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ABSTRACT

The yield in percent for photoemission of either electrons or =

holes into Si from Au contacts approximately obeys

2
(hv - hvo)

T

for thick Au films and incidence from the Si side of the contact. For p-
and n-type Si hvo is, respectively, 0.3 eV and 0.8 eV. By optical impedance

matching the yields can be increased by at least 10-fold over narrow wave- ’

length ranges. Au films thinner than 1003 also exhibit nearly an order of

magnitude greater yield, This latter fact leads to enhanced yields at the -
edges of Au pads evaporated through loosely fitting masks. Very low

barriers are obtained on p-type Ge. For Au, Ag and Ni, the values are

<0.03eV, 0.11 eVand 0.9 eV - 0.1 eV, respectively.

Rectifying Ag contacts to etch-polished GaP, ZnSe and ZnS can
be made with nearly ideal I-V characteristics. The Schottky barrier heights
are about 1.5 eV for the former two contacts and 1. 8 eV for the latter.

The efficiency of cathodic emission into vacuum for diodes with barrier
heights equal to or less than 1.5 eV and with cesiated Ag films 3002
thick having work functions of about 1.5 eV obeys a theory which assumes

isotropic scattering of electrons on transmission through the interface. .

ii




The maximum measured efficiency is nearly 10-4 for Ag-ZnSe. At

least 0. 02 is expected for Ag-2ZnS but has not yet been measured. Under
the cathodic emission conditions, the diodes have so far not had ideal
electrical properties and there is a serious problem in achieving stable,

chemically inert contacts to the II-VI materials.

iii
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I. INTRODUCTION |

|
t
|
i ’ This is the final report of a one-year project to explore two new |
RS applications of metal-semiconductor diodes. The phenomena investigated

1 are cathodic emission i1nto acuum and photoemission into semiconductors.

They arec intended, respectively, to be the basis of the development of cold

cathodes and infrared photo-detectors.

The report covers the results of the entire project with emphasis

T

1 on the details of the final quarter. The project was sub-divided into two
separate programs and is so reported here. Our overall effort on the cold

cathode included besides this program a parallel HP-sponsored project.

R

This program's effort was concerned mainly with diode development and

- some aspects of the emission measurements. The HP project involved the
development of vacuum technology, the study of the lowering of metal work

E_ functions, and most of the emission studies. Our report on the cold cathode

covers all of the diode development and summarizes the important results

of the emission measurements.

The feasgibility of both mechanisms for the respective device
developments has been demonstrated. The final section outlines our conclu-
sions and indicates the unanswered questions and the course required for

further work.




I1. PHOTOEMISSION IN METAL-SEMICONDUCTOR CONTACTS

FOR OPTICAL DETECTION

II. 1. Introduction

Photoemission at rectifying metal-semiconductor contacts affords

a mechanism for optical detection. We established theoretically before the

T T

beginning of this project that such a diode can have a greater D* than an
equivalent pn junction under the operating conditions of the pn junction.

Generally, this superiority is most important in the infrared, e.g., lu

to 104, and requires photoemissive yields of the order of one percent. An ,
important feature of the device is that the threshold for optical response |

can be adjusted through control of the Schottky barrier height. Our effort .

has centered on establishing the absolute magnitude and the wavelength
dependence of yield, on investigating the influence on yield of the structural
properties of the contacts, on developing contacts with a wide range of
barrier heights, and on optical impedance matching to increase the absorp-
tion of incident radiant energy in the metal.

A simple physical embodiment of the diode and a representation
of the photoemission mechanism is shown in Figures II-1 and 1I-2. As
represented, radiant energy is incident from the semiconductor side of the
contact in our experimental studies, and our concern is always with

hv < E .
g

.
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FIGURE I1-1: Photoemission in the metal-semiconductor contact.
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FIGURE II-2 : Metal-semiconductor photoemissive optical detector.




As a guide to studying and interpreting the dependence of yield g

T

on photon energy, we use the following simple theory of photoemission. The
. derivation is based on the picture given by Figure II-3 and on the following
assumptions:

1. The probability of excitation is independent of the energy of

the initial and final states.

2. The lifetime of an excited electron is independent of energy

and the rate of thermalization from any excited state is fast

compared to the loss by photoemission.

e ]

3. There is an abrupt transition from filled to empty states at

equilibrium at the Fermi level EF.

4, EF > > hv, which is tantamount to assuming that the density

of states (dN/dE) is nearly constant over the energy range,
hv, of interest.

5. An electron is photoemitted if, and only if, excited to a state
for which the component of velocity normal to the interface
corresponds to a kinetic energy equal to or greater than the

barrier (E_ + hvo).

F
From assumptions {1) through (4), it follows that the distribution

of photoexcited electrons is constant in energy from E_up to E_ + hv

F F

where the distribution cuts off abruptly. The total number of possible

excited states is




of excited electrons

= }Enorqy independent distribution
Er

d

d

FIGURE II-3: Representation of a simple model of photoemission.




EF+hv
NT f ‘dE)dE (dE} hv . (1)

The number of states which meet the momentum criterion, assumption (5),

is

Ep+hv E_+hv |
N_ = ydN /e laE
E \dE \ E
EF+ hvo
2
" (d_N Do 2)
d j BEF ;

It follows that the yield, defined as the ratio of photoemitted electron flux

to the absorbed photon flux is

y = E . (3)

(1)

This relationship differs from the usual Fowler equation
y = const. (hv - hv )2 (4)
o o
in the specification of the constant and in the dependence on photon energy.

It is the hv term in the denominator that we deem of importance since it

implies greater yield at long wavelengths than Eq. (4), and since it is

supported by our experimental results, as discussed below.
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Much of our effort involves contacts to p-type semiconductors.
The photoemission of holes can be shown to obey a relationship with the

same dependence on photon energy as Eq. (3).

I1. 2. The Measurement of Photoemissive Yield

Relative to incident rather than absorbed radiant energy, the

absolute quantum yield of a photodiode is given by

_ (1/q)
y : (PA;hv) (3)

where I = short circuit photocurrent
q = charge of an electron
P = incident power density
A =

~effective area of photodiode.

To determine yield, we used the following ¢xperimental setups
to measure the short circuit photocurrent and the incident power density.
Figure II-4 shows the apparatus used in the near infrared measurements
on n-type Si diodes. In this wavelength region, 1.2u - 1, 54, we use stan-
dard optical components such as glass lenses and a tungsten source in a

glass bulb. A Bausch and Lomb 250mm grating monochrometer is used

with a Si filter to remove higher order energy and stray light.

The monochromatic light beam of 100A bandwidth is focused by

means of an achromatic condenser lens onto either the photodiode or a
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FIGURE ll-4: Experimental setup used to obtain spectral
response of Au n-type Si photodiodes.




calibrated thermopile by means of a front surface mirror which can be
rotated. The size of the image .s about 0.5 cm wide by about 5 cm high.
After measuring illumination flux, the short circuit photocurrent is
obtained with an HP 425a meter. An estimate of system accuracy is £+10%
for absolute measurements and +5% for relative measurements.

Figure II-5 shows the setup used to obtain measurements on the

p-type Si diodes in the region 1.2u - 4. 54. For this wavelength range an

i Infrared Industries Nernst Glower is used as a radiation source with first

surface mirrors for entrance and exit optics to a Bausch and Lomb 500mm
(-]

monochrometer. The monochrometer bandwidth is set at 264A. The

energy leaving the monochrometer passes through an appropriate optical

filter and is then imaged as a 0.2 by 2 cm rectangular beam onto the sample

in the dewar (the dewar windows are u. v. grade sapphire). The short

circuit photocurrent is measured with a Brower Model 131 lock-in voltmeter

! system which chops the incident energy at 13Hz. A synchronous detection
system is required for this case due to the low level signal and the need to
distinguish between the response of the photodiode to background blackbody
I radiation and the desired signal. To calibrate the energy flux, the sample
is replaced by an HP thermopile with an u. v. grade sapphire window., We
estimate the absolute system accuracy to be +30% and the relative system
accuracy to be £20%.
All the yield measurements were performed on unbiased diodes. |

Therefore, to permit accurate low-level measurements of short circuit

10
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photocurrent, the zero-bias impedance of the diodes must be much larger
than the load resistance. In order to accomplish this condition for the Au
p-type Si contacts, they were cooled to 77°K. For some high leakage cases
of Au n-type Si samples, this condition could not be met and, thus, suitable

corrections were included.

11. 3. The Yield of Au Contacts to n-type Si: Edge Effect,

Influence of Au Film Thickness

We have reported earlier on a survey of the yields for a number

(2)

of metals to n-type Si. Our studies of the yields of Au n-type Si contacts

during the present program mainly involved the obegervation of pad-

diameter dependence of yield and its elucidation.
We observed that the yields of diodes with 0.017 in. diameter
ﬁ Au pads on n-type Si were greater than the yields for diodes with 0. 051 in.

diameter pads. At a photon energy of 1.0 eV this difference is about =

factor of three, approximately 0.2% versus 0.06%, for t{hick gold pads.
This was determined by evaporating both size pads onto the same wafer,

ﬁ utilizing both 1 and 10 ohm-cm materials. By utilizing a selective etching
procedure, whereby we etched away either a central region or an edge
region of a Au pad, we determined by comparing the yield of the resulting
diode to the yield of the original that the efficiency of the edge region was |
greater than that of the central region and concluded that the influence of

pad diameter on yield is caused by the increase in the perimeter to area

12

Nt )




ratio with decreasing pad diameter and the resultant increase in the con-
tribution of the edge response to the total response. Only the initially
ecvaporated edge region and not an etch-generated edge region shows the

enhanced yield.

11.3. 1. Small Light Beam Scanning Experiments ;

To ascertain quantitatively the distribution of yield across a
diode diameter, a 0.001 in. diameter light beam (A = 1, 34) was used to
scan across the diode while the short circuit photocurrent was recorded.
The block diagram f{or this experiment is shown in Figure II-6.

Data from these scanning experiments are plotted in Figure II-7,
11-8, and II-9 for diodes having diameters of 0. 0525 in., 0.0169 in., and
0.008 in., respectively. The ratio of the largest of the two edge peaks to
that of the central region is 18 for the 0.0525 in. diode, 12 for the 0. 0169 in.
diodes, and 6 for the 0,008 in. diode.

A scanned response on a diode whose initial perimeter was etched
away showed that the characteristically observed edge response was now
absent, as expected from (he results of the selective etching experiment,

Using this same small light beam, we obtained Fowler plots for
the central region and the edge region of a diode. A typical Fowler plot
is shown in Figure 1I-10. The barrier heights for the two regions differ
by no more than 0. 01 eV. Thus, the enhanced yield is not due to differ-

ences in barrier height for the two regions.

