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9j-1. Work Function Measurements. The work function ¢ of a substance is given
as the difference in energy between the Fermi level (or electrochemical potential) of &
solid and the electrostatic surface potential just outside. This is what is generally -
measured in thermionic (Th) and contact potential (C.P.D.) measurements. The
photoelectric “work function” (P.E.), however, is normally taken as the measure of
the photoelectric threshold and represents the energy difference between the level of
the highest-lying electron at room temperature and the eiectrostatic surface potential.
Although the highest-energy electron of a metal at room temperature is very near the
Fermi level, this is not necessarily true for semiconductors. (This fact must be kept
in mind when one is comparing photoelectric work functions of semiconductors with
those derived from thermionic or contact potential techniques.) Table 9j-1 lists the
work functions of elements as determined by thermionic, photoelectric, and contact
potential difference methods, while Table 9j-2 gives the thermionic work functions of
various compounds used in electron emitter applications.

The thermionic work function ¢ as a rule is obtained by analyzing the emltted
current by means of the Richardson equation:

J = 120T%#/T

where J in the current density in amp/cm? T is the absolute temperature, k is
8.62 - 1075 eV /deg, and ¢ is given in electron volts. & is usually not constant in the
temperature range of measurement but for most substances can be expressed in
terms of a linear temperature dependence ¢ = ¢, + o7, where &, is the tempera-
ture-independent component of the work function, and « is the temperature coefficient.

In many thermionic measurements, unfortunately, the work function quoted and
subsequently recorded in review articles is the value obtained from the slope of a
Richardson plot (log J/T? vs. 1/T), which is just ¢o. If there is an appreciable tem-
perature dependence, this value can be highly erroneous since these measurements
are obtained at fairly high temperatures (i.e., 1000 to 2000 K). Consequently, unless
the temperature dependence can be determined from the published data by some other
method (e.g., from the intercept of the Richardson plot or “Richardson A value”) the
results are not included in this review. Furthermore, since the linear approximation
to the temperature dependence very likely does not hold for all temperatures, the
temperature range in which the measurements were made is also included.

