band (group II).

1. For N~5-10'5-8-10'6 cm? the first group contains
the specimens with K > 10~*. Estimates show that delocali-
zation of the D~ states is not important in this case (if pres-
ent at all, the delocalization does not extend over many neu-
tral centers). The separation of the specimens into groups
depending on the values of N and X is of course somewhat
arbitrary in that the mode of carrier transport may change
with the external conditions (7, W, E) (see 5. below). The
following experimental findings are characteristic for the
specimens in group 1. For large T there is a power-law de-
pendence 7« T2%* (Fig. 1, curves 2, 3); Ryo=pu*=u.
= const. In addition, there is a characteristic drop in 7/7*
as N increases (Fig. 3) and T decreases (Fig. 1); for
N~=const, 7/7+ decreases with K (Fig. 3); for T<3-5 K
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FIG. 7. Diagram of the electron transitions: a) energy £(R) of the ionic
term; b) the dependence W, (R) for levels E,, E,.

N<3-10' cm—3, 7=~7,; for N> (3-6):10"° cm™>, 7< 7,
and 7« N ~! (Fig. 4). The electron transitions for the impur-
ities excited in the Group-I specimens can be described as
follows (Fig. 7). Absorption of a photon with #iw > £, gener-
ates a free electron of energy £* = #iw — £, and an attracting
center AC (transition 1). The subsequent fate of the electron
depends on the relative magnitudes of 7.(k7) and
a®(kT)N, the inverse lifetime for trapping by neutral
centers.'? If a®(kT)N < 7. ' (kT), the electron cools down
to the bottom of the c-band during a time ~ 7, (kT (transi-
tion 2) and is trapped either directly by an attracting center
(transition 3) or else by a neutral center NC [transition 4,
trapping coefficient a®(kT)]. If a®(kT)N> 7. '(kKT) the
electron cools down to an energy ~¢,, satisfying the equa-
tion a°(¢,, )N =277 "(¢,,) if €,, <€* (transition 2'), fol-
lowed by trapping at a neutral center (transition 4'), trap-
ping coefficient a°(¢,,)]. If £*<e,, the £, must be
replaced by £* in these results. The trapped electron may be
ejected into the c-band (transition 5); the corresponding
probability is

W:le(R), T]=a’(kT)N. exp(—e(R)/kT)

where N, is the state density in the c-band; or it may hop
along the neutral centers and approach an attracting center
to within a distance R =~R_, giving up energy in the process
(transition 6).

The rate of energy loss is characterized by W , the reci-
procal of the time required for the electron energy to drop by
an amount ~kT (Ref. 7); W depends primarily on the
amount of overlap among the D™ states:

W, <exp (—pR./a:), Bp=2,
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but it also depends on the energy difference A for the initial
and final D~ states for a typical hop, as well as on 7. For
R>R_, W, increases with decreasing R (A increases, and
with it the phase-space volume of the phonons emitted dur-
ing the hops), while W drops due to the increase in £(R).
There is a value R=R (N, T) at which Wr(RgT)
= W_(Rq, N, T). For R> R, the electrons may be as-
sumed to be ejected primarily into the c-band; for R < R ¢,
the electrons approach the attracting centers to within
R=R, and form complexes D~ -D* with binding energy

e (R)=~et+e*/xR,

where the fluctuations of R about R, obey Poisson statistics.