13
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RELATIVE PHOTOEMISSION RESPONSE
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BEAM TRAVERSAL ACROSS SAMPLE IN MILS

Figure II-9: Relative photoemission response of a 0,008 in.
diameter Au-p-type Si diode as a small light
beam traverses across a diameter,
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I1.3.2. Effects of Evaporation Rate and Heating |

Initially, we suspected that the ""edge effect' was due to struc-
tural differences in the Au pad regions caused by heating during evaporation
of the Au contact. Heating by either radiation or condensation causes the
center to be hotter than the edge.

The evaporation procedure was varied from the extremes of a
very fast 1-second evaporation to a very slow 9-minute evaporation. No
essential differences between the resulting diodes and those formed by our
usual 40-second evaporation was observed.

Diodes were heated in an oven to 275°C, 325°C and 400°C. The
yields were measured before and after each heat treatment. After the 275°C
heat treatment the yields for a 0.052 in. pad and a 0.017 in. pad increased
by 30% and 65%, respectively. After the higher tempcrature heat treat-
mer.ts, however, yields approached the pre heat-treatment values.

We conclude that the "edge effect’" is not caused by heating or

by any effects related to rates of evaporation.

II. 3. 3. Dependence of Yield on Au Film Thickness

Another possible explanation for the ""edge effect' is a gradation
of Au film thickness at the edge of a diode due to the shadowing effect of a
loosely fitting evaporation mask. If either absorption or some other aspect ]
of the photoemission process were enhanced for thinner films, increased

edge yield would result. To test this hypothesis a mask having very good

!
19 !




edge definition was prepared. This mask had arrays of 0.050, 0,030, 0,015,
and 0,007 in. diameter holes. For the evaporation we placed the sample
and mask into a special holder which insured good contact between the mask
and the wafer surface,

The average yields at 1.0 eV for 2000.7\ thick Au films of different
pad size made with the improved mask are shown in Table II-1 under the
column labeled 2000:\. The efficiencies are nearly independent of pad dia-
meter and are all smaller than those obtained for pads evaporated with the
loose fitting mask, e.g., the 0.015 in. diode is a factor of 5 less efficient.
There is an absence of a size effect except for the 0,007 in. pads. The
0.001 in. diameter light beam mentioned previously was used to scan these
diodes., The increased edge response (Figure II-11) was still present but
it was confined to a very narrow region, thus minimizing its effect.

We now used this new evaporation technique and varied the eva-
.porated Au film thickness. Table II-1 shows the average yields at 1.0 eV
for samples having thickness of IOOA, 75;&, and 40&. These thin film
thicknesses were measured using an ellipsometer. Note now the following
results: the yields for the 100;\ samples were increased on the average by
over a factor of 2 from the 20002\ case; the yields for the 75:& and 40.&
samples were increased by a factor of 6. Note also that any difference in
yield for the different sizes on a single wafer is almost fully explained by
the relative experimental error of £5%. Furthermore, the ''edge effect"

°
was not observed for several scanned diodes with the 75A thick Au pad.

20




Yield at 1.0 eV for Au Pads of Different Diameters

TABLE 1I-1

and Thicknesses Made with Tight Mask

Au Thickness

Pad Diameter (2000A) (100A) (75A) (40A)
0. 050 in. 0. 039% 0.094% | o0.228% | o.240%
0. 030 in. 0. 044% 0.107% | 0.231%
0.015 in. 0. 039% 0.105% | 0.231% | 0.253%
0. 007 in. 0. 055% 0.100% | 0.243%

21




RELATIVE PHOTOEMISSION RESPONSE
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FIGURE II-11: Scanning profile for a 0,05 in. diode made with tight evaporation
mask.
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On the basis of these results we conclude that the yield is greater

T e e T i

for very thin films and that the "edge effect' is caused by the film being

thinner at the perimeter because of shadowing resulting from a poorly | ;

TP g

fitting evaporation mask.

The major cause of increased yield in very thin films is believed

(3)

to be increased optical absorption. Sennett and Scott ° found that large

absorption maxima occur for absorption versus thickness for various metal

films. Their measurements do not extend into the infrared but at 7000A

their Au films showed a maximum at 1404& where the absorption was 30% or
about 9 times larger than expected for thick films. For Ag films, a similar 1
h maximum occurs at lOOA. The effect is explained on the basis of the parti- i
culate structure of the thin films and the resulting variation of the optical

constants with thickness using the theory of Garnett. (4) The theory stipu-
lates that this increase is an increase in free carrier or Drude absorption.

F This is an important fact since this kind of absorption leads to the excitation l

that we expect to contr. .ute to photoemission whereas other mechanisms

of absorption such as those involving bound states and interband transitions
may not lead to photoemission.

A similar but smaller enhancement of absorption for our diode
structure can be predicted from thin film theory(s) for films of constant

optical properties (i. e., films with the bulk, continuous structure). Such

r a calculation is presented in Figure 11-12,

23
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A< an experimental check we determined the absorption of ;4000;;
100:\, and 50:\ thick Au films on Si with the light incident from the Si side
by measuring reflection and transmission with a Beckman DK40
spectrophotometer using A = 1 - R - T. The results at 1. 3u are given in
Table 11-2. The uncertainties in the values are in all cases not less than
12% (1. e., a typical entry should be (17 £ 2)%). Further, we believe that
the correct value for the absorption for the 2000:\ case should be 5% on

{6.10) and Si (n = 3.6). We

the basis of the optical properties of Au films
conclude that this experimental check reveals as much as a factor of 4
dinicrence ain the absorption of the two thin films compared to the thick
tilm.

Anoti.er factor which might contribute to enhanced photoemission
from very thin films is the possibility of the emission of electrons that are
reflected and even multiply reflected from the metal surfaces., Such an
cffect would be expected for films thinner than the mean free path of the
cxcited electrons. For electrons about 1 eV above the Fermi level in Au
films, nearly elastic phonon scattering has a mean free path of about 3002
and electron-electron scattering, with large energy loss, has a mean free
path of about 1000;\.

In view of the practical importance for optical detection of the
large increase in yield for thin films shown in Table II-1, a detailed study

of the influence of thickness and evaporation conditions on yield is indicated

to find what maximum values can be obtained.
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TABLE I1-2

Optical Absorption at 1, 3u
in Au Films on Si

Sample #1 Sample #2
Thickness of Au Absorption Absorption Average Absorption
2000/1 7.5% 5.5% 6.5%
100A 17% 19% 18%
50A 17. 5°% 17% 17.3%
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I1. 4. Low Barriers - Low Temperatures

In order to further our understanding of the photoemission pro-
cess--especially of the functional relationship between yield and photon
cnergy--and mcre particularly to develop and characterize contacts for far
infrared optical detection, we have studied contacts with low barrier heights
to both p-type Si and p-type Ge. The barrier heights are of the order of
0.3 evand 0.1 eV, respectively, for the two materials and since the values
are small compared to the bandgaps, they perinit the study of yield over a
photon energy range that is several times the barrier height which is impor-
tant for deciding between the two relationships of Eq. (3) and Eq. (4). We
would have preferred to study low barriers on n-type semiconductors and
clectron rather than hole emission so that the results could be unambiguously A
compared to n-type Si barriers whose properties we now understand well,
but there are no known metal-n-type semiconductor contacts with barrier 1

heights less than 0.3 eV for semiconductors with bandgaps that are large d

compared to the barrier heights.
Since yield is determined from a measurement of the short-circuit
photo-current at zero bias, it is required that the impedance of the diode

at zero bias, R,, be large compared to that of the measuring ins.rument

0)
which for precise, accurate measurement must be of the order of 105 - 106
ohms because of the relatively low signals involved. Capacitance and for-
ward bias current-voltage measurements roughly require RO > 105 ohms.
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l'or an ideal diode, the zero bias impedance is

$
S
KT e MS/KT

R, = = (6)
q 120T" in*A

where m* is carrier effective mass and A is diode area. It follows from
Eq. (6) that for typical diodes a 0.3 eV barrier requires measurement near

or below 100°K and a 0.1 eV barrier near or below 40°K.

I1.4.1. Crxostat

The cryogenic system used for the diodes with low barriers is

the Andonian dewar shown in Figures II-13 and II-14. This apparatus was

mounted on a hydraulic elevator for the manipulations required in filling

with refrigerants, sample mounting and adjustment in the optical measure-
ment setup. Cooling is accomplished either by a flow of cold gas adjusted

with the throttling valve or by immersion. Cooling to below 4°K is practical.

I1. 4. 2. Au Contacts to p-type Si

I1.4.2.1. Diode Fabrication

The p-type substrate is prepared in a standard manner that

+
includes the diffusion of boron to form a thin p skin on part of the back

surface of the wafer. The front surface and most of the back surface is
etch-polished and as a final cleaning step thermally oxidized. The thermal

oxide is removed in HF: an array of Au pads 2000A thick is evaporated on
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FIGURE 1I-13: Andonian cryogenic system.
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the front surface, and a Au film is evaporated on that part of the back sur-

+ g
face with the p layer for ohmic contacting.

11.4.2.2. Forward Current-Voltage Characteristics

Figure 1I-15 gives representative 1-V characteristics for two

different sized diodes at 77°K. The slope

dln] _ q
dv = 1.04 kT (7)

indicates essentially ideal diode behavior and from the relationship

-4 /kT I
J. = 120T° mxe MS (8)

we calculate from the saturation currents, using m* = 0.5, QMS = 0.28 eV.

Taking into account image force lowering, the corrected value is about

0.29 eV.

11.4.2.3 CaEacitance

Figure II-16 is a representative plot of 1/C2 vs. applied reverse

bias at 77°. The slope gives NA = 2,0 x 1015 in agreement with the resis-

tivity, and the voltage intercept, 0.27 V, gives for the barrier height 0.31 eV

which is about 0. 02 eV greater than the value calculated from the saturation

current,
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32




C-Z
(Relative
Units)

VOLTS
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Au-p-type Si diode at 77°K.
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11.4.2.4. Photoemissive Yield |

Representative absolute photoemissive yields are plotted in
Figures I1-17 and 11-18 for 0.016 in. and 0.052 in. diameter diodes, respec-
tively, immersed in 'iquid nitrogen. From these and similar data, we
~onclude the following:

1. The intercepts of the Fowler plots of six different diodes give

hvo = 0,288+ 0.002 eV

and taking into account image force lowering we conclude

that the barrier height is 0,30 eV in good zgreement with

the I-V and capacitance values. "

2. The yields for a number of diodes on the same wafers for
both size pads agree within about 20%. However, a second
array of 0. 05 in. diameter diodes has yields that are a
factor of 3 to 4 greater than for diodes on the wafer repre-
sented by Figure II-18.

