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Recombination of Electrons at ionized Donors in Silicon at Low Temperatures~
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Recombination cross sections for electrons at ionized, group-V donors in silicon have
been measured between 1.5 and 20 K. The results are in good agreement with the theo-
retically predicted temperature dependence above 4 K, although the magnitude of the ex-
perimental cross section is larger by more than 2 orders of magnitude.

TABLE I. Summary of sample properties.

Sample
N~

(cm 3)

N

(cm 3)

Si:Sb No. 1
Si:P No. l~
Si:P No. 5
Si:P No. 6~
Si.As No. 1
Si:As No. 3~

7.4 x 10'~
9.5 x 10'5
3.3 x 10'4
4.3 xlp 3

1.4x 10"
7.5 x ].0~6

5.3 x 10"
4.2 x lp'~
8.6 x 10"
7.7 x 10"
6.p x 10'~
1.8 x 10'3

Sample obtained from D. Thornton and A. Honig,
J. Stannard, N. Sclar.

In this Letter we report new measurements of
the magnitude and temperature dependence of the
recombination cross section for electrons at ion-
ized donor impurity centers in silicon. Earlier
experimental results of Levitt and Honig' report-
ed recombination cross sections which varied as
T ', in disagreement with theoretical predic-
tions of a T ' to T "dependence for ionized im-
purity capture as calculated by Brown and Rod-
riguez. ' Attempts to reconcile this disparity led
to several proposed explanations. Experimental
difficulties including a question of hot carriers
due to photoexcitation' (A. =2 gm)~ or substantial
Hall-factor corrections have been suggested.
Other attempts have sought the explanation in
terms of complications from impurity hopping
conduction' not accounted for by theory, or the
proposal that neutral impurity capture, rather
than ionized, was dominating the recombination
process. ' We have resolved this discrepancy by
measurements on less-compensated samples
over a wider range of temperatures. The theoret-
ical and experimental temperature dependences
are now in good agreement, indicating that the
giant trap mechanism of ionized impurity re-
combination' is valid for n-type silicon, a point
which has been in question for over ten years.

The experimentally determined cross section
is defined as v= (7(v)N') ', where (v) is the ther-
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FIG. 1. Recombination cross section for five silicon
samples, whose properties are listed in Table I. Also
shown are cross-section results of Levitt and Honig
(Ref. 1) between 1 and 4 K on more heavily compen-
sated samples.

mal carrier velocity, & is the carrier lifetime,
and X' is the density of ionized donors. Cross
sections were determined by measuring the car-
rier lifetime at about 10 and 20 K for five sam-
ples, having doping densities listed in Table I.
The cross sections are shown in Fig. 1, along
with the earlier experimental results of Levitt
and Honig. Carrier lifetimes were measured
from the signal decay of a photoconductive re-
sponse produced by a pulsed CO, laser. ' N'
=N, +n was determined from analysis of Hall
measurements and resistivity of the sample un-
der experimental conditions. The carrier den-
sity was always small compared to the density
of donors ionized by compensation. At the same
time, however, sufficient background laser in-
tensity was provided so that the sample resis-
tivity did not exceed 1000 0 cm. Thus, lifetimes
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on the OI del" of sevel al nanoseconds could be
measured without interference from dielectric
relaxation effects. At 10 K, our measured life-
times were between 1.2 and 6 nsec.

The theoretical model used by Brown and Rod-
riguez considers initial capture into excited,
hydrogenic s states, followed by cascade phonon-
assisted transitions to either the ground state or
back to the conduction band. Their cross section
is defined as

o„=Q cr, (n)P„,

where o,(n) and P„are the capture cross sec-
tions and sticking probabilities of the nth s state.
They have computed values of o„between 2 and
10 K. From photo-Hall measurements' we have
also determined the dependence of lifetime on
temperature, down to about 1.5 K. Normalizing
this relative measurement to the pulse-decay
measurements at 10 and 20 K, we can compare
the theoretical temper ature dependence predict-
ed by Brown and Rodriguez to our results below
~0 K. Th18 ls done ln Fig. 2, us1ng the photo-
Hall data from our two purest samples, Si:P
Nos. 5 and 6. The theoretical curve has been
shifted up by a factor of 125 for this comparison.
Good agreement in temperature dependence is
seen down to 4 K. Below this temperature the
photoexcited carriers are unable to thermalize
before they are captured and comparison cannot
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FIG. 2. Comparison of the theoretical temperature
dependence of the cross section calculated by Brown
and Rodriguez (Bef. 2), shown a,s a solid line, with the
experimental temperature dependence obtained from
photo-Hall measurements normalized to Fig. 1 at 20 K.
Experimental points are for two samples, Si:P Nos. 5
and 6. The absolute magnitude of the theory lies a fac-
tor of 125 lower than shown.

be made to the theory which assumes thermal
carriers. This same difficulty is more serious
in the experiments of I evitt and Honig, since the
compensation densities of their samples were
larger (2&&10'~ to 2&1016 cm ') than those report-
ed here, implying lifetimes much shorter than
thermalization times.

Disagreement in magnitude between experi-
ment and theory, although large, is not thought
to be due to a basic conceptual error in the re-
combination model. The calculations of Brown
and Rodriguez were made with parameters cho-
sen deliberately to minimize the cross-section
magnitude. According to Brown, "the depen-
dence of the cross-section magnitude on very
high powers of some parameters can explain the
discrepancy in magnitude. Obviously, this con-
tention should be tested with new calculations.
No attempt has yet been made to include the ef-
fects of anisotropy, P states which are highly
degenerate, or delayed reionization of trapped
carr1ers. Excited states with principal quantum
number higher than 7 may also be important,
since the sticking probabilities are close to unity
for n between 2 and 7 in silicon below 10 K. Over-
lap of highly excited states with neighboring cap-
ture centers should also be considered. New
techniques, such as Monte Carlo simulation, can
perhaps absor b the increased computational dif-
ficulty of these refinements in theory.

*Work supported in part by the U. S. Air Force Avion-
ics Laboratory .
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