For the group-I specimens, the D ~ states far from the
attracting centers (R > R.;) may be delocalized (hatched
region in Fig. 7). However,these states do not participate
significantly in the recombination. An electron in a complex
can hop from a neutral center to an attracting one (this is
accompanied by breakup of the complex). The lifetime
74 = W ; ' of the complex relative to this process is sensitive
toR.For R~R,,theenergiese(R, ) =¢; + ¢*/xR, and ¢,
of the ionic and homeopolar terms are nearly equal, pseudo-
crossing of terms is important,” and 7, is small and compar-
able to the intracenter transition time (short-lived or recom-
bination complexes). If R is not close to R, , the complexes
are long-lived and permit photoconduction at submillimeter
wavelengths.” These complexes can break up due to thermal
(W) or phonon (W %,) re-emission into the c-band, or
when they trap an electron [D~-D* dipole]. One must bear
in mind that in addition to direct photodetachment, impact
neutralization of D™ centers by electrons cooling in the c-
band may also influence W%, . Estimates show that for sili-
con doped to NX 10'® cm 2, this process is as important as
photodetachment. As a result, an electron remains near the
bottom of the c-band for a time r~7, (kT).

Depending on the ratio W, (R)/(W(R) + W),
the complexes can thus act either as recombination or at-
tachment centers. Analysis of the submillimeter photocon-
duction spectra for Si : B specimens’ shows that the pseudo-
crossings are important for the deep excited states
E,= —145meVandE; = — 10.5meV;for T= 1.5K and
Won =~300s~ ', theestimates in Ref. 7 give 13 meV SE, S 16
meV and 9.5 meVSE;S11.5 meV for the bands corre-
sponding to the pseudocrossings. If the distances between
the centers in the complexes are assumed to obey Poisson
statistics, the relative number £ of recombination complexes
for Si: B increases from 0.03 to 0.3 as N increases from
5:10” cm™?t0 5-10'* cm 3.

Indirect three-stage recombination is thus possible in
sufficiently doped materials: electrons are trapped by neu-
tral centers, after which they approach an attracting center
through a series of hops and undergo a transition to deep
excited states of the AC. For this type of recombination one
can write 7 = (a.sN *) !, where

ag=a*+Ea’(T) -*/snR 3N . (n

Forsmall N, £ and R ; N aresmalland a .y ~a™ (see Fig. 3,
N <5-10" cm ™2 and Fig. 1, curve 1). In this case we have
7o T'315 for T>3 K; for kTSmS?~2.8 K, we have
7(T) = const (m is the effective mass and S is the speed of
sound). Both £ and R 4N increase with &, and indirect re-
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combination becomes dominant. In this case 7/7+ decreases
(Fig. 3 and Fig. 1, curves 2, 3), and the dependence 7(T) is
more pronounced (Fig. 1 curve 3, and curve 2 for 7> 5 K).
The quantity a.q increases with 1/7, primarily due to R, g;
however, R.; cannot exceed the mean distance
R =0.62(N *)~'/? between the charged centers. When
Rz =R/, the trapping regions (spheres) overlap and
a.x(T) is constant (Fig. 1, curve 3, T<6 K). As R ' de-
creases (i.e., as K increases) a.s —a™ (Fig. 3). Since for
large N (N> N *)a%/a* - 107! (see 4. below), for small X
a.s may become very large as T decreases, a.z/at ~a®/
a*K; thus for K=107°, a.g/a* =1+ /7-10%

The calculation of a4 is a difficult self-consistent prob-
lem. The migration of an “‘excess” electron by hopping to-
ward an attracting center is analogous to the freezing-out of
vacancies in a D*—A~ dipole as they hop along the ground
states, and it differs from a flow of carriers (vacancies) hop-
ping from contact to contact. We will give a rough estimate
for the dependences a.4(T), a.4(N), and obtain an ap-
proximate value for R ;. The equation

1(94 ) A(a,—)’S ( 21?0)

A ) A (a) S (2B

4\ w8 Tms\w P\

8!-+ez/nR,m
kT

— @ (T)exp( - )¥.(m )
will be used to find R.. Here /, is the characteristic distance
for energy loss by a free electron. The power loss W, appears
on the left, while the right-hand side contains the probability
for ejection into the band per second. We found W, by using
the method in Ref. 13 to calculate the probability of a hop
between two neutral centers” located a distance R, apart
and atadistance R from an attracting center (the wave func-
tion of the isolated centers were of the form
Yocr 'exp( —r/a;);A=~e’R./xR?). To estimate W, we
must multiply the hopping probability by ¥, + 1 (where N,
is the number of phonons) and divide by the number of
jumps ~kT /A required for the energy to decrease by ~kT.
Under our conditions (for T~10 K), A> kT. Therefore
(N, + 1)A/kT=N,A/kT=1 and the hopping probability
coincides with W, .