3. There is therefore a 3- to 12-fold greater yield for the

0.016 in. diodes compared to the 0,015 in. diodes which '
indicates an edge effect for hole emission like that observed
for electron emission (the loosely fitting mask was used to

! evaporate these contacts).
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4. The deviation from linearity of the Fowler plots is a charac-

teristic of all of the data and is consistent with the dependence

of yield on photon energy given by Eq. (3) as is demonstrated
by the re-plotting of the data of Figure II-18 in Figure JI-19

which shows that \yyhv vs. hv is more nearly linear than the

Fowler representation. This treatment assumes that the frac-

tion of the incident power which is absorbed in the Au film is
constant and independent of photon energy. However, the
reflectivity changes over the range of Figure 1I-19, but the
change is attributed(s) to interband transitions which may not
contribute to photoemission and the free-carrier or Drude

(6)

absorption should be nearly c onstant over the range.

II. 4. 3. Au, Ag, and Ni Contacts to p-type Ge

We have studied the electrical properties of contacts to p-type

Ge to obtain barrier heights but have not yet measured photoemission.

11.4.3.1. Diode Fabrication

The procedure for etch-polishing and cleaning Ge surfaces was
established using the criterion of the thickness of the residual surface film
as mcasured with an ecllipsometer. The procedure adopted results in a
residual surface film of about 133 thick., On the basis of our experience

with ellipsometer measurements on Si, we judge this to be an unusually
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clean etch-polished surface. The diodes are fabricated as follows from
<100> oriented, 1 ohm-cm p-type Ge slices:
1. Mechanically polish both surfaces.
2. Alloy an Al film that covers a portion of the back surface for
ohmic contact.
3. Rotary etch front surface in 1:2:6 hydrofluoric, acetic and
nitric acids. {
4. Clean inboiling TCE, acetone and methanol.
5. Boil for 10 minutes in double-distilled water.
6. Rinse in HF using a technique that prevents immersion
of the Al ohmic contact.

7. Evaporate metal pads 2000A thick.

11.4.3.2. Au-Ge Contacts

Au contacts are ohmic down to somewhere near or below 10°K,
where carrier freeze-out occurs and the I-V characteristic is essentially
that of an insulator but shows breakdown for both polarities at about 6V bias
presumably owing to impact ionization of shallow impurities. We conclude
that the barrier height must be less than about 0,03 eV. Thus the Au-Ge
contact is not suitable for photoemission studies except in the frozen out
state, assuming the barrier height is finite, where photoermission and photo-
excitation of shallow impurities could compete and obscure the interpretation

of data.
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11.4.3.3. Ag-Ge Contacts

Figure 11-20 plots the forward I-V characteristics of a Ag p-type
Ge diode (0,016 in. in diameter) at several temperatures between 23°K

and 55°K. The increase in the slope constant

dv
dInl

n = ok

T (9)

with decreasing temperature is consistent with the expectation for thermionic-

(8)

field emission of holes. From the theory for this process’ ' we expect, for

the present case,

dInl

= - = (10)
d nkT) MS

where IS is the extrapolated current intercept of the I-V characteristic.
The plot based on Eq. (10) is given in Figure 1I-21. The slope gives for

the barrier height

¢MS = 0,10 eV.

At the highest temperature, 54. 6°K, the near unity magnitude, n= 1,13,
indicates that the current is approaching the thermionic limit. For this

case, a calculation of the barrier height from the ideal thermionic diode
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Eq. (8), gives :MS = 0,093 eV which substantiates the value deduced from
thermionic-field emission theory. Taking into account image force lowering
of the barrier we conclude that the barrier height for the Ag p-type Ge
contact is 0.11 eV.

This conclusion is in good agreement with the capacitance-

voltage data of Figure 11-22 taken at 24°K which gives 0. 12 eV for the bar-

ricer height.

II.4.3.4. Ni-Ge Contacts

The I-V characteristic for a Ni p-type Ge contact at two tempera-
turcs is given in Figure II-23. Again the slope constant decrease with tem-
perature indicates thermionic-field emission. By comparison with Ag-Ge
data, we conclude that the barrier height is 10 - 20 meV lower for the Ni
diodes or about 0.09 - 0.10 eV. For the higher temperature data, Eq. (8)

gives ¢MS = 0.07 eV.

IL. 5. Increasing the External Yield of Photoemission at

Metal-Semiconductor Contacts by Optical Impedance Matching

II.5. 1. Introduction

The external yield for photoemission at metal-semiconductor
contacts is expected to be approximately proportional to the fraction of
the incident optical power which is absorbed in the metal. For the simple

structure shown in Figure II-2 this fraction (symbolized L here) is small
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because of the high reflectivity of the metal-semiconductor interface. To
overcome this limitation on yield we have conceived* and analyzed the impe-
dance matching structure shown in Figure [I-24, As we will show below, this
structure leads to a many-fold increase in the fraction L of the incident
power that is absorbed in the thin metal layer.

Our concept of the matching structure is based on the narrow
band reflection interference filter as analyzed and developed by Hadley and

(10, 11) This structure is represented in Figure II-25. They cal-

Dennison.
culate and measure reflectivities of nearly 100% at energies 2qhv1 and

nearly O percent at (2q + l)hvl where q is an integer and v, is the frequency

1
of the incident light for which the effective optical thickness of the dielectric
layer is a quarter-wavelength. The nearly ideal reflectivities only obtain

for the far infrared where the mirror is nearly perfect and the approxima-

tion

=3
"

k = (o/2e ¥ (11)

is valid for the ccmplex index of refraction (n - ik) of the metal where o is
the conductivity of the metal film, ( is the angular frequency and €, is the
permittivity of free space.

It is implicit in the assumptions for the properties of the struc-

ture that for the case of zero reflectance all of the incident power is absorbed

*The idea and some initial work on matching occurred before the beginning
of the present project. See Ref, 9, for example.
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in the thin metal film. This fact inspired our investigation of the structure
for our application.

The assumption of a nearly perfect mirror and of Eq. (11) for
the metal film are the basis of the analysis used by Hadley and Dennison
to determine the conditions of zero reflectance. These assumptions are
inva;iid for the infrared range of wavelengths with which we are concerned.
Therefore, we use perfectly general multilayer thin film optical theory to
analyze the structure of Figure II-22, Our concern is to find the absorption
L in the thin metal film as a function of the thicknesses and optical constants
of the structure. Figure [1-26 shows the basic form of the matching struc-
ture expressed in terme of the physical properties necessary for the formu-
lation of the problem. The material of index ng - ik3 corresponds to the
thick Au layer; as all of the energy entering it is absorbed, it is, therefore,
not necessary to specify its thickness. We will thus interpret the trans-
mittance of the system, T, as the energy absorbed in the thick Au layer.
Furthermore, as we will utilize a lossiess dielectric for the material of
index n, - ik2 (k2 = 0), we can express the absorption in the thin Au film,

L, as
L=1-R-T (12)

where R is the reflectance of the system. A general multilayer thin film

(5)

optical theory ~ was employed to calculate R and T. Utilizing this technique
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which exprcsses the relations between the electric vectors in successive

layers in terms of Fresnel coefficients, R and T can be expressed as:

2 2
t + u
3
Pig ¥ 93
and
2 2 %
n 1 + m
- T = —3 13 i3 (14)
l"0 ») : + q 2
“13 13

R and T are evaluated through the use of the following relations:

m . = h1 (1+g2)(1+g3) + h2 (1+g3)(1+g1) + h3 (1+gl)(1+gz) - h1h2h3

: Iy & (1+gl)(1+gz)(1+g3) - hyhg (1+g1) - hgh, (1+g2) - hh, (14.‘3)

u = + w, .t + Vv

13 © Y2P3 * 493t Wity t Vo @

3

13 = Y2P3 " U993 * Violy T WyoYs

913 = Q1P3 * Pypd3 + 81513+ 15U,

P13z = PyaP3 " 9159 * oty = 815Y3

Wig = Wpthr,+gs,

=vptgr,-hs,

12
B1g = Syt vyt W,
Tig = Tyt 8V ~hyw,

Yg = Yy +hyp, +gq,

*In normalizing this expression, it will be observed that only the real part of
the complex refractive index of region 3 was necessary. (12) This is proper
' if one interprets T as the energy absorbed in region 3.
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Y ¥ Yt gPy - hiq,

9 T Gttt +gu,

Pijg = Py * gty - hju,

u, = €2 (h, cosy - g, siny,)

3 3 2 83 2
= ‘0,2 i

A e (g3 cos y, + h3 sin ‘{2)
= eaz s'

93 ny,

P, = €2 cosy
3 2

_ ) 2 2

hy = 2nyk, %gvﬂ%+%)+<g+5)]

gy = [n22 - n32 + k22 - k32]/ [(n2 + “3)2 + (k2 + k3)2]

w. = -e 21 gin Yy
v, = el cos Yy
a
E3 1 i
5, e (h2 cos y; + g, sin Yl)
a
= 1 - i
r, e (g2 cos Yy h2 sin Yl)
-a
= 1 - i
u, e (h2 cos Y, - g, sin yl)
- -0 :
t, = e (g2 cos y, + h2 sin Yl)
= al .
q, = e sin Yy
= o1
P, = e cos Y
h. = 2(n -nknﬁn+nﬁ+(k+kF]
1k2 21 1 2 1 2
2 2

2 L2y, 2 2
gz‘["l n, +k kz]/L(“1+“2’ +“‘1‘“"2)]

2 1
= (21m/)) n2d2 (radians)

a, = (2n/) k2d2 (radians)

_ t 2 2
h, = 2nok1/ _(n0+n1) +k1]
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2 2 2 ’ 2 27
gl'[no - n 'kl]/L(n0+n1)+k11
Yy % (2n/a) nld1 (radians)

2, = (2r/a) kldl (radians)

1.5, 2, Calculated Matching for Au-Si Contacts

The index of refraction of Si is taken to be 3.5 at all wavelengths,
and the complex index of refraction of Au™ as a function of wavelength is
obtained by interpolating the data of Ref. 7. Also we did calculations using
values of 1.5, 2.5, and 4 for the index of refraction of the dielectric layer
and found, as expected, that only effective optical thicknesses (including
interfacial phase changes) mattered and that the value for the dielectric
index of refraction was otherwise irrelevant,

Using a computer, we evaluated Eq. (12) to find the following:

1. For each of a number of closely spaced values for the thin

Au film thickness we programmed the computer to select

the value for the dielectric film thickness that leads to a
maximum in L. Maximum values of L versus the thin Au

film thickness are plotted in Figure I1-27 for L = 1,3u and in
Figure I1-28 for L = 4,0pu. The broken curves plot the opti-
mum thickness of the dielectric film having an index of refrac-

tion of 2. 5.

