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It has been found!=? that at low temperatures hole

ing by boron atoms in silicon is not well described

he cascade theory of Lax,! and the physical picture is
derably complicated by the possible trapping of holes

eutral boron atoms.2® This peper gives results of a

y of the hole lifetime in boron-doped silicon as a func-

of the temperature and the trapping center concentra-

in samples with sufficient compensation (K > 1%) to

ude any influence of hole trapping on neutral boron

18, The experimental results are compared with the

e trapping theory recently developed.’®

We determined the stationary hole lifetime 7. For
purpose, we measured the photo-Hall effect caused

. room temperature thermal background or by CO,
radiation,” In order to fix the absolute values of T,
ilso measured the amplitude—frequency character-

8 of the samples at 8-16°K.

' 'igures 1 through 3 show 7 as a function of the tem-
jure T and the trapping center concentration N; in our
riments, the latter was almost equal to the concentra-
the compensating donor impurities.” The main

ires of the results are as follows,

) The experimental temperature dependences of the
ime throughout the ranges of T and N examined are
derably weaker than the relation 7 « T+® predicted
's theory.!

_ ) In samples with a low trapping center concentra-
N = 10" cm™3 at T < 4°K, there is a much weaker
erature dependence of T, and T & N71,

') When N increases, the weakening of the tempera-
dependence of T begins at higher temperatures, and
lependence of 7 on N is also considerably weakened.
value of T is thus limited to 10710 sec at least,
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trapping by boron atoms in silicon at low temperatures

Institute of Radio Engineering and Electronics, Academy of Sciences of the USSR, Moscow

Results are given of a study of the hole lifetime 7 in Si:B as a function of the temperature T (2-18°K)
and the trapping center concentration N(10"-10'* cm~?). For N< 10" cm
considerably weaker temperature dependence of T at T < 4°K. In samples with N~ 10'° cm
almost independent of the temperature below 10°K, and the dependence of 7 on N was also much
weaker. A qualitative interpretation of the experimental results is given, based on a simple model in
which trapping is regarded as localization of a free carrier in a potential well attached to the impurity.

=3, there was found to be a

'3, T was

The anomalous behavior of the hole lifetime at 7 ~
1010 sec, a value comparable with the hole energy relaxa-
tion time Tg, was previously explained by a theory of hole
heating by exciting radiation, on the supposition that the
probability of hole trapping by an impurity center in inter-
action with acoustic phonons may exceed the probability
of thermalization.! In the theory,® the influence of trap-
ping on the photocarrier distribution function was taken
into account by including in the transport equation a term
[£(g)/T(€)], where =(e)== (kT)(e/kT)* is the lifetime of car-
riers with kinetic energy €. The quantity 7(kT) was taken

7, sec
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FIG. 1. Temperature dependences of photohole lifetime T in boron-
doped silicon for various trapping center concentrations, N (ecm™): 1)
1+10%; 2) 4,310'%; 3) 1-10"; 4) 2.3+10"; 5) 6.0+10"; 6) 2.3 +10'5,
Dashed line: hole energy relaxation time for interaction with acoustic
phonons, T¢(kT); the points of intersection of the line with the experi-
mental curves give the temperature T* below which T should be in-
dependent of T,
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FIG, 2. Dependence of hole lifetime T on trapping center concentration
N at13°K, N* ~2.10" cm~? is the value of N above which T should
vary less strongly with N at 13°K (Ref, 11),

equal to the equilibrium hole lifetime and obtained from
experiment or from another theory, and the exponent n was
used, in practice, as an adjustable parameter. It was then
possible to account for the experimental results only semi-
quantitatively. In the theory of photoheating,’~1? it was
unjustifiably assumed that there might be a predominant
emission of large acoustic phonons with energy hw > €
(trapping) relative to that of phonons with energy hw « €
with which the carriers most effectively interact. No al-
lowance was made for the thermal release of carriers
trapped at high excited states of the impurity center, which
is an effective mechanism for Maxwellization of the distri-
bution function when € ~ kT. When 7 was brought into the
theory as a parameter, one could not take account of the
overlap of excited states with binding energy U ~ KkT.
Moreover, it was not clear why the influence of overlap
was estimated to begin just at T ~ T¢(kT) ~ 10~ sec in
conditions where photoheating plays an important part.

It was therefore necessary to construct a theory allowing
for all these factors.

Such a theory has been developed.5'6’“ In it, carrier
trapping and thermalization processes are regarded as
a single continuous carrier energy relaxation process
from the initial energy after photoexcitation €j = hv — AE;
(where AEj is the impurity ionization energy) to energies
corresponding to localized impurity states. This process
is governed by the interaction of carriers with acoustic
phonons having energy hw ~ V' 8ms’e « €, In such a model,
one can readily derive an expression for the carrier life-
time, Carrier capture at an attractive impurity center can
be equated to carrier localization in a potential well with
a certain depth Ugs. For such localization, it is necessary
for the carrier to be in a region of the crystal with poten-
tial energy U, occupied by such wells and to be cooled to a
kinetic energy € £ Us. The trapping probability per unit
time may then be written

1 1
—~4 WUy )

where A, is the probability that the carrier enters a re-

gion of space with potential energy U, and 1/7¢(Ug) is
the probability of relaxation of the carrier kinetic energy
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FIG. 3. Dependence of hole lifetime T on trapping center concentratio
N at42°K. N*~ 10" cm™ (Ref. 11).