This estimate for W, is of course very crude. All the
hopping distances are assumed equal to R_, and only hops
along the line joining the neutral and attracting centers are
considered. Under these conditions, a correct order-of-mag-
nitude value for the factor multiplying the exponential on
the left is the most that can be hoped for (it is clear that this
value will be an underestimate).

We use the following parameter values in (2):
mS?=2.8K,l,=3-10"*cm (Ref. 1), x = 12. The value a°
X (2 K)=2-10""7 cm?®/s was found experimentally'*; cor-
recting for the temperature dependence (see below), we ob-
taina®(10K) ~ 10~ ° cm?/s. The remaining values were giv-
en above.

Substituting these values into (2), we find that for
T~10K and N~10"® cm~? (this corresponds to the high-
temperature portion of curve 2, Fig. 1), the factors multiply-
ing the exponentials on the left and right in Eq. (2) differ by
less than an order of magnitude. Because their dependence
on N and T is much weaker than exponential, we will sim-
plify by taking them equal. Equation (2) then reduces to an
equality of the exponential arguments:
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@ kT xR gkT

For this range of N and 7, the left-hand side of (3) is
nearly three times larger than the first term on the right.
Neglecting the latter, we obtain R T~const as T varies.
For indirect hopping capture we thus have [a(T) « T~ %3,
see below]

O R/ suReg o (T) o0 T2 (4)

(3)

and hence 7« T'>°. Curves 2, 3 in Fig. 1 show that indeed
T« T2 for6 K< T< 18 K.

Turning now to the dependence 7(N), we again neglect
the first term in (3) and obtain R R.; = const. Therefore,
for s >a™ and &£ = const,

@y PR Noo N2, (5)

Consequently 7 < N ~2, which s very close to the dependence
shown in Fig. 3. Our simplified model thus predicts 7(T)
and 7(N) in good agreement with the experimental findings.
It should be noted that we are assuming that £ is independent
of T'and N, which while not strictly true is a good approxi-
mation for Tand N in the interval considered.

We now derive a numerical estimate for 7. For 7= 10
K and N=(47R}/3)"'=10""cm™? Eq. (3) yields
Rz =2.3R_. Omitting a*, we find from (1) that
Qeg =5-107°¢ cm®/s. For N * = 6-10'> cm ™~ (Fig. 1) we
obtain 7~3-107°6~' s. Taking £=0.1, this gives
7=3-10"%s. According to curve 2, Fig. 1, the experimental
lifetime is 7 = 1.2-10~% s. Considering the crudeness of our
assumptions, this agreement is quite satisfactory.”

We now consider D™-D* complexes whose separation
R does not correspond to the pseudocrossing bands. The
relative number of these complexesis 1 — £. With decreasing
T or increasing W,,, it is clear that their concentration will
increase, and for T < T, recombination proceeds by direct
trapping of electrons at the complexes: N a@. >N Ta.. In
finding N, (N, W,;,, T) we encounter the same difficulties as
in calculating a.;. However, the dependence of ron T, N, K,
W, and E can be understood qualitatively by using the
recombination model in Ref. 5 for the case of isolated D~
centers (i.e., small N, for which W, =0 and e=¢;) with ¢;
replaced by £(R,) =¢; +e*/xR, and a* by a,. For
N.a, >N *a and € = 0, the kinetic equations® for n and 7
give

n~[th(W;‘h + Wn]'“ N* ~[ W a®(KT) 12

o a.a’ ’ N a (W + Wr) ’
(6)

where W} is the probability for the complex to break up and

emit phonons. Taking W =~ W,,, (Ref. 5), we have

,1 1/2
T~ _.[MT_{)_H_,M] , (7)
N a.a
i.e., for Wr> W,
Ta W52 exp[—e (R.)/2kT]. (8)