*The index of refraction of an evaporated Au film depends upon many differ-
ent factors, e.g., the film thickness and the method of deposition. Due to
these variables, large differences in the values of optical constants have been
reported by different observers. We have chosen the values from Ref. 7 to
form a consistent set which we feel will reveal the essential properties of
the matching structure.
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We ~omputed the optimum matching structures shown in
Figures II-2"' and 1I-30 for 1.385u and 4y, respectively. and
the dependence of L on A in a range centered on the matched
wavelength, For 4u we also plot L. vs. A for a value of the
thin Au film thickness, 50;\. rather far from the optimum
value, 1501.\. For this latter case the dielectric film thick-

L ]
ness is the optimum value for a 50A Au film,

From the above results we conclude the following:

1.

L vs Au film thickness, Figures II-27 and I11-28, has a fairly
broad maximum so that near optimum matching does not
require a precise value for the Au film thickness. Roughly,
within :tSOA of the optimum value is satisfactory.

The unmatched Au-Si interface has a reflectivity of 95% at
1,3u and 97.5% of 4u. We conclude that the matched struc-
tures lead to a 12-fold increase in absorption at 1.3uand a
29 -fold increase at 4u.

A comparison of the curves in Figure II-30 leads to the
conclusion that by adjusting the thin Au film thickness for
which the dielectric film thickness is optimized there can be
a trade-off between the value L at the matched wavelength
and the breadth of the wavelength range over which enhance-

ment in L is effected.
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11.5.3. Calculated Matching for Au-Ge Contacts

We have also used the same mathematical techniques employed

. T T RN T

in the Au-Si case described above to make several computations on the
effect of matching on Ge at 54. We have computed the maximum absorption 0.
attainable in the thin Au layer of the matching structure versus the thickness 8
of the thin Au layer and the CaF2 thickness necessary to obtain maximum
ahsorption in each thickness of Au film. These calculations are shown in

Figure 11-31. It is evident that the maximum attainable absorption maxima .

are fairly broad. Comparing the maximum absorption value to the absorp-

Lr

tion that occurs when the matching structure is replaced by a thick Au film,
we obtain a 30-fold increase at 5u.

We have also considered the case of matching structures opti-
mized for maximum absorption in the thin Au layer at a specific wavelength
and computed the absorption in the thin Au layer in the wavelength region

around the maximum case. Each wavelength response is presented for

_s
|
|

three different matching structures characterized by the film thickness of
the thin Au film for which the structure is optimized. The three film thick-
ncsses are: (1) the optimum thickness which yields the maximum absorp-
tion; (2) a thickness less than the optimum; and (3) a thickness greater
than the optimum. The results of these calculations are shown in Figure
11-32. We conclude that the spectral bandwidth over which absorption and

quantum efficiency are enhanced by the matcl+~g structure can be adjusted

59

e ——
SRS




— - -
—17300 :
]
80+ —17200 g
(%]
T
-
2
& p
1 g W
' & 70 -I700 3
E, - «
= [ 4
b 8 2
g (NOT TO SCALE) cz>
3 E
S ¢0- =17000 &
5 :
g «
£ 2
z 3
i <
3 50 —16900 3
: ! I
3 5
! (=]
2 2
S 40- MAXIMUM ABSORPTION —ies0d™
g z
& « >
1 >
8 <
' -
= &
g 30- —6700 &
§ s
2 H !
3 S
] x 8
_; 3 20+ —16600 &
10 4 —16500

T T Y T T T T T T T
30 100 150 200 2% 300 350 400 430 800

THICKNESS OF THIN Au FILM IN A
FIGURE I1I-31: Maximum absorption in the thin Au film at 5.0u as a function

of its thickness and the thickness of the dielectric layer
required for maximum absorption.

60




70 \ e y
|
\
\ (NOT TO SCALE) ‘
o |
60 A
| 3
\ 4
50+
\ SOR THIN Ay LAYER

ABSORPTION IN THIM Ay FILM IN PERCENT OF INCIDENT ENERGY
8
L

L 1
4T 48 4.9 80 S 8.2
WAVELENGTH OF INCIDENT RADIATION IN MICRONS

FIGURE !i-32: Absorption in the thin Au film versus wavelength for three Au
film thicknesses, each structure being matched at 5. Oy,

61

i




by means of the thickness of the thin metal film. Films thinner than the
optimum result in increased absorption in a wider wavelength range whereas
thicker films lead to a narrower range. This control of breadth is at the
expense of the maximum in absorption.

Although the above calculations used the optical constants of Au,
the techniques and the general features of the results are valid for other

metals as well,

I1. 5. 4. Experimental Photoemission from Optically Matched

Au n-type Si

The matching structure wa: fabricated using 0.051 in. diameter

diodes. The evaporations of the thin Au, CaF_ and thick Au films proceeded

2

sequentially, using the same mask and one vacuum system pump-down.

Since the Ca F2 and Au were thrown from different boats, there was a

slight misalignment between the CaF, and the two Au layers due to shadowing

2
by the mask. This misalignment results in electrical contact between the
Au layers and simplifies external contacting with a probe.

The experimental results are shown in Figure 11-33, which com-
pares the yield of a diode with the Au-CaF2 matching structure with that
after the removal of the top CaF2 -Au structure. The measurements were
taken with a 0, 036 in. diameter hole in a mask placed within the illuminating

beam path so as to exclude the edge of the diode where the matching struc-

ture was not evaporated uniformly. At 0,975 eV the device with the matching
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structure has an external yield which is about four times that of the device
without it.

From Figure II-27 we expect for the matched structure about
0.7 x 58% = 41% absorption. The factor 0.7 is the transmissivity of the
air-Si interface which was not matched in our structure. For the unmatched
diode, we expect 1.3 x 5% = 6. 5% where 5% is the value for a very thick
film and the factor 1.3 is from Figure II-12. Thus, if yield is proportional
to absorption, we expect a 6-fold increase for the matched relative {o the
unmatched diode which is in reasonable agreement with the experimental

factor of 4-fold.
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I11. METAL-SEMICONDUCTOR CATHODE

III. 1. Introduction

The aim of this part of the program is to develop a cold cathode
based on cathodic emission into vacuum from metal-semiconductor barriers.
In this chapter an overall description of work accomplished on this topic
during all four reporting quarters will be given. The past quarter's work,

not previously reported, will be treated in somewhat greater detail than
(1-3)

the material previously described in Scientific Reports 1, 2, and 3.

I11. 2. Theory of the Cold Cathode

The mechanism of cathodic emission in the metal-semiconductor
cathode is represented in Figure III-1, which depicts electron potential
energy in different parts of the structure under normal operating voltages.
An electron which suffers no scattering will move along a horizontal line
in this diagram, and will have the same total energy everywhere in the
structure. It will exchange potential energy for kinetic energy, and hence
will be accelerated, wherever a spatial gradient of potential energy exists.
When the diode is forward biased as shown, electrons are injected into the
thin metal film. In the absence of scattering, these electrons remain at
an energy corresponding to slightly above the top of the Schottky barrier,
and are transported through the metal film. If the metal-vacuum work
function ¢__ is lower than QMS' a large fraction of the electrons are emitted

v

into vacuum and collected at the anode.
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The metal-semiconductor cathode under normal operating
voltages, showing the variation of electron potential energy
E as a function of distance x. Other symbols are explained
in the text.
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A theoretical understanding of the device on a quantitative basis
was gained from a first-order calculation of the current J A emitted into :
vacuum as a result of injection of electrons JH over the barrier under for- 1
ward bias. Several simplifying assumptions were incorporated into the i |
physical model, as follows: 1 l
1. Maxwellian distribution of electron momenta at X in the i
semiconductor. : |
2. Absence of electron-phonon and other scattering in the i 1
region between X and Xge 1'
3. Isotropic elastic scattering into the positive half-sphere of
momenta at the interface, at Xy
4. A quantum-mechanical transmission coefficient of unity at Xy
5. Absence of scattering in the metal,
6. Step-function dependence of escape probability at X3 on the
perpendicularly directed component of electron energy.
7. Sufficiently large anode voltage to ensure absence of space
charge for x > Xge
The combined effect of assumptions (2) and (5) in a practical structure using
GaP or ZnS and Ag and with the Ag thickness less than 3004 is judged to
result in less than a factor of five over-estimation of the true expected
emission current, on the basis of scattering lengths reported in studies of
the metal-base transistor. L Assumption (3) was judged to best represent
69
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the nature of electron transport across a chemically prepared interface
having a significant degree of irregularity on an atomic scale. Assumrgtions
(1), (4), (6), and (7) do not entail any serious adverse possibilities.

The Maxwellian electron momentum distribution at Xy is given

by(5)

n1 P2

dn, = e - S
1 T2 €*P " om#kT

d'P, (1)

(2rm* kT)3

where n, is the number of electrons per cm3 at the top of the Schottky barrier

(at x, in Figure III-1), P is the crystal momentum of electrons at x,, m* is

1 1
the electron effective mass, k is the Boltzmann constant, and T is the tem-
perature.

Consider transmission of electrons from the semiconductor into
the momentum-space element d3p of the metal which is defined in spherical

coordinates about the x-axis as
3 2
dp = 2np sinf d6 dp. (2)

By assumptions (2), (3), and (5), energy is conserved, as given by

2 P2

B =

2m ES+ 2mx* *
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where m is the effective mass and p the momentum of electrons in the metal. f
By assumption (3) the electrons are isotropically transferred from the momen- : ]

tum half-shell 2nP2dP into the half-shell 2np2dp. Hence the arrival rate

S P .

dJin of electrons into d3p is

n 2
2ng 1 ' P 3 5
dJ., = exp (- ——) P dP sind dé (4)
* *
in m (2nm*kT)3]2 2m*kT

where sin8 d6 is the fractional share of volume occupied by d3p in the half- '
shell 2np2dp. The departure of electrons from d3p occurs upon impinge- p
ment on the metal-vacuum interface at Xq+ At steady-state the departure

and arrival rates dJ . and dJ, into dap are equal, and this defines the 3

electron distribution function f(p, 8) in the metal:

n [ 2

2nq 1 . P 3
exp |- pe—————— P dP sinf de =

m* (2nm*kT)312 \ 2m*le

L cos0 fip, 0) 2np? sind de dp, (5)

where the left hand side equals dJin and the right hand side equals dJout'

By assumption (6), the current J A emitted into vacuum is given by integra-

ting q(px/ m) f(p, 6) d3p over the region of momentum space defined by

P, > 2mEv . This reduces to




TR

/u
JA = q;nl exp (us) f (u - us) (l - u—v)exp (-u) du, (6)

Max (u ,u )
s Vv

where v = VKT/2mm* and is seen to be the thermal velocity of electrons, u
is energy measured in units of kT, ug = Es/kT, and u, = Ev/ kT. For

large values of u, and u, £q. (6) may be evaluated approximately,

(

2kT + Ad Ad
qvn, exp l- , for E > E_

2E kT
v
Iy = ‘ (7)
52 -
v 1-’\._" .1-_T
b | 'E. |" E
\ 8 8

\ \

\ forE <E
) v s

where A} = Ev o Es‘ the barrier height difference.