Except where specifically noted, the photoelectric work function measurements are
carried out at room temperature and therefore require no additional information
regarding temperature range. The same is also true of contact potential difference
measurements which are normally obtained at room temperature by measuring the
difference in electrostatic surface potential between a substance having a known work
function value or “standard” (e.g., W, Hg, Ag, etc.), and the substance to be measured.
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Element Work ef{x’nctlon Technique Notes Reference | Year
Ag.......... ] 4.31 + 0.1 X 1074T Th 1 1 1953
1160-1200 K
4.32 Th 2 2 1956
1230 X
4.5 PE | ....... 3 1950
4.3 PE. | ....... 4 1953
4.32 C.P.D. 3,4 5 1951
4.3 C.P.D. 4,5 6 1964
4.44 C.P.D. 4,6 8 1964
4.29 C.P.D. 4,7 6 1964
Al............ 4.36 PE. | ....... 7 1936
4.08 PE. | ....... 8 1936
4.2 PE. | ....... 9 1944
4.24 C.P.D. 3, 4 5 1951
4.19 C.P.D. 4,5 10 1957
4.18 C.P.D. 5, 8 11 1966
Au........... 4.25 + 0.156 X 10~4T Th 9 1 1953
1160-1280 K
5.1 P.E. 9 12 1961
5.4 P.E. 9 13 1966
5.45 C.P.D 9, 10 14 1966
5.22 C.P.D 5,9, 11 15 1966
5.4 C.P.D 5,9, 10 13 1966
As oo, 4.66 PE. | ..., 16 1949
4.72 PE. | ....... 17 1949
Ba........... 2.3+ 6 X 10T Th 2 18 1965
1000-1300 K
2.49 PE. | _...... 19 1939
2.48 PE. | ....... 20 1940
2.42 C.P.D. 3 21 1935
2.35 C.P.D. ] 22 1941
2.66 C.P.D. 6 23 1952
2.6 CPD. | ....... 24 1963
B............ 4.4-4.8 PE. | ....... 25 1948
Be........... ! 3.67 Th | ... 26 1966
920-1180 K
3.3 PE. | ....... 27 1934
3.92 PE. | ....... 28 1937
3.89 C.P.D. 12 29 1963
Bi............ 4.31 PE | ....... 30 1936
4.46 PE. | ....... 31 1941
4.34 PE. | ....... 17 1949
Coirninnn. 4.39 + 1.7 X 10T Th | ... 32 1047
1300~-2200 K
4.6+ 0.6 X 10T Th 1 33 1952
1490-1670 K
4.81 PE. | ....... 34 1926
Ca........... 3.2 PE. | ....... 35 1932
2.7 PE | ....... 36 1936
3.21 PE | ....... 37 1937
Cd........... 4.07 PE | ....... 38 1931
4.099 PE. | ....... 9 1944
4.0 C.P.D. 13 39 1953
4.22 C.P.D. 4, 6 40 1955
Ce........... 2.48 + 1.8 X 10~¢T Th 2,4 41 1926
10601450 K
2.84 PE. | ....... 35 1932
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TaBLE 9j-1. Work FuNeTions oF ae Evements (Continued)
Element Work :g'nctxon Technique Notes Reference Year
Co.ovnil .. 4.4 4+ 0.9 X 10-7 Th | ....... 42 - 1942
~>1200-1450 K
4.41 4+ 0.6 X 10—+7T Th 1 43 1952
1410-1590 K
4.12 P.E. 14 44 1931
4.25 P.E. 15 44 1931
[0 4.58 +0.6 X 10—7 Th 1 43 1952
1450-1600 K
~3.9 Th | ....... 26 1966
1100-1400 K
4.4 PE | ....... 12 1961
Cs.vvvnnnln. ~1.86 Th | ....... 45 1966
~500 K
2.14 PE | ... ... 46 1964
1.84 C.P.D. 3, 4 6 1964
Cu........... 4.5 Th 1 1 1953
1160-1280 K
4.6 Th | ... 2 1956
~1350 K
4.4 Th | ....... 26 1966
1100-1300 K
4.76 PE { ... 47 1934
4.56(111) PE | ..., 48 1935
5.61(110) PE | ... 48 1935
4.60 C.P.D. 3, 4 5 1951
4.51 C.P.D. 4, 5 10 1957
Ero....... ... 2.97 + 0.65 X 104T Th | . 48a 1967
1150-1500 K :
Fe............ ¢8 =448 + 1.3 X 10—T Th | ..., 42 1942
¢y =421 +375 X 10°¢T, Th | ....... 42 1942
~1200-1450 K
4.31 +0.6 X 104 Th 1 43 1952
1410-1610 K
4.5 Th 0 L 26 i966
1200-1500 K
3 = 4.62 PE | ..., 49 1953
¢y = 4.68 PE | ... 49 1953
4.16 C.P.D. 4. 5 10 1957
Ga........... 3.8 C.P.D. 16 50 1938
Ge........... ~3.5 Th | ....... 2 1986
~900 K
4.11(111) PE | ....... 51 1959
EBr.o.......... 3.6 + 1.4 X 10T Th | ..., 52 1957
1250-1820 K
3.85 Th 2 53 1962
~1000-1700 K
Hg........... 4.52 PE | ....... 54 1931
4.5 PE | ....... 55 1934
3 & 5.3+ 0.2 X 10T O 56 1951
1700-2200 K
5.4 - 0.3 X 10~ Th | ....... 57 1956
1590-2320 K
~5.28 Th | ....... 58 1966
1300-2000 K
4.57 C.P.D. 16 80 1938
Koo 2.24 PE | ....... 59 1932
2.26 PE | ....... 60 1937
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TasLE 9j-1. Work FuncTions oF THE ELEMENTS (Continued)
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Work function

