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Photoemission from Si Induced by an Internal Electric Field*

R. K. SIMON AND W. E. SPICER
Radho Corporate'oN of Artterzca Laboratorses, Prsacetort, Neto Jersey

(Received February 18, 1960)

External photoelectric emission from silicon with a threshold of response corresponding to the band gap
(1.05 ev) has been observed from a back biased p-I junction which had received a cesium surface treatment.
This emission current is proportional to the intensity of the incident light. The spectral distribution of this
Geld induced photoemission has been simply related to the spectral distribution of the fundamental absorp-
tion of silicon.

'

~ LECTRON emission due to avalanche breakdown
~ in semiconductors has been reported by several

workers. Burton has described this eGect in silicon, the
surface of which had been treated with cesium. Using
a system similar to Burton's, we have observed the ex-
ternal emission of photoinduced carriers by means of the
internal Geld across a P-rt junction. This emission occurs
at voltages below those necessary for avalanche
breakdown.

The sample, a silicon crystal with a grown p-tt junction,
was mounted in the vacuum tube (as shown in the inset
in Fig. 1) for the cesium surface treatment and meas-
urements. The cesium treatment served to reduce the
electron afFinity of the silicon. 2 After the cesium treat-
ment was completed, a field induced electron emission'
(with no photoexcitation), similar to that reported by
Burton, ' of several milliamperes could be obtained with
a potential drop of about 35 volts in the region of the
junction. ' For the photoemission measurements,
chopped light from a monochromator with a band-pass
of 0.03 ev or less was used. ' A collector voltage of 67 v
was sufFicient to saturate the photoemission in all cases.

Figure 1 shows the spectral distribution of the photo-
emissive yield with and without an internal field ap-
plied. The spectral distribution with no field applied is
characteristic of a surface which has received the opti-
mum Cs treatment for hot electron emission (HEE).
The application of 9 volts to the Si diode in the reverse
direction greatly increases the photoemission and moves
the long wavelength limit into the infrared. The thresh-
old of response is moved from 1.4 to 1.05 ev.

The spectral distribution obtained with the internal
voltage applied is clearly the sum of the emission due
to two separate sources. The first is the field induced
photoemission. This completely dominates for photon
energies less than about 1.8 ev. At higher energies, a
component due to the normal (i.e., that with no internal

* Work supported by the U. S. Signal Corps, Fort Monmouth,
New Jersey.' J. A. Burton, Phys. Rev. 108, 1342 (195'7); J. Tauc, Nature
181, 38 (1958); J. Bok (private communication); L. Patrick and
W. J. Choyke, Phys. Rev. Letters 2, 48 (1959).' W. K. Spicer, Bull. Am. Phys. Soc. 5, 69 (1960).' For convenience, we will use the term "hot electron emission"
(abbreviated HEE) to describe emission both in the avalanche
region and at lower voltages.
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Rev. 113, 114 (1958).

62

IQ

IO

X0I-0
X
O.
~ Ioz0
KI-
O
ttI

Isl IO"6
O
Iai

O
P.I-o lo
Isl

Itj0
0I-x

-e
IO

I.O 1.4 I.8 2.2 2.6
PHOTON ENERGY (ev)

3.0 3,4 3.8

FIG. 1. The increase in the photoemission from cesium treated
silicon caused by a potential applied in the reverse direction across
the p-n junction. Inset shows a schematic diagram of the experi-
mental tube.

Geld applied) photoemissive eGect is added. In compar-
ing the two spectral response curves, it is obvious that
the normal photoemissive eGect dominates in the ultra-
violet and that the field induced emission is practically
constant for photon energies above 1.8 ev.

Since field induced photoemission would only be ex-
pected from the region of the junction, it should be very
strongly dependent on the position of the light on the
sample. By sweeping our light across the sample, this
was found to be the case. However, the width of the
light beam was still probably much larger than the
region of the crystal from which the field induced photo-
emission can be obtained. This, of course, results in a
reduction of the measured photoemissive yield below
the value which could be obtained if all the light were
focused onto the emitting area. We do not know what
the width of this area is, but it may be fairly small.

One of our Si junctions was activated in an image
tube. This allowed the emitted electrons to be focused
onto a phosphorescent screen giving an image of the
region from which emission originated. For both the
HER and the field induced photoemission, the emis-
sion came from a narrow band in the vicinity of the
junction. However, the band of emission was not con-
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lO I'(x) of a carrier created in the interior of the Si reaching

this junction is governed by the diffusion equation:
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where x is the distance from the surface and L is the
diGusion length. The number of pairs produced at a
depth x per unit time wouM be:

where n(hv) is the absorption coeflicient of Si for a
photon of energy hv and Io is the intensity of the inci-
dent light in units of photons/sec. Under steady state
conditions, the number of electrons reaching the junc-
tion will be given by the product of (1) and (2) inte-
grated from zero to infinity. The field induced photo-
emissive yield will be this quantity multiplied by a
factor C, the emission eSciency. This is the probability
of escape for an electron which reaches the junction.
The expression for the photoelectric yield, I', in elec-
trons/photon is:

n(hv)
F=C

n(hv)+ 1/L

FIG. 2. The calculated curve of photoelectric yield as a function
of photon energy 6tted to the experimental points.

tinuous but made up of a number of spots indicating a
patchy emitting surface. Because of limitations in the
electron optical system, we could not be sure of the size
of the spots.

The field induced emission has been measured as a
function of voltage between four and twelve volts. It
increases by about a factor of 80 as the voltage is in-
creased over this range.

The following mechanism is proposed for the field in-
duced photoemission. Light of energy greater than the
band gap produced pairs in the silicon thus enhancing
the number of minority carriers. In the p-type material
these are electrons, some of which diffuse into the region
of the p-e junction near the surface and are accelerated
across the junction. In crossing the junction, some of
them will receive enough energy to escape from the
material and appear as external photoelectrons.

If the above model is correct, the spectral distribution
of this emission should be related to the spectral dis-
tribution of the fund. amental absorption of Si. If we
assume a simplified geometry, it is possible to derive an
expression for this relationship. Assume that a junction
occurs at the emitting surface and that the probability

Figure 2 shows this expression fitted to the experi-
mental data in the region where the field induced photo-
emission is much larger than the emission due to the
conventional photoemissive effect. The values of the
absorption coefficients of Si were obtained. from the data
of Dash and Newman' and a diffusion length of 2)& 10 '
cm and an emission eKciency of 7&&10 ' electrons/
photon were assumed. The value of C would probably
be considerably larger if the light were completely
focused on the emitting area and if our boundary con-
ditions had been more realistic. However, the important
thing is the good agreement obtained between the ex-
perimental data and the calculated curve.

It is clear that this emission is quite closely related
to hot electron emission in the voltage range below that
at which avalanche breakdown takes place. In HEE
one depends on thermally generated minority carriers
in the p-type material for the emission; in this case,
minority carriers are generated by the radiation falling
on the sample.
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