By integrating g( Px/ m*) dnl over the momentum half-space,

the electron current density J H injected over the barrier is found to be

1" (8)

The current transfer efficiency J A/J H may easily be obtained from Eqs. (7)
and (8). In the case of Ev > Es' which often described the experimental
situation as will be ‘een later, the efficiency is a strong function of A¢ and
T. For Ev < Es' the efficiency is relatively independent of T and varies
slowly as a function of A¢. As described by the integrand in Eq. (6), the
emitted electrons have a narrow energy distribution several kT wide, cen-

tered slightly above the larger of the two energies Es or Ev'
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We note that the voltage applied to the Schottky barrier diode
affects only ng and therefore JA has the same voltage dependence as JH’
In an actual forward-biased Schottky barrier diode there may be other
current transport processes in parallel with JH’ such as leakage at the
perimeter or tunneling through the barrier. JH is distinguished as the hot
electron current due to its larger electron energy in the metal compared to that
of the other currents. JH has a voltage dependence close to exp (qV/kT),

whereas the total diode current often varies as exp (qV/nkT) withn > 1, as

will be described later in the section on barrier studies.

I11. 3. Cathodic Emission Experiments

As is evident from the above theoretical discussion of the cold
cathode, the requirement of Ev < Es and the avoidance of thick interfacial
films and damage, which may lead to large leakage or scattering losses,
are essential to a practical device. Studies concerned with lowering of the
metal work function, necessary to achieve Ev< Es with available Es values,

pointed to the necessity of atomic cleanliness at the metal surface. For

- — kW i e . i Bl W=

these reasons the last part of the device, consisting of the thin metal film
and the cesium layer, was made in an ultrahigh vacuum chamber and mea-

surements were done in situ,

111.3.1. Device and Holder Configgration

The choice of physical configuration of the experimental device

was guided by desired simplicity of apparatus. The main design problem
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here was how to electrically contact the thin metal film after its deposition
in the ultrahigh vacuum chamber. The simplest and most satisfactory
method and the one adopted for most of the experimental work is represented
in Figures 111-2 and III-3, which show the device configuration and the device
holder, respectively.

Single-crystal semiconductor material having a doping level in
the range of 1016 to 1018 electr'ons/cm3 was used as the starting material,
and was cut into dice and suitably sized by conventional sawing, lapping, and
polishing methods. An ohmic contact was formed on one side and the die
was attuched to a Au- or Ni-plated Kovar header with an appropriate alloy
preform. After suitable chemical surface preparation, the thick metal
contact stripe was deposited on the other side by evaporation in vacuum. A
thickness of 3000.:\ to 50002 was found convenient for the contact stripe. In
some cases, when possible, the unmic contacting and die-attachment were
done after the metal contact stripe was deposited. We note that the contact
stripe is also a Schottky barrier diode but one which does not contribute to
cathodic emission due to its great thickness; hence, its area should be small
compared to that of the thin barrier. For accurate photoemission measure-
ments near threshold, a large area was required for the thin metal film
deposited later in the uvltrahigh vacuum chamber. A nominal area of 8.4 x

10 cm2 was employed for the thin metal film. Device fabrication details

for the different materials investigated will be presented in a later section




Au Contacting Thick Metal  Thin Metal Film
Probe Contact Stripe

Semiconductor

Header

-

FIGURE III-2: Metal-Semiconductor diode structure employed in cathodic
emission experiments.
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on barrier studies. In the device holder, the mask-anode s~rved both as I
an evaporation mask to form the thin metal film and as an anode to collect ' f

the cathodic emission current.

II1.3.2. Vacuum Apparatus and Measurements

The ultrahigh vacuum chamber is depicted schematically in

Figure 1II-4 and it was described in detail in Ref. (2). Baking at a tempera-

-11 to -10

ture of 250°C was employed to attain a base pressure of 10 10 torr. i

Typically the following measurements were performed to evalute

a device, We used photoemission of electrons into vacuum to determine

5 the value of the cesiated metal work function ¢, and photoemission of elec-

vl

trons from the metal to the semiconductor to find the value of QMS' In

this, the variation of photoemission current as a function of photon energy

(6)

was analyzed according to Fowler's theory. The diode characteristics

including current-voltage and capacitance-voltage dependences were mea-

sured via the electrical feedthroughs, with the sample in the vacuum cham-
ber.

The circuit of Figure III-5 was employed in determination of the
r cathodic emission properties including the variation of 1 p 288 function of

ID and VA’

111.3.3. Status of Experimental Results '

The experimental investigation of cathodic emission from suitatle

materials and the study of diode properties per se, to guide the choice of
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FIGURE III-4: Ultrahigh vacuum chamber.
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materials and processing techniques and the interpretation of cathodic
emission results, were carried out in alternating chronological sequence
during the course of the program. In this section the knowledge gained
regarding cathodic emission is abstracted and presented separately from
the diode studies.

Cathodic emission was observed from Ag barriers on GaP, ZnSe,

and ZnS, using cesiation to lower the vacuum work function of Ag and cnemi-

cal surface preparation of the semiconductor. These experiments were nt
ideal in the degrce of control achieved over several variables, both in the
vacuum conditions during Ag deposition and cesiation and in the interfacial
cleanliness. Also, in most cases a time degradation of the cesiated Ag
work function was observed. As a result, the experimental devices had a
distribution of A% values, which was detrimental for evaluation of materials
but which proved useful as a test of agreement with theory. Unadjusted
values of current transfer efficiency IA/ID measured at a diode current of
10 mA to 50 mA (corresponding to a current density of 0.1 to 0.50 A/cmz)
for ten devices are presented in Figure III-6 as a function of A§ together
with the theoretical relationship. As the presence of non-hot-electron
current was indicated in these devices, the hot electron current I was

H

and the values of I,/ I_. are higher

smaller than the total diode current ID’ Al Iy

than the indicated IA/ID values. For ZnSe-Ag device #9, the value of IA/IH

was estimated tobe 1.2 x 10-3 or larger, as described in Ref. (3). This
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FIGURE III-6: Experimental and theoretical variation of current transfer
efficiency as a function of barrier height difference A%,
Experimental points are for cesiated Ag-GaP, -ZnSe, and
-ZnS devices. Solid curve is first-order theory, Eq. (7),

for I-Jv =7.1eV, E8 =5,6+ .MS’ and variable ’MS'

81




device also had the largest unadjusted value of efficiency I A/ ID observed in
the course of this program, 6.2 x 10-5. The wide error limits of A% shown
in Figure III-6 were caused both by the time degradation of QV’ occurring
on a scale of minutes in the worst cases, and by the presence of two differ-
ent apparent thresholds in the metal-semiconductor photoemission data of

many devices, leading to an ambiguity in the value of ¢ The theoretical

MS’
curve in Figure III-6 is a plot of Eq. (7) for variable Es and constant Ev.

the latter comprised of QV = 1.6 eVand EF £ 355eV. (7)

The IA-VD characteristics of all devices were close to exp (qV/kT)

in agreement with theory, identifying I, to be hot electron emission into

A

vacuum as described in the theoretical section, Accurate barrier theory

predicts J_. to vary as exp (qV/nkT) with n close to but slightly larger than

H

1. The observed values of n were between 1.05 and 1. 10 with an accuracy

of +. 05 for GaP-Ag, ZnSe-Ag, and ZnS-Ag devices. The IA-VD and ID-VD

characteristics of ZnS-Ag device #12 are shown in Figure III-7, where the
correctiorn for the diode IR drop was obtained from a straight-line extrapola-

tion of the semilogarithmic voltage dependence of I Similar curves for

D’
GaP-Ag and ZnSe-Ag devices were presented in SR's Nos. 2 and 3. The

noted agreement with theory is especially significant in that the value of n

for ID was substantially larger than 1 in more cases.

The dependence of .TA on VA was well understood and did not

exhibit any unusual features. Typical IA-VA characteristics for device #9,
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of diode voltage V, before and after correction for diode IR
drop. Ag-ZnS device #12,




for two different values of ID‘ are shown in Figure III-8. The anode cur-
rent cutoff at an anode voltage of about +10V was caused by a difference in
the vacuum potentials of the cesiated Ag dot and the surrounding semiconduc-
tor surface in conjunction with our cathode-anode geometry (see Figures II1-2
and III-3).

In summary, the experimentally observed efficiency - A and
IA-VD characteristics of cathodic emission from cesiated Ag barriers on
GaP, ZnSe, and ZnS agree with theory and in our opinion prove the correct-
ness of our cold cathode model, in its main features.

The barrier heights of all experimental devices were margi-
nal and cathodic emission could not be observed in the high efficiency range

where effects other than A¢ are significant. Hence, another important ques-

tion, that of the ultimate efficiency achievable with presently known mater-

ials, was not conclusively answered yet. This question is related to the
choice of materials for large QMS and to barrier preparation techniques,

| as described later.

i Some conclusions regarding both the ultimate efficiency and the
choice of materials nevertheless emerged from the emission results and

the barrier work, The values of ZnSe- and GaP-Ag barriers were

M3

judged fundamentally too low and marginal to be useful, but the data for ZnS
barriers indicated no such limitation. ZnS appears clearly the most pro-

mising semiconductor for the cold cathode and superior to ZnSe, GaP, and

(9)

probably also to SiC in view of recent literature results. The one
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measurement of cesiated ZnS-Ag, device #12 in Figure III-6, was not repre-

sentative as § ualed 1.2 eV instead of 1.9 eV due to substantial

Ms 9
processing and contamination problems unsolved at the time of measurement.

In view of both theory and later barrier results, we estimated an achievable

current transfer efficiency of over 2% for the cesiated Ag-ZnS cathode.

