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COMMUNICATIONS

The following expression” for the dielectric constant can he

obtained:
4rnmu?

T (/o @

€ =e,+

where # is the number of ions or vacancy per unit volume, m is the
mass, p is mobility, and other notation is standard. The ex-
pression for ¢ is of the same form as the corresponding Debye
equation. Jost® calculated the number of lattice defects under the
assumption that the activation energy E decreases by thermal
expansion as the temperature rises. He obtained the following
results:
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where V) is the volume at 0°K and « is thermal expansion coeffi-
cient. This explains the experimental results, qualitatively, when
substituted in Eq. (2).

The microwave conductivity ¢ may be calculated from ¢’ by
the relation

a'=ﬁe”- 1.1X1072@1-cm™). @

The activation energy of the vacancy E in the intrinsic region was
evaluated to be 1.98 eV, by plotting logs vs T-! from the relation
(4). Thus the obtained value agrees well, within the experimental
error, with the 1.96 eV?® obtained by the other method.

It would be expected that a density change should occur when
an alkali halide crystal is y-irradiated, because additional va-
cancies are generated. Lin® found that the linear expansion of the
crystal is proportional to the average concentration of F centers.
In order to see the mentioned F center effects, the crystal was
irradiated with 8Co up to 1.4X 107 R. Approximately, 69, of the
increase in ¢ was observed for the irradiated sample at room
temperature, while the weakly irradiated sample does not show
any observable change in €.
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Hot Electron Emission from Silicon p-n
Junctions Produced by Ion Implantation

N. I. MEYER AND F. PALMGREN JENSEN

Physics Laboratory 111, Technical University of Denmark,
Lyngby, Denmark

(Received 24 May 1966)

MISSION of hot electrons from semiconductor p—# junctions
into vacuum was first observed from regions where the
junctions intersected the surface!~¢ This emission geometry
limits the magnitude of the emitted current and makes a quanti-
tive interpretation of the experimental results difficult. Results
on electron emission from p—# junctions parallel to the emitting
surface were first reported by Moll, Meyer, and Bartelink.”-® They
produced shallow p-« junctions by diffusing phosphorus into
p-type silicon. The emission current was measured as a function
of the thickness of the neutral layer between the junction and the
surface by a layer-removal technique. The energy distribution of
the emitted electrons was determined by a retarding potential
method.”-8 It is, however, technologically difficult by traditional
diffusion techniques to produce the desired shallow junctions
which should be positioned preferably less than 1000 A below the
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Fia. 1. Structure of silicon diode emitter.

surface. It was therefore decided to investigate the use of ion-
implantation techniques as an alternative method. Because the
doping profile over the desired penetration distances can be con-
trolled rather acurately by the energy of the impinging ions, one
would expect ion implantation to be a convenient method for pro-
ducing shallow junctions. We report in the present note on some
preliminary results obtained by implantation of Cs and Na ions
into p-type silicon.? Experimental results are given for the diode
I-V characteristics and the magnitude of the emission current
as a function of the neutral layer thickness. Also the energy dis-
tribution of the emitted electrons has been determined.

The structure of the diode emitters is shown in Fig. 1. The base
material is p-type silicon with a resistivity of about 0.1 Q-cm. The
“thick” » layer of about 20 x was obtained by usual phosphorus
diffusion. This layer was lapped off at the top of the diode where
the thin diode was subsequently to be produced. The purpose of
the thick layer was to establish electrical contact to the thin
layer.

The shallow p—= junctions were produced by bombarding the
exposed p-type region on top of the structure by Cs and Na ions.
The energies of the ions ranged from 15 keV to 45 keV and the
bombardment time was about 15 min with a current density of
about 1 gA/cm?. The diodes were held at a temperature of 500°C
during the bombardment and the pressure in the chamber was
about 107 Torr. More details of the experimental setup is given
elsewhere.l0

A typical I-V characteristic is shown in Fig. 2. The neutral
layer between the shallow #—« junctions and the surface was
thinned down by the boiling-water-HF-etching method,”® where
each cycle removes a layer thickness . of about 33 A. It is seen
from Fig. 2 that the shallow junction breaks down before the thick
junction,

The experimental results for the emission current 7.m as a func-
tion of the number #n, of BW-HF cycles is shown in Fig. 3 for
three different values of the total diode current 4p. The thickness
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Fi1G. 2, Current-voltage characteristics of silicon diode emitter. The
curve with the highest breakdown voltage was taken before the Cs
bombardment.
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Ly of the neutral layer can be written
LN=LNo—ﬂclc, (1)

where Lyo is the original thickness which is of the order of 1000 A
for diode 4 Cs. The emission current 7. is expected to vary with
Ly approximately as®

tem=A exp(—Ln/Lo), (2)

where 4 is a constant and L is a characteristic length describing
the interaction of the hot electrons with the phonons and bound
valence electrons.? For low values of #,, the variation of Zem is seen
to follow approximately the theoretical expression (2), but the
values of Ly obtained are appreciably higher than those found on
the diffused junctions (50 A).® Also the curves go through a maxi-
mum at values of »n, between 5 to 20. These deviations are ascribed
to the fact that a considerable transverse voltage drop is present
across the shallow junctions produced by ion implantation so that
the electrons are not emitted from an equipotential surface. This
makes a quantitative analysis of the emission curves very compli-
cated. It seems possible, however, to improve the surface conduc-
tivities of the shallow junctions by using a better vacuum.t
Analogous results were found for junctions produced by Na ion
bombardment. The surface conductivity in this case was some-
what higher than for the Cs diodes.

The results of a retarding potential measurement is shown in
Fig. 4. The high-energy tail of the distribution function is approxi-
mately Maxwellian at low values of n, with a characteristic tem-
perature 7, such that 27, attains a value between 0.25 eV and
0.35 eV, which is lower than found for the diffused diodes
(RTo=0.5 eV).2

The electron affinity &, was measured optically for the un-
treated and Cs-bombarded surfaces. No difference in electron
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F16. 3. Emission current fem as a function of the number of boiling-water~
etching cycles with different values of the total diode current ip. X, O, +
are experimental points.
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F1G. 4. Emission current fem as a function of the retarding collector po-
tential Veoll after different numbers of boiling-water—etching cycles.

affinity was detected within the experimental accuracy:
8o = 39+0.1eV.

Thanks are due to Professor K. O. Nielsen and the accelerator
group at Aarhus University for providing the ion beams, and to
E. Hendricks and A. Noerballe for assistance with the experiments.
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Autoradiographs in Pyrolytic Graphite
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EVERAL studies of metal diffusion in pyrolytic graphite
(PG) have recently been reported.}—¢ Although there are
some differences in the interpretation of the data, the autoradio-
graphic studies have all given similar results. The basic features
are that (1) autoradiographs of tracer diffusion parallel to the
deposition plane (taken with the film plane perpendicular to the’
deposition plane) are uniformly darkened, and (2) autoradio-
graphs of tracer diffusion perpendicular to the deposition plane
(taken with the film parallel to the deposition plane) show non-
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