Figure 1 shows the curves calculated for specimen No. 2
together with the experimental results; we see that the agree-
ment is good even when the values £(R_ ) are not fitted to the
experimental data. We note that, as in the case of trapping by
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attracting centers, 7 cannot be less than 7, for trapping by
D~-D™ complexes. For specimen 3, the trapping does not
appreciably influence the D ~—D * complexes when W, is
increased; this is because the indirect recombination ensures
that 7 is already nearly equal to 7.

We note that for N>10'® cm > and small W, the de-
pendence 7( T') for low T'is less pronounced ( see, e.g., curves
2,3in Fig. 1 for T'< 5-7 K). We attribute this to freezing-out
of the charged centers in the D*-A ~ dipole (Ref. 1). As N
increases, the formation of D*-A~ dipoles becomes impor-
tant even for large T'and W, as evidenced by the nonzero
hopping conductivity o; in unirradiated specimens with
NZ5:10"° cm ™3, o, xexp( — £;/kT) (Ref. 15). The dark
hopping conductivity becomes comparable to the photocon-
ductivity in a wider range of W, and T as N increases.

2. We now consider the group-II specimens with
N=22.5-10' cm™3, K <10~% estimates indicate that for
these materials the D™ states are delocalized in most of the
neutral centers. The following results are typical for small
W, : u* depends on W, and T (see Fig. 2), which indicates
that there are two photoconduction mechanisms, involving
the c- and the D~ -bands, respectively’; for T> T*=3.5K,
we have r < exp( — £, /kT) (Fig. 2), so that we may assume
that the electrons in the c-band are in equilibrium with those
in the D ~-band.

We will assume that far from the attracting centers, the
width of the D~ -band is at least a few kT. The transition
diagram in Ref. 9 can be obtained from the one in Fig. 7 by
eliminating the transitions 3 and adding transitions 7 (cool-
ingin the D™-band). The cooling electrons may enhance the
conductivity. According to Ref. 9, the c-band contains two
types of electrons—n, electrons with energy~e¢,,, and n,
electrons with energy ~kT. These electrons are generated
by thermal re-emission from the D~ states (transitions 5):

ne=n,+n,~W,,/a%(e,) + Wy, Wr/a®(kD)W, . 9)

When T'> T*,sothat W,./a®(kT) W, > 1/a°(e,, ), the elec-
trons are thermalized (Fig. 2):

n.=~n,»exp(—e./kT).

For T<T* we have ny<n,=W,,/a’(e) and
7= (a®(¢)N) ™" (photoinduced heating). For large W,
(curve 4, Fig. 2), trapping by D™-D* complexes becomes
significant with decreasing T < T,. The dashed curves in Fig.
2 were calculated using Eq. (7); they agree closely with the
experimental curve 7(T) for 7> 7. For 7 < 7, the lifetimes
T increase to 7~7, as W,, increases. We note that the
switching on of an additional recombination mechanism or-
dinarily decreases the lifetime 7:

Ti=1, 4

Inthe present case, the trapping by the complexes elimi-
nates the recombination channel involving the D~ band (see
4. below for a fuller discussion).

3. For N large enough so that 7 <7, it is meaningful to
consider the lifetime for electrons with energy € — 7(¢). In
this case, the experimentally measured lifetime is equal to
the average of 7(&) over the electron distribution function,
7=(7(¢)). The spectral measurements show (Fig. 5) that
for T<2 K, 7 depends on the energy difference
e*=tw —¢ey:7=1(e*); 7 decreases with increasing
£* < 10 meV and saturates at £* 2 10 meV.