Element v Technique Notes Reference Year
La............ ~3.0 Th 2 41 1926
1200-1500 K
Li. ... .. ... .. 2.42 PE | ....... 47 1034
1.4 C.Pp.D 16 50 1938
Mg. 3.66 PE. | ....... 61 1964
3.12 C.P.D 13 62 1951
Mn........... 3.83 + 1.1 X 107+T Th 1 43 1952
1370-1520 K
3.76 PE | ....... 47 1934
Mo. 4.38-0.25 X 10~+T Th | ..., 52 1957
1410-2110 K
4.33 +0.1 X 10T Th | ....... 63 1962
~1300-1900 K
4.25 Th [ ... 64 1966
1600 K
4.33-1.52 X 10~¢T Th | ....... 58 1966
1200-2000 K
4.41 PE. | ... 63 1962
4.20 C.P.D. 4 6 1964
Na........... 2.06 PE. | ... ..., 47 1934
2.29 PE | ....... 28 1937
2.28 PE | ....... 20 1940
Nb........... 4.0 Th | ... ... 65 1964
1400-2100 K
4.3 Th  ....... 66 1964
2200 K
~4 19 Th | ....... 58 1966
1050-2100 K
4.33(110) PE | ... ... 67 1963
4.55(335) PE | ....... 67 1963
4.66(111) PE | ....... 67 1963
4.38 C.P.D. 4 68 1964
Nd........... ~2.95 Th 2 41 1926
1150-1450 K
Ni. 5.24 + 0.75 X 107T Th i ....... 69 1949
~1100 K
4.5 Th 1 43 1952
1410-1610 K
4.41 Th ] ....... 26 1966
1170-1250 K
6.27-1.0 X 1073T Th | ....... 26 1966
1380-1500 K
5.05 T =623 K PE. | ....... 69 1949
5.2 T = 1108 K PE | ....... 69 1949
4.73 C.P.D. 4,5 10 1957
5.22 C.P.D. 10 14 1966
Os.ivvvvennn.. 5.43-3.9 X 107+T Th | ....... 58 1966
1413-1640 K
~5.17 Th ] ... ... 70 1967
~1500 K(?)
5.93 PE | ....... 71 1966
Pb........... 3.97 PE | ....... 72 1928
3.49 C.P.D. 13 62 1951
3.83 C.P.D. 4,5 73 1956
Pd........... 4.64 C.P.D. 13 39 1953
Pro........... 2.57 + 1.5 X 107+T Th 2 41 1926

1120-1410 K
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9j-1. Work Functioxs oF THE ELEMENTS (Continued)

Element

Work function
eV

............

W W O

W e L0 O

[V T A T SN

.3-5.5
~1600-1900 K(?)
03 + 4.2 x 1074T.
1620-1946 K
.82
.09
.85 + 0.6 X 107+T
1470-2150 K
.74+ 0.75 X 10™¢T
1820-2860 K
.8

1600-2200 K

.96

1325-2250 K
.8 + 1.1 X 10™+T
~1500-1900 K(?)
9+ 0.2 X 10747
1550-1950 K

.13 4+ 0.8 X 1077
1150-1500 K

.11

.42

.89 + 2.3 X 10747
1250-1700 X -

02 + 2.6 X 10747
1373-1623 K
L4(111)

.95 (n type)

-2 (p type)

.5 (nor p)

~3.15

Lo S

(SR RN R

L VR &

1150-1600 K
.62

.21 liquid

.38 a phase
.50 8 phase
21

.42
.34+ 0.5 X 10T
850-950 K

300-1860 K

.25

1100-2200 K

.33 + 0.25 X 10T
1700-2230 K

1

.05
.22

Technique Notes Reference | Year
Th | ..., 74 1950
Th | ... 26 1966
C.P.D 13 39 1953
PE | ....... 59 1932

h 75 1963
Th | ....... 76 1963
Th | ..., 65 1964
Th | ....... 58 1966
Th | ..., 77 1938
Th | ... ... 56 1951
PE. | ....... 78 1931
C.P.D. 16 50 1938
PE | ....... 79 1937
PE. b ... 17 1949
C.P.D. 16 50 1938
C.P.D. 3, 4 6 1964
Th | ....... 48a 1967
PE. | ....... 47 1934
C.P.D. - 16 50 1938
Th i ... 32 1047
Th | . ...... 80 - 1953
PE. | ... 81 1962
C.P.D. 17 82 1947
C.P.D. 17 82 1947
C.P.D. 18 83 1949
Th 2 41 1926
PE | ....... 72 1928
PE. | ....... 84 1929
PE. | ....... 84 1929
PE. | ....... 84 1929
C.P.D. 13 85 1952
C.P.D. 19 86 1963
Th 20 87 1955
PE. | ....... 47 1934
PE. | ....... 88 1938
Th 21 89 1957
Th | ....... 58 1966
Th 1 ... 90 1966
PE | ....... 35 1932
PE | ....... 91 1935
C.P.D. 4 6 1964
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TasLE 9j-1. Work FUNCTIONS OF THE ELEMENTS (Continued)
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Work function

