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Fluctuations in CdS Due to Shallow Traps*

JAMES J. BROPHY AND ROBERT J. ROBINSON

Physics Division, Armour Research Foundation, Chicago, Illinois

(Received August 24, 1959)

The observed current noise of a lightly doped cadmium sulfide single crystal under uniform illumination
is quantitatively explained by application of the generation-recombination theorem to retrapping effects.
The results yield a frequency factor of 10' sec ' for a discrete set of traps located 0.4 ev below the conduction
band and 10 sec ' for traps distributed between 0.3 to 0.5 ev. When the quasi-Fermi level is near the
discrete states, the current noise spectra show a relaxation component characteristic of generation and
recombination involving these levels.

I KCTRICAL noise in single crystal cadmium
' ~ sulfide has been interpreted in terms of electronic

transitions between the conduction band and recombina-
tion centers plus retrapping processes. ' In particular,
the high-frequency tail of the noise power density
spectrum arises from transitions between shallow traps
and the conduction band. We have found that by
extending this analysis quantitative details about the
kinetics of shallow trapping in CdS may be determined.

The cu,rrent noise spectra of a lightly CuC1 doped CdS
single crystal having indium electrodes was examined
under uniform 5200 A illumination using a conventional
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tunable amplifier-voltmeter system. The observed
spectra at four diferent illumination levels shown in
Fig. 1 are qualitatively similar to those of Van Vliet.
The lower turnover frequency is below 10 cps and there
is evidence of a single trapping transition for inter-
mediate illumination levels at about 1300 cps. In Fig. 1
the curves are labeled with the position of the quasi-
Fermi level below the conduction band as determined
from the dc conductivity.

According to Van Vliet, ' the current noise density,
S;, at low frequencies is given by

I

S;= (4i'(De')r p)/ep' V

where i is the current, 7-0 is the photoconductive decay
constant, rIp and (hrI') are the average and variance of
the conduction band carrier density, and V is the crystal
volume. The total noise, (An')/mp ——F„(EP), computed
from (1) varies with illumination intensity and is
much greater than the value of unity expected for a
Gaussian process; this is attributed to retrapping effects.

Assuming a Gaussian noise process, we write

Ip+rhp

where h0 is the total electron concentration in the traps
and r is the number of times an electron is retrapped
before recombining. Equation (2) may be derived from
an application of the generation-recombination theorem
taking retrapping into account. The trapped electron
concentration is then
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FIG. 1. Current noise spectra of a CdS single crystal at four
5200 A illumination levels. The quasi-Fermi level positions below
the conduction band are determined from the conductivity.
A relaxat;ion process is evident at 1300 cps for Eg 0.41 ev.

*Supported by the Once of Naval Research.
' K. M. Vau Vliet et al , Physica 22, /25 . (1956).

where 8, is the forbidden bandwidth, Ep is the quasi-
Fermi level, f is the Fermi function and NI(E) is the
energy density of traps in thermal equilibrium with
conduction band electrons. These equations may be
solved for r and written in terms of the trap escape
probability, I'&,
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where E, is the density of states in the conduction band,
and E is the energy from the bottom of the band.

In applying Eq. (4), Ii„ is determined from Eq. (1)
by low-frequency noise measurements over a range of
illumination levels. The trap density is established by
the usual photoconductivity techniques. ' The noise,
trap distribution, and frequency factor, S, are plotted
as a function of the energy depth below the conduction
band in Fig. 2. The trap distribution is nearly exponen-
tial but exhibits a discontinuity at about 0.42 ev
showing a greater density at this depth. The frequency
factor is of the expected order of magnitude and is
markedly peaked at 0.40 ev. These two observations
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FIG. 2. Electrical noise, trap density, and trap frequency factor of a
CdS crystal as a function of energy below the conduction band.

' H. B.DeVore, RCA Rev. 20, 79 (1959).

suggest the presence of a discrete set of traps at about
0.4 ev below the conduction band. The markedly
diferent frequency factor and the increased density at
this point appear to indicate these traps have a diferent
origin than the others.

When the quasi-Fermi level is in the energy region
near these traps, they are expected to contribute to the
Quctuations and this is the origin of the structure in
the noise spectra of Fig. 1. The 1300 cps turnover
frequency yields a time constant of 1.2&(10 ' second,
which is the retrapping time for these levels. Further-
more, the retrapping time multiplied by the number of
times retrapped (r= 9, at 0.41 ev) is 1.1&&10 ' second,
which is in agreement with the conduction band life-
time, 1.2)&10 ~ second, determined from photoconduc-
tivity. The magnitude of the extra retrapping noise,
shown as the dotted line in Fig. 1, is accounted for
quantitatively by the generation recombination theorem
using the known conduction electron density and the
retrapping time constant. In Fig. 2 the maximum of
S is at 0.40 ev while X~ is a maximum at 0.42 ev.
Possibly, traps slightly below the quasi-Fermi level
are more effective in the photoconductivity measure-
ments yielding S&, while those slightly above are more
important for noise; thus, a shift of the order of kT
(0.025 ev) might be expected.

It should be noted that noise measurements as
interpreted by Eq. (4) thus yield the frequency factor
of traps in thermal equilibrium with the conduction
band and the retrapping time. In the favorable case
where one set of traps makes a major noise contribution,
it is possible to determine the generation rate from the
traps and demonstrate experimentally that electrons
within a few kT of the Fermi level are the most
important. Furthermore, low-frequency noise measure-
ments alone are capable of predicting the high-frequency
noise spectra which are due to retrapping eGects and
which can be explained entirely from the generation
recombination theorem. We are currently attempting
to identify the physical origin of the discrete traps and

applying these techniques to other crystals.