' 111.4. Barrier Studies ;
| The investigation of the characteristics of metal-semiconductor |
diodes under this program had a three-fold purpose. The first of these was
to survey and select a limited number of the most promising semiconductor
and metal combinations; the second purpose was to find and optimize for i

each material combination the ohmic contacting and surface preparation

| procedures suitable for a practical experimental device, and the third, to

determine the resulting barrier properties, for prediction and evaluation of

cathodic emission performance.
According to previous discussion, the requirements for a satis-

‘ factory diode included a sufficiently large QMS to satisfy the inequality

| QMS < QV (see Figure Il1I-1) and a practically feasible technique to form the

barrier, in a manner minimizing interfacial films, non-uniformity, and con-

l tamination. As cesiation of Cu or Ag gives a minimum QV value of about

1.5 eV, a value of ¢ S greater than 1.5 eV is needed.

M
Under a previous, related contract the selection of promising

materials was narrowed to GaP, ZnSe, ZnS, and SiC, and preliminary
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(8)

processing methods and barrier properties of GaP and ZnSe were tested.
The choice of the metal was limited to Au, Ag, and Cu in view of their
long electron scattering lengths, Ag being the best in this respect. e
In the first three quarters of the present program, preliminary
work on ZnS barriers was done and development and detailed characteriza-
tion of GaP-Ag, ZnSe-Ag, and ZnS-Ag barrier diodes, of a practical con-
figuration compatible with the cathodic emission apparatus and its vacuum
bake-out procedure, were performed. (See Refs. 1, 2, and 3.) ZnS-Pt
and -Ni diodes were also studied. SiC was not studied as planned and
efforts were instead concentrated on ZnS. The reason for excluding SiC
was that the recent results of Hagen(g) gave a value of QMS = 1,45 (+0,10) eV
for Au, Ag, and Al barriers on 6H and 15R SiC for both vacuum cleaved
and etched surfaces, and this value offered no advantage over GaP or ZnSe,
which had already been judged to have unsatisfactorily low values of QMS'
In the last quarter, extensive investigation of ohmic contacts and

metal barriers on ZnS was made to solve some of the problems encountered

with this material.

III.4.1. Measurement Techniques and Theory

Electrical and optical measurements were employed to evaluate
the physical and electronic properties of the diodes. All of these techniques
have been amply discussed in literature, with the exception of the use of

ellipsometry in the application described below, which we believe to be ori-

ginal in this laboratory.

P
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Ellipsometry was used to monitor residual surface film thickness
in the 10:\ - 100:\ range of values, as a guide in developing the best chemical
surface preparation process for each semiconductor studied. The absolute
value of film thickness measured by ellipsometry depends on a knowledge of
the index of refraction of the film, and for films thinner than 100;. the index

(10

of refraction cannot be determined very accurately. ) Hence, the abso-
lute thickness values were uncertain by a factor of two, but the relative
values were accurate to within £0. 2;\. The properties of the barriers thus
developed were close to those of idealized, interfacial-film-free Schottky
barriers.

The structure of a thin 3002 Ag film, deposited by evaporation
in ultra-high vacuum on chemically prepared GaP, was examined by elec-
tron microscopy and found to be continuous and smooth at least to a scale
of 1001.\. This was believed to be representative of the morphology of all
of our thin Ag films, including the ones deposited on ZnSe and ZnS.

The diodes were characterized by the three standard measurements
ofIve. V, C vs. V, and Ip vs. hv, where I and V refer to the barrier diode
d.c. current and voltage; C refers to the differential capacitance of the
diode, usually determined using a frequency of 106 Hz, and sometimes
checked also at 103 Hz and 104 Hz; and Ip refers to the electron emission

current from the metal to the semiconductor under excitation by monochro-

matic light of photon energy hv.
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For interpretation of the measurements, the Schottky barrier was
assumed to be described by emission theory, (11,12) which is valid if the
electron mean free path 1s exceeds the distance Ax in which the potential
changes by one kT/q near the top of the potential energy maximum. The
presence of an interfacial film having a thickness on the order of 10.7\ is
allowed in this model. The current density J under a forward applied voltage
V is given by

- aty qV
J=qucexp-k—,I,exp“k,r - 1], (9)

where Vv is the thermal velocity as defined before, Nc is the conduction-

band density of states, ¢ . is the barrier height, and n is a parameter having

I

a value somewhat greater than 1. In the emission theory, the value of n

is dependent upon the interfacial layer thickness d and equals 1 if d approaches
zero, We note that the diffusion theory of the Schottky barrier also gives a
parameter n having a value typically between 1 and 1.2, even without the

(13, 14)

presence of an interfacial layer. The diffusion theory is appropriate

if ls < Ax, which is realized if the semiconductor doping density is small.

Eq. (9) was employed to determine the value of ¢, and qVNc was taken equal

I
7 =
to 10 A/cm2 for GaP, ZnSe and ZnS. We note that a change in qvN_ of a

factor of 10 leads to a change of only 0. 060 eV in the deduced value of ¢

Io

R




The differential capacitance at a d.c. bias V is given by

. 22 (0. -XL _ e, (10)
C €A gN

C

where A is the diode area; (is the semiconductor Fermi level measured

from the conduction band edge positive in the bandgap; and » is a small

correction term due to the interfacial layer and equals zero in its absence. (15, 16)

Here again the diffusion theory with no interfacial layer leads to the same
result if x is taken equal to zero.
The short circuit photoemission current under monochromatic

(6) (17) i

excitation is given according to Fowler' ° and Dubridge by

hv - ¢

£
I = eI KT? \,_'_‘.'I;_J . (11)

vEs - hv

where c is the fraction of incident light absorbed in the metal within about

a scattering length of the interface, Iexc/q is the excitation flux in photons/
sec, K is a constant independent of T and hv, T is the temperature, Es

was defined in Figure III-1, Qp is the barrier height, and the Fowler function

f(z) is given by

f(z) = <




We note that ¢ depends on the excitation and barrier geometry,
and its value could be usually estimated to a 50% accuracy. The small hv
dependence of ¢ was ignored here.

We note that space-charge recombination and tunneling currents
were neglected and a uniform barrier was assumed in deriving these equa-
tions. In actual barriers, the interface is non-uniform in its physical pro-
perties and recombination currents, low-barrier height regions, and1 tun-
neling are known to occur either at the perimeter or at physical or chemical

(13, 18) Thick interfacial layers partially

defects elsewhere in the interface.
or completely covering the barrier area also invalidate the equations.
In the better experimental barriers, these non-idealities appeared as low

level leakage currents having n > 1.10, as a value of ¢ | slightly larger than

C
QI and Qp, and as an excess response ''tail'' at low hv values in the photores-
ponse curve. In determining % from the I-V curves having a large n-value,
an excess leakage current was assumed present, and a fictitious I-V curve
having n= 1,10 and equaling the measured current at a certain voltage was
used to find QI' The value of this voltage was chosen to correspond to a
current density on the order of 0,1 Alem?. In interpreting the C-V data,

we did not estimate » but arbitrarily let kT/q+ { - x = 0.

I11.4.2. GaP-Ag Diode

Single-crystal vapor-grown GaP having a doping density of

1017 cm-3 and melt-grown GaP having 1017 to3 x 1018 cm-3 doping were
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used. An ohmic contact containing Sn as the n+ dopant was deposited by
evaporation, alloyed at a temperature of about 450°C, and attached to a
header with Au-Sn or Au-Ge (see Figure III-2). The chemical surface pre-
paration sequence consisted of immersion for 30 sec. in an etching solution
of composition 31-12804:11-120:11—1202 (designated as Etch A) at 100°C, fol-
lowed by evaporation of a SOOA thick protective Ag layer, and subsequent
removal of this layer and some GaP by a 10 sec. rinse with Etch A at 25°C,
followed by a thorough rinse with doubly distilled H2 O. This procedure

gave an ellipsometrically determined surface film thickness in the range of
14 - 191;. Typical diodes using the vapor grown GaP were characterized by
n-value of 1.10 and Ql. QC' and Qp values of 1.48 eV in close agreement. The
photoresponse had a lower-hv tail which could be fitted by ép = 1,37. Diodes
on the melt grown material exhibited a variation of n values in the range

1.10 to 1.7 and barrier heights in the range 1.21 - 1,45 eV, indicating

defects or material non-uniformity.

I11.4 . 3. ZnSe-Ag Diode

Al-doped melt grown ZnSe was used and converted to low resis-
tivity by firing in liquid Zn at 900°C for 3 to 7 days. Typically the electron
concentration was 3 x 1016 cm-3 and the mobility, 400 cm2/volt-sec for
this material. To form an ohmic contact to a ZnSe die, it was etched in a

solution of composition IK,zCr :101-120:6]{2804 (designated as DCS etch)

207

at 80°C for 45 seconds, rinsed in water, soaked in a warm solution of KCN
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in water for 10 minutes, and rinsed profusely in water. A 50% Ga-In alloy
was applied to one face of the die and heated at 420°C for 5 minutes in an

0 H2 atmosphere, After removal of excess Ga-In from the die, it was then

placed on an indium preform on a Ni plated Kovar header and attached by _5’
heating again at 420°C for 5 minutes in H2. Prior to this, the indium pre-

form had been wetted to the header surface by heating at 420°C for 5 minutes, %
in H,. This technique was satisfactory but contained some deficiencies,

2

notably the low mechanical strength of the die-header bond and the some-

I what large contact resistance value. Contact resistances on the order of

B el TNl gy

0.19 -cm2 were obtained.
The chemical surface preparation procedure consisted of immer-
l 3 sion in DCS etch at 80°C for 45 sec, rinsing in water, soaking ina warm

KCN solution for 10 min, and rinsing again profusely with doubly distilled

water. Typical d-values of ISA as measured by ellipsometry were achieved.
Several ZnSe-Ag diodes formed by evaporation of Ag on the ZnSe
surface prepared in the above manner were characterized by n values of
1.18 and barrier heights of 1.38 - 1.67 eV, with @I, C
within about 0.10 eV, Where a low-hv photoresponse tail was significant,

¢ . and <I>p agreeing

the value of ’I agreed better with the lower \bp value, and ’C' with the
larger. The ZnSe-Ag diodes were observed to degrade when heated for
several hours at a temperature of 250°C or higher, the degradation con-

sisting of a large increase of leakage current and a decrease of the value
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of QI' This degradation phenomenon was found to be similar to tha! encoun-

tered in ZnS as elaborated later.

IlI.4.4. Barrier Heights and Ohmic Contacting Studies on ZnS

Greater surface preparation and ohmic contacting problems were
cncountered with ZnS than with the other semiconductors studied. A varia-
ble barrier height degradation phenomenon associated with heating at a
temperature of 250°C was seen for ZnS-metal barriers, as well as for
ZnSe-metal barriers, which tended to confuse the results of *the initial
experimental work. The ZnS-Ag barrier diode employed as cathodic emis-
sion device #12, described in the cathodic emission section, belonged
among the earlier devices and was not representative of the best latest

results of ZnS-metal barrier studies.