Element eV Technique Notes Reference | Year

Te. o veenenn 5.0 PE. | ....... 92 1953

4.7 C.P.D 16 50 1938

Thevieeerene 3.38 + 0.45 X 107*T Th | ....... 93 1926
1250-1800 K

3.4 PE. | ... 35 1932

3.66 PE | ....... 47 1934

3.46 C.P.D 16 50 1938

3.7 C.P.D 7 94 1962

3.44 C.P.D 3 94 1962

Tioieieee oeen 3.95 + 0.85 X 107+T Th 1 43 1952
1370-1520 K

4.0 Th | ... 65 1964
1300-1600 K

4.45 E. | ... 95 1954

4.14 P.D. 16 50 1938

% DN 3.68 E | ....... 96 1935

3.84 C.P.D. 16 50 1938

Uiooiieeees 3.0 4 2.7 X 107¢T 20 96 1959
1250-1400 K

3.47 Th 22 96 1959
1250-1400 K

2.9 + 2.3 X 107¢T Th 20 76 1963
1020-2000 K

~3.55 Th 22 97 1967
1000-1500 K

3.47 (@) PE | ....... 98 1962

3.52 (8) PE. |} ... 98 1962

3.39 (v) PE } ... 98 1962

3.65 () PE. | ....... 99 1967

3.69 (B) PE | ....... 99 1967

3.45 (v) PE | ....... 99 1967

3.19 C.P.D. 3.4 100 1962

3.63 () C.P.D. 4 97 1967

3.58 (8 C.P.D. 4 97 1967

3.53 (v) C.P.D. 4 97 1967

Veeorenannens 4.12 + 0.75 X 107T Th 1 43 1952
1410-1540 K

3.77 PE } ... 47 1934

4.44 C.P.D 16 50 1938

Weeeeeononnns 4.52 + 0.6 X 107T TR | el 101 1950

1350-2200 K )

4.5+ 0.15 X 10T Th | ... 76 1963
1820-2940 K

4.58 + 0.15 X 10™T ™ | ... 90 1966
2100-2600 K

4.52 Th | ... 58 1966
1150-2200 K

4.6 PE | ... 35 1932

4.565 PE | ....... 102 1935

4.49 PE 1 ... ... 103 1948

4.55 C.P.D. 4,5 10 1957

Y.t 2.95 + 0.2 X 10T Th | cee.--- 48a 1967
1150-1400 K

Zh. i 4.26 PE. | ..i.e.. 104 1940

4,307 PE. | ... 9 1944

4.11 C.P.D. 4 105 1940

4.22 C.P.D. 13 85 1952
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TABLE 9j-1. Worxk FuNcTIONS OF THE EremenTs (Continued)

Element Work :{’,ncmon Technique Notes Reference Year

Zr............] 3.78 Th | ... 106 1951
T = ?

3.73 PE | ....... 35 1932

4.33 PE | ..... . 95 1954

3.60 C.P.D. 16 50 1938

However, since the resulting work function values depend on the accuracy with which
the work function of the standard is known, the substance used for the standard and
its assumed work function are also included. _
Some of the earlier work function measurements quoted in other reference works are
omitted here, especially where an appreciable number of results on the same subject
have been recently published employing more refined experimental techniques. That
is not to say, however, that “recentness” is synonomous with “cleanliness”; rather,
the most recent studies involving techniques such as low-energy electron diffraction
and Auger spectrum analysis serve to show how contaminated ‘‘clean’ surfaces really
are. Consequently, the values listed here merely serve to indicate the measured valyes
of the work functions as they are presently limited by experimental refinement of
measuring methods. For some substances which can be easily cleaned they are quite
accurate; for others they will most certainly be considered outdated by the next review.

Notes for Table 9j-1

1. Effusion method.
2. Deduced from published results,

3. Film on W substrate. -

- Assuming ¢ for bulk W is 4.54,

. Film on glass substrate.

- Film on Ta substrate.

7. Bulk,

8. Assuming ¢ of Ay ia 5.22,

9. No Hg contamination.

10. Absolute work function value using ﬂeld-emiasion-retarding potential method.

11. Assuming ¢ of Al ~ 4.2. ’

12. From breakdown voltage of metal insulator-metal junction, assuming ¢ of Al = 4,08,
13. Assuming ¢ of Ag = 4.31.

14. Hexagonal crystal struoture.

15. Face-centered-cubic structure.

16. Assuming ¢ of Hg = 4.52.

17. Usig various oxides, e.g., ¢ of PhO = 4.08.

18. Absolute work function value using photoeminsion-r-tarding poteatial method.

19. From breakdown of metal insulator-metal junction, assuming ¢ of Al = 4.08.

20. Monolayer on W substrate. ‘
21. Also used contact potential shifts of two <211> Ta crystals to get low-temperature values of ¢,
22. 15 layers.