Vorozhtsova et al. 421



The dependence a°(g) was calculated in. Ref. 15; how-
ever, the final expression for a®(¢) should be corrected to
read (£<¢&,)

nz(__fi_)"ii (1-B) +e/eq

we)=5\ 5 Ik B Aiteles (10)

8
where 8 = 47~ '(2mS */¢;)"'? (=0.64 for holes in silicon).
Equation (10) shows in particular that a®(kT) « T%° for
T~10K.

According to Ref. 12, for £ > kT the photoelectron dis-
tribution function can be expressed as

r,(s’)da']
T(e)e” A7

F(s)ms‘zexp[—j (11)

in terms of the “partial” lifetime 7(¢), where
[T(e)]"'=a’(e)N

and 7,(g) <e~'? (acoustic phonons). The integrand
Na®(e)r,. (e)e™" decreases with increasing . For N <N *,
where N*a®(kT)7,(kT) =2, we have exp~1 and
F(¢g) « £ there is no photoinduced heating, although this
does occur when N> N *. In the latter case the dependence
F(g) changes with increasing *, as follows. For e* <¢,,,
F(¢) has amaximum at the point £ = £*, while for e* > ¢,,, it
peaks at £ = ¢,,. When £* <¢,,, most of the electrons have
energies close to £ = £*:

11 (") (T (e) >'=N<a (¢) Y~ N’ (e°) (12)

and the dependence of (a’(&)) on £* should be similar to
a(e*).

Curve 2 in Fig. 5 shows a°(&*) found from Eq. (10) by
replacing £ by £*; we see that the curve lies close to the ex-
perimental result (curve 1). The value of a° found by extra-
polating the experimental dependence a®(e*) to e=~kT co-
incides with the value a®(kT)=~(1.5-2)-1077 cm?®/s
measured in Ref. 14 for materials with N~10'* cm ™ and
K<107?for T=1.5K.

Let us now consider the dependence (a®) (N) under the
assumption that £* is large. For N> N *, F(¢) has a maxi-
mum at e£=¢, (N)>kT, and we therefore have
(@®) (N)=a’[e,, (N)]. Thus as NS N * increases, the coef-
ficient (a®) must also increase. Since by (10) the function
a®(¢€) saturates for £ ~8-10 meV, as N increases further the
dependence (@) (N) becomes less pronounced and even-
tually disappears altogether. In this region we have 7ac N ~'
(Fig. 4). Using the experimental value a®(kT) = (1.5-
2)-10~7 cm3/s, we calculated N* = (2 —2.6)-10"° cm 3.
This is very close to the result 2.4-10'® cm 3 at which 7(N)
drops abruptly (curve 2, Fig. 4, for which £ = 1, see below).

4. It is plain from Fig. 4 that as N increases, 7 drops
rapidly from 7=~7, to 7=0.17, The critical value N * de-
pendson KN and W, and may vary in theinterval N~ (2.5-
5)-10'°cm™3. The dependence of 7on Tand N * (see Fig. 2)
is also unusual from the standpoint of ordinary trapping by
attracting centers. We note that since trapping by the neutral
centers is the intermediate step in three-stage recombina-
tion, in order for 7 to be less than 7, and for the distribution
function F(¢) to be inverted at N = N *, it is necessary that
all the trapped carriers recombine at the attracting centers
without any emission back into the c-band (i.e., we must
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have £~ 1). Indeed, at higher T> 4.2 K for which n,>n,,
the dependence 7(&*) disappears and 7R 7. There are two
situations when ejection into the c-band does not occur for
low T'and R, =R, :

a) When W% is small enough so that W, (R) > W3,
holds for a wide range of R. The data show that for speci-
mens with N~ (3-5):10'® cm~3 and K>1073, r=~1/
a’(e,, )N only when W, <10~"' s~'; this implies that for
complexes with R #R,, W, is quite small, W, S10~'s™".

b) When there is an extended D ~-band, along which an
electron from a long-lived complex can migrate to another
attracting center and form a complex with R such that
Wa>Wo + Wr.

