
VOLUME 8, NUMBER 8 PHYSICAL REVIEW LETTERS
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In view of the considerable interest in the prop-
erties and applications of CdS, it is surprising to
find that hardly any information is available on
the transport properties of holes in these crys-
tals. Low -field electroluminescence experiments,
photoelectromagnetic effect, ' and other measure-
ments'~4 have led to the conclusion that holes
must be mobile. A hole lifetime vg between 10 ~

and 10 ' sec has generally been estimated.
By the use of fast-pulse techniques it has been

found possible to study the drift mobility of holes
in a very direct way and to obtain consistent val-
ues for both p& and T&. In the experiments a 40-
kev electron pulse of a few nsec duration' gen-
erates free carriers to within a depth of about
5 p. below the top electrode. Holes are drawn
out of this region by a pulsed applied field and
drift across the specimen. The resulting charge
displacement is integrated and displayed on wide-
band electronic equipment. The success of the
experiment depends largely on the choice of suit-
able electrodes. Work on the electron drift mo-
bility in CdS suggested the use of a noninjecting
top electrode and an injecting bottom electrode
for the type of carrier drifting across the speci-
men. In the present investigation a thin blocking
top electrode (transparent to the electron beam)
and a Au or Ag bottom electrode were therefore
used. The blocking electrode consisted of a 0.5p.
blown Pyrex film gently pressed against the crys-
tal.

The observed pulse shape gives the integrated
charge displacement q as a function of time. It
is shown in Fig. 1(a) for a low applied field
(E = 4x10s v/cm). The deviation from linearity
of the rising edge indicates the loss of holes
during transit into deep traps, possibly recom-
bination centers, for which the thermal release
time is far longer than the transit time t&. The
pulse shape corresponds to point A on curve (c),
(tt = 2vt ). With a large field (= 13 x10' v cm ',
point 8) the rising edge of the pulse tends to be-
come practically linear, as shown in Fig. 1(b)
which was observed for tt= —,'7&. The intersection
of the tangents at (=0 and t ~ tt defines t' which
was measured as a function of F. It can be shown
that

1/t' = (1 /v. )[I - exp('-t /v„) j '.
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FIG. 1. (a) Typical pulse shape at low E when
tt = 2~~, corresponding to point A on curve (c). (b)
Pulse shape at high E when tt = 27&, corresponding
to point B on curve (c). (c) 1/t' measured for EMI
crystal, d =165 p, , 7~=1.4&10 sec. (d) 1/t' meas-
ured for RCA crystal, d =40 p, 7& =1.0 && 10 sec.
(c') and (d') 1/tt curves calculated from Eq. (1).

If d is the specimen thickness, tt=d/(yt, E).
Seven pure (i.e. , undoped) high-resistivity crys-

tals were investigated. They were obtained from
three different sources: RCA, Princeton; AEI,
Harlow; EMI, Hayes. Curves (c) and (d) show
typical experimental results of 1/t' vs E/d for
two of the specimens. The crystal orientation
is such that the holes drift in a direction perpen-
dicular to the c axis. At low F. , t' tends towards
T~ and the experimental values of v& obtained all
lie between 1 &10 7 and 3 x10 sec, in agreement
with the above estimates. With the known value
of 7t„ tt can now be calculated from Eq. (1) for
each value of E/d. This leads to curves (c') and
(d') from which p& is obtained. The room-tem-
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perature values of p~ for the seven crystals lie
in a range between 10 and 18 cm v ' sec ' with
a. mean value of about 15 cm' v ' sec '. The good
linearity of the calculated curves supports the
validity of the assumptions made in deriving Eq.
(1).

The temperature dependence of p~ has been in-
vestigated between 500'K and 77'K for five of the
specimens. The agreement between different
curves is very satisfactory. The interesting fea-
ture of the results is a mobility maximum at about
210'K after which all logy& vs 1/T curves de-
crease linearly towards the lower temperatures
with an activation energy of 0.019+0.002 ev. It
may be possible that this energy is associated
with transitions of free holes between the upper
two valence bands of CdS. Such an interpretation
appears to be supported by recent work on the
band structure of CdS, ' in which the dichroism of
absorption edge is explained in terms of transi-
tions from the upper two valence bands to the con-
duction bands. From the optical data it is con-
cluded that the energy separation between these

bands is 0.02 ev at room temperature and 0.016
ev at 4.3'K, which agrees with the above activa-
tion energy, measured between 200'K and 77'K

Further work on the possible interpretation of
these results in terms of the valence band struc-
ture is in progress.
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We have found optical absorption and conduc-
tivity due to free electrons in single crystals of
CdF, doped with several trivalent rare earth ions.
CdF, has a band gap of' 6 ev and the fluorite struc-
ture. This is the first observation of a large con-
centration of conduction electrons in an ionic crys-
tal with such a large band gap.

It was shown by the determination of the crystal
field splitting of the low-lying Eu+ levels as ob-
tained from an analysis of the fluorescence spec-
trum of CdF, :Eu that, for concentrations of Eu
in the range 10 3 to 10 ' mole fraction, charge
compensation is ordinarily achieved by means
of interstitial fluoride iona. Earlier measure-
ments of the x-ray lattice constant and density of
CdF, :Ce+' yielded the same conclusion at larger
impurity concentrations. ' A similar conclusion
holds for CaF~ doped with trivalent ions. 4~5 We
have now found that charge compensation can
also proceed by means of electrons in the con-
duction band or in shallow (0.06 ev deep} traps.

When CdF2:8m+3 crystals of about 0.1 cm~ are

heated in a saturated cadmium metal vapor at
500'C, for times as little as 15 minutes, the
originally colorless crystals become colored
blue uniformly and transmission measurements
from 0.4 JL(, to 6.0 p. show a continuously rising
absorption. In crystals containing 10 3 Sm the
absorption coefficient varied as Xs 5, and crys-
tals containing 10~ Sm yielded a ~' dependence.

The resistivities of these crystals, as obtained
by a four-point probe method, were about 1 ohm
cm. Both thermoelectric power and Hall meas-
urements indicated n-type conductivity with a
room-temperature mobility of 7 to 10 cm'/volt
sec and carrier concentrations from 5x10' to
10"/cm'.

We propose that heating in Cd vapor results in
the diffusion of the interstitial F ions to the
surface and the diffusion of electrons in from the
surface, CdF~ being then formed at the surface.
In CdF2:Sm+, Na+', in which the substitutional
Na+' ion compensates the charge of the Sm+' ion,
no coloration was observed nor could pure CdF2
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