L X- KN
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Emissive material 2:::1 Work function Ti’::;:.a?{“e Reif:: Year
Oxides of:
Ba......cooounn Pt 1.4 4+ 7 X 107T 700--950 1 1965
Sroivii i Pt 1.6 + 7 X 1074T 1000-1180 1 1965
Ca...ovvevennn Pt 1.86 + 7 X 107¢T 1080-1380 1 1965
Thevesoovo W, Ta, Mo| ~2.6 + 2.4 X 10~4T ~1300-2200 2,3 1947-8
Re, Nb 2.37 4+ 4 X 10747 1300-1700 4 1962
Hf ........... W 2.82 4+ 4.72 X 10T 1300-1950 5 1959
/A S O 3.9 2000 6 1953
s O VR RPN 3.7 2000 6 1953
Se.iiieiiiein w 3.66 + 2.2 X 1047 1300-2000 5 1959
Yoot Re, Nb 2.9+ 1.6 X 107+T 1300-1700 4 1962
La....coovvvnnn Ni 3.0 + .075 X 1074T ~1000-1100 7 1959
(o RN PP 2.3 +4.1 X 107T ~1800-2000 6 1953
Pr.. aw 2.8 + 5.4 X 1074T ~1400-1600 8 1958
Nd............ w 2.3+ 4.1 X 107¢T ~1400-1600 8 1958
Sm............ w 2.8 4+ 5.1 X 1077 ~1700-1900 8 1958
Bu............ w 2.6 + 6 X 1077 ~1400-1600 8 1958
Gd............ w 2.1 + 4.5 X 107T 1100-1600 ) 1958
Tbho.... .ot w 2.1 + 5.4 X 10T 1400-1600 8 1958
Dy. w 2.1 4+ 4.16 X 107¢T 1100-1600 8 1958
Ho............ w 2.3 4+ 5.1 X107+T 1350-1950 8 1958
Erooooooooo w 2.4 + 4.35 X 107*T ~~1700-1900 8 1958
Yb.oooooooia il w 2.7 + 2.85 X 107¢T 1500-1900 8 1958
Lu............ w 2.3+ 6 X 107¢T ~1500-1700 8 1958
| 2 w ~3.1 4+ 2.1 X 10™T 1350-2100 9 1963
Hexaborides of
Ca.......o.... None 2.86 + 3.3 X 107¢T 1100-1400 10 1951
Sr. None 2.67 4+ 5.82 X 107+T 1250-1459 10 1951
Ba............ None 3.45 + 1.74 X 10747 1250-1650 10 1951
Th............ None 2.92 + 4.72 X 107*T 1150-1600 10 1951
Y.........o. Ta 224+ 1.8X107¢T | .o 11 1958
La. None 2.66 + 1.22 X 107+T 1080-1300 10 1951
Ce............ None 2.59 4+ 3.0 X 107¢T 1140-1370 10 1951
Pr. .1 Ta 3.46 — 7.9 X 107¢T | ... .. 11 1068
Nd. .| Ta 3.97 —1.08 X 10747 | ...t 11 1958
Gd............ Ta 2.05 +4.28 X 107¢T | «.coviinen 11 1958
Dy. .| Ta 3.53 +1.37 X 10747 | ..cooontt 11 1958
Ho............ Ta 3.42 4+ 1.86 X 10747 | ......cnun 11 1958
Erooooooooo Ta 3.37 +2.15X 10747 | ... 11 1958
Yb.ovoriiinnn Ta 3.13 +3.32X107¢T | «ovvvvvnnns 11 1958
Lu............ Ta 3.04+5.0X107°¢T | «ooovnennn. 11 1958
Tm............ w 2.75 + 3.3 X 1074T 1100-1800 12 1964
Carbides of -
1 o VN w 13.14 + 5.2 X 107+T 1400-2300 13 1951
Ta 3.17 + 5.4 X 1077 1600-2250 14 1962
Th............ Ta 3.2 4+ 0.16 X 107¢T 1500-2000 6 1953
w 3.5 -1.32 X 10™T 1400-2300 13 1951
Tio..oooeet. w 3.35 +1.35 X 10T 1400-2300 13 1951
Zr. W 2.18 + 5.1 X 107¢T 1173-2073 13 1951
w 3.24 + 2.0 X 107+T 1300-2000 15 1962
| O SN w 2.94 + 1.1 X 10™¢T 1200-2100 16 1960
Si.oo o Ta 3.5+ 0.5X107¢T | ........... 6 1953
Hf . ........... w 3.42 4+ 1.75 X 107¢T 1300-2000 15 1962
Vo w 3.85 1300-2000 15 1962
Mo. .{ None 5.36 — 4 X 10T 1400-1650 17 1967
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Emissive material nl?:::l Work function T«i‘r:x:)ge;'atﬁue Re;f:: Year
Borides of::
Ta(mono)...... w 2.89 + 2.14 X 10™T 1400-2100 13 1951
Ta(di)......... W, Ta, C ~2 85 1600-1800 18 1962
Ta(di)......... None 4.26 1100-1550 17 1967
Zr(mono)...... w 4.48 — 4.76 X 10~T 1500-2100 13 1951
Ti(di).......... None 4.6 — 1.17 X 10~T 1350-1850 19 1957
vV@di.......... None 4.2 4 6.1 X 10~T 1450-1800 19 1957
Nb(di)......... None 4.0 + 3.65 X 10~s7 1500-2000 19 1957
Cr(di)......... None 4.1 + 3.55 X 10~+T 1450-1900 19 1957
Mo(di)......... None 3.85 + 4.9 X 10T 1550-2050 19 1957
Hi(dd)......... HfC ~3.7 2240 20 1963
U@di).......... w ~3.3 + .2 X 107T 1300-2100 9 1963
U(tetra)....... W ~3.4 — .8 X 10~+¢T 1300-2100 9 1963
Y(tetra)....... Ta 3.2 4+ 2.5 X 10™¢T 1530-1890 21 1966
- Gd(tetra)...... Ta 2.5 4+ 4.0 X 10™4T 1560-1750 21 1966
Silicides of:
Re(di)......... w 4.02 — 2.67 X 10™+:T 1200-1400 22 1966
Nb(di)......... w 4.34 — 5.25 X 10T 1300-1700 22 1962
Zr(di)......._ .. w 3.95 — 5.0 X 10—T 1200-1900 22 1962
Vdi}.......... w 3.26 - 7.5 X 10~+T 1100-1600 22 1962
Cr(mono)...... w 3.49 — .58 X 10~T 1200-1400 22 1962
Cr(dd)......... w 3.78 — 1.2 X 10~+T 1200-1450 22 1962
Udy.......... w 3.0+ 2.1 X 10—+T 1300~2000 9 1963
Utri).......... w 3.22 + 1.1 X 10™+T 1300-2000 9 1963
Wdi.......... None ~4.62 1350-1610 17 1967
Ta(di)......... None ~4.71 1180-1600 17 1967
Po(i)......... None ~4.73 ~1500 17 1967
Nit.ides of:
Zr............. w 3.96 2000 13 1951
B.o............ w 4.0 2000 13 1051
Ti.ooveveuan... w 3.96 - 2000 13 1951
U.ooooio .. w ~3.1 4 2.14 X 10~T 1350-2100 9 1983