II1. 4.4.1. ZnS-Metal Diodes

ZnS-metal diodes were made using Al-doped melt-grown ZnS,
rendered conducting by firing in liquid Zn at 900°C for 3 to 7 days, after
which the material had a carrier concentration in the range 0.3 - 2 x 1017
cm-3 and a mobility of 60 - 100 cm2/volt-sec. Ohmic contacts were
formed using a Ga-In alloy as described later. The metals were deposited
by evaporation in vacuum on & chemically prepared ZnS surface.

The chemical surface preparation procedure consisted of manual

etch-polishing in a 0. 5% Br-methanol solution on a fiber pad, with the
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sample held by a teflon fixture. This was followed by rinsing first in metha-

nol, then in water, and drying in a N, gas stream. By ellipsometry, a

2
value of d of 18 - 243 was initially obtained. With development of an opera-
tor ""feel" and optimum timing of the rinses, a d-value of IOA or smaller was
later achieved,

The n-values of the 1-V characteristics of ZnS-Ag diodes having
the initial type of chemically prepared interface were generally in the range
1.2 - 1.6 and the barrier height values of diodes having an area of 0.2 -

I x 10-2 cm2 were in the range 1.7 - 1,9 eV. Diodes made at this time
were also subject to a degradation of varied severity upon heating, as des-
cribed in detail later.

Using the improved chemically prepared surface characterized by
d-= 10;., an Al or Au overlay type of ohmic contact described later, and a
small diode area of 10 % cm?, ZnS-Ag, -Au, and -Cu barriers were made
that have almost ideal n-values and are almost unaffected by heating. The
1-V and C-V characteristics of these diodes are presented in Figures I1I-9
through III-14, Relevant parameters extracted from the curves are shown
in Table III-1. In interpreting the data, Eqs. (9) and (10) were employed, an
n-value of 1. 10 was assumed after correction for the leakage current, and
kT/q+ { - » was assumed equal to zero. The alternative agssumption of

x = 0 would give ¢ , values larger by 0. 12 eV than those shown in Table III-1

C
for these ZnS samples. The I-V and C-V curves typify an average diode on

at least two different ZnS samples. Among different diodes on the same
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FIGURE III-9: I-V characteristic of ZnS-Ag diodes. A- diode a, O - diode b,
. - diode b after heating 23.5 hrs. at 251°C. Use upper mar-
gin voltage scale for diode a, lower for diode b.
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TABLE III-1

Properties of ZnS-Metal Schottky Barrier Diodes
(Chemically Prepared ZnS Surface)

Barrier n R(®) bI (eV) e (eV)
Ag-ZnS-a 1.14 58 1.980 2.07
Ag-ZnS-b 1.10 36 1.701 1.85
Ag-ZnS-b %
after heating 7000 1.689 1.75 s
‘ Au-2ZnS 1.16 125
Au-ZnS
after heating 5500
Cu-2ZnS 1.14 82
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sample, the variation of the voltage value for a constant currentin the
small n region was 60 - 70 mV. A larger number of ZnS-Ag than ZnS-Au
and -Cu samples were made and some variation of barrier properties was
found among the ZnS-Ag samples, but not among diodes on one sample. The
two sets of curves shown in Figures III-9 and III-10 typify the extremes
observed. All the C-Z-V curves showed a slight curvature concave down-
wards, the average value of Id(C-z)/dV| being about 25% smaller at -10V
than at +0.5V. Photoresponse was not measured for any diode. The Au
and Ag diodes were heated at about 250°C for 15.5 and 23.5 hours, respec-
tively, and were not markedly affected by the heating.

The barrier height value of ZnS-Ag diodes employing the best
preparation technique is seentobe 1.7 - 2,0 eV. The ultimate capability
of ZnS-Ag barriers in the cold cathode application appears good and superior
to that of the other material combinations studied. On the basis of these
results, we predict an efficiency of over 2% for the cesiated Ag-ZnS cold

cathode.

I11.4.4.2. Degradation Problem

The diodes need to withstand heating at a temperature of about 250°C
to allow vacuum chamber baking in the cathodic emission experiment. A
lowering of the barrier height value and an increase of leakage current was
observed for ZnS-metal diodes upon heating at temperatures as low as 2590°C,

This degradation did not occur for all barriers nor always to the same degree.
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Pt barriers seemed unaffected, Ni barriers responded inconsistently, and
Ag barriers seemed consistently degraded at initial stages of ZnS-metal
barrier studies but very little later.

Several experiments were performed in which the chemically l
prepared ZnS surface was heated in vacuum prior to metal barrier deposi- ]
tion. A sample having an ohmic contact and a Pt control diode was heated

-7
at 250°C for 4 hours under a vacuum of 2 x 10  tosr in an oil diffusion-

pumped system with a good liquid-N_ cold trap. An Ag dot of 10-2 cm

2
area was Jdeposited by evaporation after cooling to room temperature. The
I-V and C-V characteristics were measured in air immediately after removal

from the vacuum chamber. The results, presented in Table III-2, show

a lower-than-normal value of barrier height for the ZnS-Ag diode., Data

on two other samples having Ni control diodes were ambiguous due to large
' initial values of series resistance ( 1 - 2 x 103 ohms) but approximately con-
firmed the first result. Another ZnS device having a Pt diode as a contact
l stripe and serving as cathodic emission device #12 was heated in ultrahigh

L]
vacuum for 6 hours at 250°C and 2 300A thick Ag diode was deposited con-

T

tacting the Pt stripe. This barrier was also lower than normal as seen in
‘ Table III-3 and degraded further during the cathodic emission experiment.
The influences of time alone, of barrier heating due to current conduction,

or possibly of cesium, were not separately distinguishable in this experiment.

The barrier characteristics were anomalous in that the QC values deduced

from measurements at 103 Hz and 106 Hz did not agree.
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TABLE III-2

Heating of Chemically Prepared ZnS Surface in Vacuum
Followed by Formation of ZnS-Ag Barrier Diode

Before Heating After Heating :
Pt Pt Ag |
n L3I s B (1.4) i
R (@) 8 150 140
Nem ™) 1.6 x 10”7 1.4 x 107 1.4 x10
t(eV) 81,3V 1.63 (1.63)
tleV)@ 1.1V 1.53
tcleV) @ 10° Hz 1.76 1.76 1.64
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TABLE II1-3

Heating of Chemically Prepared ZnS Surface
Followed by Formation of ZnS-Ag Barrier Diode
(Device #12)

Before After Heating
Pt Pt Pt & Ag
n (1:82) = ses=ess (1.18)
R (9 120 170 192
N(em ) Lox10'"  1ox10'"  1.6x10!7
8 (eV) 1.64 1.64 1.48
icle)a10° H2  1.80 1.80 2.35
tleV) 3 10° Hy
#p(eV)
106

At Conclusion
of Experiment

Pt & Ag
(1.17)
250
1.6 x 1017
1.27
2.03
1.30

1.20




Whether Ga-In from the ohmic contact was responsible as a con-

taminant was tested by photoemission measurements on a series of samples,

having a varying heating and likelihood of Ga-In contamination. Diodes

Nos. 1 - 4 had standard heat-treated Ga-In ohmic contacts following the
formation of which Ag was evaporated after briefly rinsing the top surface

in 1% Br in methanol; for Nos. 5 and 6 the Ag barriers were deposited

first and a very poor electrical contact was provided by unheated Ga-In on

the back side; and the ohmic contact of No. 7, made in the standard manner,
was covered by a glass disc secured with black wax and the front surface

was cleaned by removing a layer of material by etcii-polishing. The sample
was soaked in trichloroethylene to remove the wax, rinsed in methanol, attached
with indium to a header by heating for a few seconds in air, and then the Ag
pads were evaporated. The area of these barriers was 10-2 cm2. All
photoemission curves were well described as the sum response of two emis-
sion processes, each following Eq. (11), one having a ép value of 1.8 -

2.0 eV and a K value typical of Ag-ZnS diodes, and the other having lower
values of Qp and K and the appearance of a low hv ''tail.''" As an example,

the curve for sample No. 1 is given in Figure 1II-15. These data are presented
in Table 11I-4. Diodes Nos. 1 and 4 were much poorer than the rest as they
exhibited the greatest low-hv response, below 1.7 eV, and diode No. 2 was

almost as good. Diodes Nos. 5 and 6 were the best in having the least low- 4

hv response. Under microscopic observation at 450X magnification, Galn
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FIGURE 111-15: Photoemission data for Ag-ZnS diode No. 1 of Table 111-4,

108




PRI ek

—

TABLE II1-4

Photoemission Data for Various ZnS-Ag Diodes
Differing in Exposure to Ga-In

¢ -
pl p2 K, /K
Sample (eV) (eV) 172 Comment
1 1,97 1.36 50 |
E
2 1,90 1.60 40
3 1,80 1,55 14
4 1,88 1,25 12
5 2.01 1.77 10 No heating.
6 1.92 1.68 28 No heating.
7 1.99 1,40 1000 Covered ohmic
contact,
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globules were noted on the front surface of some diodes, including No. 5
but not Nos. 6 and 7. During the course of this experiment the chemical
surface preparation procedure was improved as previously mentioned, so
that the surface film thickness d of these samples was not a constant. The
value of d was 20 - 35:& for samples Nos. 1 - 3 and 10;& for No. 6.

The heating experiments on the ZnS-Ag and -Au diodes mentioned
in the previous section are also relevant to the degradation phenomenon. As
scen from Figures III-9 - 11I-12 and Table III-1, these barrier heights were
lowered only by 130 meV or less and the leakage currents did not increase
much more than the current at the low n region of the I-V curve.

The results of these experiments concerning the degradation
associated with heating were not straight-forward and several likely causa-
tive factors were not isolated. Nevertheless, some conclusions and conjec-
tures can be made. Since the ZnS-Ag barrier height value in the ZnS sur-
fare heating experiments varied, the varying presence of some type of sur-
face contamination was likely. Heated Ga-In or the film due to chemical
surface preparation may have been responsible, especially as these diodes
were made early in the ZnS studies. The similarity of the photoresponses of
diode No. 4 of Table III-4 and cathodic emission device #12 of Table III-3
suggested that Cs was not necessarily a contaminant in the latter. Since
unheated diode No. 5 was good and had Ga-In globules, contamination by

unheated Ga-In was proved not to lead to a low barrier height, at least within
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24 hours. In view of the minor effect of heating on the latest ZnS-metal j
barrier diodes, it is likely that avoidance of all Ga-In contamination of the
barrier interface ani extreme care in surface preparation would ensure

a ZnS-Ag barrier height of 1.7 eV or higher after vacuum bake-out.