Indeed, the energy SE separating the state in the com-
plex from the bottom of the D~ band is considerably less
than £€(R,) (Ref. 16), and a transition to the D~ band is
more likely.'® The D~ band thus enables all of the electrons
trapped at the attracting centers to recombine without emis-
sion into the C-band. The D~ band retains this property
even when there is no appreciable conduction along it, as is
the case when K ~107%~1073. In this case, for small N the
delocalization, although not extensive, nevertheless suffices
for electrons with Wy + W, #0 to migrate from one at-
tracting center to another and recombine. As N(A) in-
creases, the energy band of the delocalized states becomes
narrower, the gap 6E becomes larger, and complexes with
R #R, can break up either through phonon emission or
thermal ejection into the c-band, or by free carrier trapping
at a complex. We ascribe the unusual increase in 7 with N ¥,
observed for a narrow interval of N and W, (N = (2.5-
5)+10' cm™3, Fig. 4), to cutoff of the rapid transport chan-
nel due to cluster breakup.

The influence of the fluctuating energy difference A on
the delocalization can be modeled for a single specimen by
increasing the illumination intensity W, (Fig. 2, curves 2—
4).As W, and 1/Tincrease, so does the numberof D-D™*
complexes. This increases the relative contribution from
trapping by these complexes (Fig. 2), while at the same time
narrowing the band of delocalized states.'® For some values
W, (Fig. 2) 7 actually increases with 1/7 from
7= (a%(E)max N) ™' to 7=7,. At still higher W, 7=,
continues to hold. Delocalization sets in when the ratio 7 /A
becomes large (Ref. 17). The energy overlap integral I is
proportional to exp( — aR_./a;), and A increases slowly
with K (Ref. 13). Therefore, as N increases delocalization
begins even in specimens with large K, and this causes 7 to
drop abruptly for large N. The specimens with N = 3-10'¢
cm 3, K=~10"*and N=6-10'° cm ™3, K~ 1072 are identi-
cal with regard to estimated ratios / /A. On the other hand,
unless the inequality

a’ (kT)N>2t.~'(kT)

is satisfied the D~ band cannot invert F (&) and make 7 < 7,
(Fig. 6).

5. We note that for specimen No. 17 (Fig. 6), the expo-
nential dependence o, (T) for T>7 K and E~10 V/cm is
replaced by a power law 7o« T2, which is typical for the
specimens in group I, i.e., for which the trapped carriers
migrate to the attracting centers by hopping along neutral
centers. Specimen No. 17 is transitional in the sense that the
trapped carriers can migrate either by hopping or by flowing
along the D~ band, depending on the external conditions
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(T, E, W, ). The lifetime is given by the expression

1'= 2 N* +a'N (13)

W, + W

The second term becomes more important as N in-
creases and N * decreases; on the other hand, the first term
dominates as 7" (and hence W7 ) increases. Finally, the drop
in a4 with increasing E means that recombination via the
D~ band determines the free carrier lifetime from low
(T'=1.5K) to high temperatures (7'~ 15-17 K), for which
thermal ionization of the impurities becomes important.

All the experimental findings are thus readily explained
by the above recombination model in which the neutral
centers play an active role. We stress once again that several
different recombination mechanisms may dominate in a rel-
atively narrow range of primary impurity concentrations,
depending on N, K, and the external conditions. The pro-
cesses which we have studied are of course not limited to
silicon and should occur in other semiconductors such as
germanium with comparable values of N /g and K. Our re-
sults are directly relevant to the problem of maximizing the
photosensitivity of IR radiation receivers and may also be
useful in clarifying the conditions under which H ~-like
states become delocalized in disordered systems of neutral
atoms interacting by long-range Coulomb forces.
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