Refererces for Table 9;j-2

June 30, 1959,

O N0 OO RD he

1005 (1958).

9. Haas, G. A, and J. T. Jensen, Jr.:

. Berner, K. 8., and B. P. Nikonov:
. Wright, D. A.: Nature 160,
- Hanley, T. E.: J. Appl. Phyas. 19, 583 (1948),
. Kaganovich, M. V., and R. A. Makarova: R
. Bondarenko, B. V., and B.
Wright, D. A.: Proc. Inat.
. Thermionic Emission Stu

. Kulvarskaysa, B. 8., V. B. Marchenko,

10. Lafferty, J. M.: J. Appl. Phys. 232, 299 (1951).

11. Kudintseva, G. A., and B. M. Tsarev: Radiotekhn. ¢ Elektron. 8,

Radio Eng. Electron. Ph
129 (1947).

adio Eng. Electron. Phys. 9,
M. Tsarev: Radiotekhn. § Elektron. 4, 1060 (1
Elec. Engrs. (London), pt.C, 100, 125 (1953).

dies, RCA Quart. Rept. 3, Contract DA36-039-SC-78155,

J. Appl. Phys. 34, 3451 (1963).

12. Yermakov, 8. V.: Radio Eng. Electron. Phys. 1, 142 (1964).
13. Goldwater, D. L., and R. E. Haddad: J. Appl. Phys. 22, 70 (1951).
14. Eckstein, B. H., and R. Forman: J. Appl. Phys. 35, 82 (1962).

15. Bondarenko, B. V., and 8. V.
16. Haas, G. A., and J. T. Jensen,
17. Wilscn, R. G., and W

.E. McKee: J. 4

ys. 8, 408 (1965).

428 (1958).