111.4. 4. 3. Ohmic Contact Studies 1

To form an ohmic contact to a ZnS sample, a 50% Ga-In alloy was

applied to one face of the sample and heated at 400°C for 15 to 20 minutes in

an H2 atmosphere; the excess Ga-In was removed, new Ga-In was applied,
and the heating was repeated for 5 minutes. After removal of excess Ga-In
again, the sample was placed on an In preform on a Ni-plated Kovar header
and attached by heating at 400°C for 5 minutes, in H2. This technique yielded
contact resistances on the order of lfl-cm2 but suffered from a low mechani-
cal strength of the die-header bond, from a lack of reproducibility, and
possibly from providing Ga-In contamination in the M-S barriers.

A better ohmic contact than the Ga-In one was sought along two
different lines of approach--n+ doping by Al diffusion, and complete removal
of the usual Ga-In contact followed by covering by a solid metal layer.

Several experiments were performed with the objective of ob-
taining an n+ surface layer in ZnS by Al diffusion at a high temperature.
The diffusions were done at 1000°C for times of 4 to 16 hours, using both

pure Al and Al-Zn alloy sources cortaining 10 - 30 atomic % Al, in physical

contact with the sample. A high resistance layer was observed at the
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surface in all cases, as determined by capacitance and -V measurements
on Ag dots evaporated on the original surface and on several other surfaces
etch-polished incrementally down from the original surface. Intense blue-
green photoluminescence was observed from the edge region of surfaces

cut perpendicularly to the diffused surface, under UV excitation (A < 4000.3).
The thickness of the high resistance layer corresponded closely to that of
the luminescent layer, and represented a diffusion coefficient value of

1.9 (£0.5) x 10”9 cm2/sec. These findings were in approximate agreement

9
with published results(1 ,20,21)

and suggested that Zn vacancy-Al intersti-
tial associates form, at least in equal numbers to frece substitutional Al
atoms, and hence compensate the Al-diffused layer. Hints of a very thin
(< 1um) conductive layer were obtained on some sample surfaces by I-V
probing.

It was comnc luded that Al diffusion in the presence of Zn does not
give a high net donor concentration at the sample surface but produces a
compensated layer despite the high Zn activity, and that this approach was
unsuccessful for ohmic contacts.

Almost complete removal of the excess Ga-In after forming
the standard contact was obtained using a water jet and wiping with a cotton
swab, A few small metallic specks presumed to be In remained on the sur-

face. If In was omitted as a contact constituent, the excess material could

be totally removed, although the contact resistance in that case was slightly
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higher. Under microscopic observation the resulting ZnS surface appeared
polished but slightly darkened and contained a distribution of small rounded
pits on the order of lym in diameter as the only evidence of the contact,
excepting the above-mentioned specks of In. Overlays of Pt, Au, Al, In,
Ga, and Ga-In were applied to that surface, the first four materials by
evaporation in vacuum and the last two by contact with the liquid, in air.
The resistance of these overlay contacts was measured employing both
split contact areas formed by masking and etching, and also metal-
semiconductor diodes evaporated on the opposite surface. A contact resis-
tance value close to the original one was found in all cases as shown in
Table III-5. The stability of the overlay contacts with heating was studied
to ascertain their ability to withstand vacuum-chamber bake-out, and was
found to be poor as shown in Table III-5. Heating was in vacuum except in
one case in H2, as noted. Al overlay seemed best but was not completely
reproducible as formation of a gray insulating layer, associated with In
specks remaining after contact removal, presented a problem in some
cases.

The nature of the Ga-In contact was not understood completely,
but these results suggested a high degree of n+ doping of a very thin sur-
face layer as the likely ohmic contact formation mechanism. The deteriora-
tion upon heating, even with Ga and Ga-In overlays, and at a lower tempera-

ture than that at which the original contact was formed, indicated that the
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TABLE III-5

Properties of Overlay Type Ohmic Contacts to ZnS
Before and After Vacuum Heating

After Removal
Original and Overlay Final f
Overlay R R iV Time R
Material (2 (9 (°C) (hrs.) ()
3
Al 120 264 15.5 | 6x10 {
3
Al 37 - 60 251 23.5 | 7x10
L |
Al 30 35 320 2 1.25 x 10°
: !
Au 28 - 100 330 320 15.5 | >10° ’
Pt 20 32 320 4 3.1 x 10°
In 50 - 100 95 - 170 260 15 5x10° -
3.3 x 10°
, 6
In 340 230 17 >10
Ga 37 250 2 3 x10% .
Kin H
(in 2) 106
Ga-In 20 - 50 110 - 150 230 6 10




deterioration mechanism was not a simple dispersion of the n+ layer by
diffusion. (23) This investigation contributed to the available knowledge con-
cerning the Ga-In ohmic contact for ZnS and resulted in a major practical
improvement in eliminating the exposed excess Ga-In which served as a
possible source of contamination during chemical processing of devices.

The improved cleanliness was offset, however, by a poor bakeability of the

overlay contact.
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Iv. SUMMARY, CONCLUSIONS, FUTURE WORK

IV.1. Photoemission

Our results for the photoemissive yield of either electrons or
holes from Au into Si, for thick Au films, in the absence of an edge effect

approximately obey

%. ' (1)

The thresiold, hvo. is 0.8 eV for n-type Si and 0.3 eV for p-type Si.

The yield can be increased by about an order of magnitude over
narrow wavelength ranges by optical impedance matching with a thin film
multilayer structure. The yield can also be increased by at least a factor
of six by using Au films that are thinner than 1001.\. The maximum possible
increase is of the order of a factor of 20 - 40, depending upon wavelength,
which corresponds to the abﬂsorption of all of the incident radiation in the
Au,

The increase of yield for very thin films (< 1002\) results in an

"edge effect' for diodes with thick Au films when there is shadowing and

a decrease in thickness at the edge of the metal pad such as can result from

a loosely fitting evaporation mask. This effect is manifest as an order of
magnitude greater efficiency at the edge than at the center of the pad and as

a strong increase in yield with the perimeter to area ratio of the pad.
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Contacts with very low barrier heights were discovered for '

" p-type Ge. Au contacts have barrier heights less than 0. 03 eV; for Ag con- !|
. tacts the barrier height is 0.11 eV, and for Ni contacts the value is about f;
0.09 eV to 0.10 eV. Yields have not been measured for these diodes. i

The yield at any photon energy for any barrier height, assuming ;il

the general validity of Eq. (1) is given by the plot of Figure IV-1. For exam-
ple, for detecting 10u radiation a diode with a barrier height of 0. 07 eV would
have a yield of 0.02% for thick Au films of uniform thickness, and impedance
matching or the use of very thin films would give yields of about 0. 2%.

For future work, we recommend that the yields for the very low
Ge barriers be determined and that a detailed theoretical analysis be made
to determine whether or not the yields of Figure 1V-1 (enhanced 10-fold)
offer special promise for optical detection in any wavelength range. If

an affirmative conclusion is reached, such devices should be developed and

evaluated. This development would begin by determining the maximum
yields that can be obtained in the very thin film range or by use of impedance

matching or by a combination of the two methods.

1V, 2. Cathodic Emission

There is good agreemnent between a theoretical model for cathodic

e T I

emission from metal-semiconductor diodes and experimental results for
cesiated Ag contacts on GaP, ZnSe and ZnS. The critical feature of the

model is the assumption of isotropic scattering of electrons on transmission

113




GE

J0 SUOJ}DII[d JIY}Ia Jo uolsstwaojoyd ay) Jo3 (1) ‘bg jo 101d v :1-AI FUNDII

(¢

G

Oayyay

*IS OJUI Ny WOJ} SI[0Y

0°¢

Sl

T

|
o
Ony/(%) 4

|
Q

s b 'd

.
-19

120




through the metal-semiconductor interface, and the agreement with experi-

ment is judged to substantiate that this phenomenon is an inherent feature

of metal contacts on etch-polished semiconductors. Such interfaces are not
flat and smooth on the scale of electron wavelengths and have the further
complication of interfacial films (e.g., oxides) of the order of 101.; . 20;\
thick and of unknown composition and structure. Both factors should contri-
bute to non-specular reflection and transmission of electrons.

Contacts with nearly ideal I-V characteristics for all three of the
semiconductors have been developed. But there are two problems. The
first is that the ideality is difficult, so far impossible, to maintain or
achieve under the cathodic emission conditions. The second is that there is
a serious, unsolved problem in making ohmic contact to ZnSe and ZnS that
withstands the high temperature treatment required in vacuum bake-out,

The highest cathodic emission efficiency measured is about 0. 01%.
This value was obtained for cesiated Ag-ZnSe.

The most promising device for a practical cold cathode is the
Ag-ZnS diode which is expected to have an emission efficiency of about 2%
or more. At the conclusion of the present project, we had not yet determined
the emission from a ZnS diode with the standard 1.7 eV to 1.9 eV Schottky
barrier height. This determination should hqve first priority in future
work.

Two other future undertakings on diode development are also

indicated. First, further work on developing a practical, inert ohmic
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that are flat and smooth should be fabricated in order to determine whether

-
l

| ' contact to ZnS is required. And, second, diodes with film-free interfaces

or not specular electronic transmission occurs in such a structure. If so,

at least an order of magnitude increase in emission efficiency would result.
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The yield in percent for photoemission of either electrons or holes into
Si from Au contacts approximately obeys

2
(hv - hvo)
y 5 hv

for thick Au films and incidence from the Si side of the contact. For p- and n-type
Si hv_ is, respectively, 0.3 eV and 0.8 eV, By optical impedance matching the
yields can be increased by at least 10-fold over narrow wavelength ranges. Au films
thinner than 100A also exhibit nearly an order of magnitude greater yield. This
latter fact leads to enhanced yields at the edges of Au pads evaporated through lnosel
fitting masks. Very low barriers are obtained on p-type Ge, For Au, Ag and Ni,
the values are < 0,03 eV, 0.11 eV and 0.9 eV - 0.1 eV, respectively.

Rectifying Ag contacts to etch-polished GaP, ZnSe and ZnS can be made
with nearly ideal I-V characteristics. The Schottky barrier heights are about 1.5 eV
for the former two contacts and 1,8 eV for the latter. The efficiency of cathodic
emission into vacuum for diodes with barrier heights equal to or less than 1.5 eV
and with cesiated Ag films 3004 thick having work functions of about 1.5 eV obeys a .
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