to € € Ug, per unit time,

When the trapping center concentration N is low, tk
carrier binding energy in the potential well is Ug ~ kT
(for small U, there is a large probability of reverse t
fer of the trapped carrier into delocalized states).’ In
this case, the characteristic dimension of the potential
well re ~ rp = e¥%kT and the spatial probability Ay ~
(4/3)1rr§rN; for trapping in such a well, the carrier mus
cool to € ~ kT and Tg(Ug) ~ Te(kT). The result is

1 i 37\;_1_
T3 RkT)

which agrees with the result of a rigorous theoretical
treatment.®

The probability Ay is conveniently written as Ayp
(rT/ri)3, where rj ~ N™!/3 js the mean distance betwee
trapping centers. At low impurity concentrations, rp
ri, Ay « 1 and 1/7 increases with increasing N and de
creasing temperature, since the region of space where
the hole can be localized becomes larger: Ay o NT™,
However, for sufficiently large N ~ N" ~ r? or low ter

peratures T ~ T* ~ % (—e/—,) , the characteristic dimen

N~
r of the potential well becomes comparable with the m
distance between trapping centers, and we have almost
throughout the crystal a relief with depth Ug ~ KT.
the probability A, — 1, and it follows from Eq. (1) that!
carrier lifetime is equal to the time for relaxation of f
kinetic energy 7¢ to e~kT: <~r=, (kT).

When N increases further, so does the depth of the
potential relief due to the impurities (the carrier bind
energy in the specific volume r:{ ~ N~1 per imputity is
U ~ Ej ~ e¥/nrj): for r; < rT, the well depth Ug > kT,
In this case, for localization the carrier need only be
cooled to € ~ Ej > kT, i.e., the holes are trapped while:
and not yet thermalized: T ~ Tg(Ey). Since E; « N‘/a,
e o« £-1/2, the lifetime T ~ Te(Eq) « N~/ and is inde-
pendent of the temperature. Thus, for N > N* and T <i
the dependence of the lifetime on the trapping center c
centration should become much weaker, and the tempel
ture dependence should disappear, whichisin satisfact
agreement with experiment (Figs. 1-3).

Let us now consider the form of the distribution f
tion for carriers that contribute to the photoconductivi
At sufficiently high values of €, the energy of acoustic
phonons that interact effectively with photocarriers is

Godik et al.
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3 Bms’e > kT, and spontaneous emission of such

s therefore predominates, the photocarrier dis-
tion function being considerably different from the
zmann distribution: f(€) o« €72, When € — kT, the

7y relaxation becomes of the energy diffusion type
phonon emission and absorption probabilities are of
ame order), and the distribution function approaches
oltzmann form f(€) exp (~ ¢/kT). At low trapping
er concentrations N < N, according to Eq. (2), 7 >
[), and the main bulk of the photocarriers undergo
malization before being traPped. When the impurity
entration increases, N >N, at a given temperature,
epth of the potential relief due to charged impurities
mes greater, and therefore there is also an increase
e minimum kinetic energy of carriers that can con-
e to the photoconductivity (Emin ~ Eq > kT). The dis-
tion function then has the non-Boltzmann form f(&) ~
all free photocarrier energies. Thus, the increase
causes a heating of the photocarriers. This occurs,
 to be expected, with photocarrier lifetimes com-
ble with the characteristic times for establishment
eir distribution function: 7 ~ Tg(kT). However, in

st to the theories,’™!0 the photocarrier heating is due
0 the predominance of trapping over thermalization

o the localization of carriers with kinetic energy €

7 Eg > KT in the potential relief due to the random
ibution of trapping centers,

ns=

(2)

he theory® also gives an explanation of the weakened
rature dependence of T when T > Tg(kT) in samples
low trapping center concentration. This weakening
Joccur when kT « ms? in silicon, ms® ~ 3°K for

5, The reason is that, when kT « ms?, the bulk of

iers with energy € ~ kT cannot be trapped into

ty states with binding energy U ~ kT, since a car-
th energy € < ms?, is prevented by the conservation
from emitting an acoustic phonon. In this case, to be
d, the carrier must approach the impurity center

hin a distance rg ~ €?/®ms? < rp in a region with

: energy Ue ~ ms?, In this region, holes are ac-

: ted by the attractive potential of the impurity, and
kinetic energy € > ms?, It then becomes possible
onons to be emitted, i.e., for energy relaxation to
below € = ms?, resulting in trapping. The hole trap-
probability per unit time in this case may be ex-

ed similarly to Eq. (1) if we take the depth of the

ial well U, ~ ms?,

and
*

on=
ra=
ory

un
ity.

4
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However, in contrast to Eq. (1), Ar must take account
of the higher density of states in the potential wells than
in the rest of the crystal. The density of states p « VE,
and in the region with potential energy U ~ ms? (where the
kinetic energy € ~ ms? > kT) the density of states is in-
creasedby a factor v ms?/kT. Consequently, A ~wrs
Vms* kTN and

1 4 ms* 1
T‘”?“’gyﬁ’v:,(mﬁ)' (3)

It is seen that, when ms? > kT, the temperature depen-
dence is considerably weakened (T « T™0+%); this is mainly
because, in that case, the size rg of the potential well is
independent of the temperature. The approximate ex-
pression (3) for the carrier trapping probability is in
satisfactory agreement with the results of the exact cal-
culation,®

The temperature dependence of the lifetime may also
become weaker with falling temperature when T > 7¢ be-
cause some of the trapping centers are coupled into di-
poles.“ A detailed quantitative comparison of the ex-
perimental results with the theory has been given,!!
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