1475 (1962).
959).

and G. V. Stepanov; Radiotekhn. i Elektron. 8,

Yermakov: Radio Eng. Electron. Phys. 12, 1953 (1962).
Jr.: J. Appl. Phys. 31, 1231 (1960).
ppl. Phys. 38, 1716 (1967).

. Matskevich, T. L., T. V. Krachino, and A. P. Kazantsev: Radio Eng. Electron. Phys.

11, 1833 (November, 1962).

. Bteinitzs, R.: Final Report: Research on Thermionic Emission of Borides, AF 18(600)-

1504, Div. File 20-20, American Electro Metal Division of Firth Sterling, Yonkers,
N.Y., 1957, o
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20. Matskevich, T. L., A. P. Kazantsev, and T. V. Karchino: Soviet Phys.—Tech. Phys.
7(10), 934 (1963).

21. Manelis, R. M., L. P. Grishina, and A. D. Runov: Radio Eng. Electron. Phys. 11, 1855
(1966).

22. Yermakov, S. V., and B. M. Tsarev: Radio Engr. Electron. Phys. 7(12), 1956 (1962).

9j-2. Secondary Emission Measurements. The secondary emission ratio & of a
material is the number of secondary electrons emitted on the average, per incident
primary electron. Secondary electron emission involves three processes: (1) the
excitation of electrons in the solid by the incident primary electron beam, (2) the
diffusion of the excited electrons to the surface, and (3) the escape of the excited
electrons through the surface barrier. The secondary emission ratio of a given surface
depends on the primary electron energy, the angle of incidence of the primary electrons
with respect to the surface, bulk properties of the material, and most important, the
surface conditions. In so far as practicable, yield measurements given here have been
selected to be representative of clean surfaces at normal incidence. -

The secondary emission ratio increases with primary energy until it reaches a max-
imum denoted by 8. in Table 9j-3. The primary energy at which this maximum
occurs is listed as Ep.max. When the primary energy is raised beyond the maximum,
electrons are excited increasingly deeper within the material so that many of them are
unable to diffuse to the surface. The secondary emission ratio therefore slowly
decreases as the primary energy is increased beyond Ej.msx. The voltages for which
the secondary emission ratio crosses the § = 1line are called the first and second cross-
over, respectively, and are designated as Ey and Ei; in the table.

In general, lower secondary emission ratios are obtained from metals than from
insulators. Roughening the surface of 2 material or increasing its porosity will further
decrease the secondary emission ratio since the secondary electrons intercept other
parts of the roughened and porous surface and are prevented from escaping into the
vacuum. A good example of such a low secondary emission surface is carbon deposited
as soot.

The highest secondary emission yields have been previously obtained from alkali
halides and various oxides, such as NaBr or MgO. However, certain solid-state con-
cepts have been recently employed to substantially increase the secondary emission
ratio. One approach using Cs-treated GaP depends on bending the energy bands
near the surface so that the effective clectron barrier for cscaping secondaries is lowered.
The resulting secondary emission ratio for this surface represents an order of magnitude
increase over that previously achieved from “natural”-appearing compounds.

A number of reviews of secondary emission have recently been published.t Table
9j-3 is taken from the review by Whetten except for a few additions.

1 See, for example:

R. Kollath, “Handbuch der Physik,” vol 21, pp. 232-233, Elektronen-Emission Gasent-
ladungen, Springer-Verlag OHG, Berlin, 1956.

O. Hachenberg and W. Brauer, Secondary Emission from Solids, Advan. Electron.
Electron Phys. 11, 413-499 (1959).

H. Bruining, ‘‘Physics and Applications of Secondary Electyon Emission,” Pergamon
Press, New York, 1954.

A. J. Dekker, Solid State Phys. 6, 251 (1958).

N. R. Whetten, ‘“Methods of Experimental Physics,” vol 4, part A, pp. 69-84, Academic
Press, Inc., New York, 1967,
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TaBLE 9j-3. SECONDARY EmIssIoN PARAMETERS
Elements Omax E; max Ex En References

Ao 1.5 800 200 >2000 1,2, 3
Al 1.0 300 300 300 2
Au. e, 1.4 800 150 >2000 1,2, 3
B 1.2 150 50 600 5
Ba... .. 0.8 400 None None 2
Be. ........ ... 0.5 200 None None 2,6,7, 4
Bi.....ooo 1.2 850 | ... | ...... 8,9
C (diamond)............ 2.8 750 - > 5000 1

(graphite)............ 1.0 300 300 300 11

(soot).....covviin.... 0.45 500 None None 11
Cd...... 1.1 450 300 700 12, 4
07 T 1.2 600 200 | ...... 13, 14
(O T 0.7 400 None None 2,15
Cu...oviiien 1.3 600 200 1500 1,12, 2
Feoooo i, 1.3 400 120 1400 14, 3, 16
Ga......ooiiii 1.55 500 75 | ... 17
Ge..oovviiiie 1.15 500 150 900 5,18, 9
Hg. .ovoiiiiii . 1.3 600 350 >1200 17
Koo, 0.7 200 None None 19, 20
Lio..oooe o . 0.5 85 None None 2
Mg ..o, 0.95 300 None None 15, 2
Moo 1.25 375 150 1200 1, 21, 3, 22, 16
Na.......ooooioun .. 0.82 300 None None 24
Nb.o.o..o..o . 1.2 375 150 1050 1, 3
Niooiii e, 1.3 550 150 >1500 | 1, 14, 13, 21, 16
Pboo o 1.1 500 250 1000 8, 17
Pd.................... >1.3 >250 120 |} ...... 24
Pt 1.8 700 350 3000 3
Rb.....ooiivi .. 0.9 350 None None 19

COSbe 1.3 600 250 2000 25

Sio e 1.1 250 125 500 5
Sn. e 1.35 500 I 8, 23
S 1.3 600 250 >2000 1
Theoo oo, 1.1 800 R 2
Tiooo i 0.9 280 None None 11
2 1.7 650 70 > 1500 9
W 1.4 650 250 >1500 | 26,1, 27,3
Y/ 1.1 350 R 11
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TaBLE 9j-3. SECONDARY EMIssIoN PARAMETERS (Continued)

Compounds Smax E, max Reference
Alkali halides:
CsCl. i i 6.5 | ..., 28
KBr(erystal).................... 14 1800 29, 30
KCl(erystal) ....oovviiiia ... 12 1600 31, 32
(Jayer).......ccooviuninno... 7.5 1200 31, 33
Kl(erystal). ... .. 10 1600 29, 32, 30
(layer)........c... i, .. 5.6 | ......... 28
LiF(erystal)..................... 85 [ ......... 34
(ayer)........coviviinnn, 5.6 700 28
NaBr(erystal) ................... 24 1800 35, 32
(layer)........covivninn.. 6.3 ] ......... 28
NaCl(erystal).................... 14 1200 36, 30, 29, 32, 34
(layer)..................... 6.8 600 28, 37
NaF(erystal).................... 14 1200 34
(ayer)........... ... ... .... 5.7} ... 28
Nal(erystal) ......... ... ....... 19 1300 34
(layer). ... ... 55 | ......... 28
RbCl(ayer)........... ... .. 7% S 28
Oxides:
Ag:O. 1.0 | ..., 38
Al:Os(layer)..................... 2-9 1 L. 39, 40, 36, 2
BaO(layer)...................... 2.3-4.8 400 40, 2
BeO.......o.oi i 3.4 2000 40
Cal.. ..o 2.2 500 40
CutO............ i 1.2 400 28, 41
MgOferystal) . ................... 20-25 1500 42, 43, 44, 45
(layer).................... . 3-15 400-1500 40, 46, 47, 42
MoOae e 1.2 1 oo 38
Si0z(quartz)....ovvviei ... 2.1-4 400 39, 40
SnOz. .o 3.2 640 48
Sulfides
MoSa. it 1.1 L 28
PbS... . 1.2 500 31
WS 1.0 ... 28
ZnS . 1.8 350 49
Others:
BaF:(layer)..................... 4.5 | ..., 28
CaF:(layer)..................... 3.2 | ... 28
BiCss. ... ... ... . ... 3] 1000 31
BiCs. . cvii i 1.9 1000 31
GeCs.....cvo e 7 700 31
RbaSb............o i 7.1 450 31
1] Y O 8 700 31, 80
Mica(natural)................... 2.4 350 39
(synthetic).................. 2.9 300 51
Glasses................... e 2-3 300450 39, 52
MgFe oo 4.0 400 51
Tale. ..o 2.3 300 51
Teflon..........ooviiin ... 1.7 600 53
ZnSiOu.. i 2.6 300 53
GaP + Ca.vvvnvniiiea .. 120%* 2500* 54
Phosphors:
P 2.7 750 55
Pa 3.4 750 55
Pa 3.9 1000 55
P 3.7 700 55

* Maximum voltage measured was 2500 volts, § was still rising.
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