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Aninvestigation of the external x-ray photoelectric effect in emitters with negative electron
affinity (NEA) was made in the spectral range 0.05-0.25 nm. The experimental techniques and
the method are described. The experimental absolute values of the quantum yield of NEA
emitters are reported for normal incidence of x rays on the photocathode in the energy range 17-5
keV. These values of the quantum yield are one or two orders of magnitude higher than for the
conventional x-ray photocathodes. The results of studies of the spectral and angular dependences
of the photoelectric effect are reported for GaP, , As, ¢, which is one of the most efficient NEA
photocathodes. A simple theoretical model of the x-ray effect in NEA emitters is put forward and
an analysis is made of the experimental results. Good agreement between the experiment and
theory is achieved. It is shown that such important parameters of the photoelectric effect as the
diffusion length of electrons and the probability of electron emission from the emitter surface in

vacuum can be determined.

Emitters with a negative electron affinity (NEA) are
used increasingly in various branches of science and technol-
ogy as efficient electron sources. The progress has been par-
ticularly marked in studies and practical applications of
NEA emitters as secondary-emission materials and photo-
cathodes for the visible part of the spectrum.’ Studies of the
x-ray range are lagging far behind. There are few papers on
this topic.>? However, the need for x-ray NEA photocath-
odes is very urgent because of applications in x-ray spectros-
copy, microscopy, and astronomy, in diagnostics of pulsed
sources of x rays, of laser plasma, etc.””'* In view of the spe-
cific nature of the x-ray photoeffect we can obtain new data
on the physical properties of the surface layers of semicon-
ductors, including the processes of interaction between ther-
malized electrons with the crystal lattice and on the energy
structure of the conduction band.

We shall try to fill the gap in this subject. The study
reported below was in a sense pioneering. The aim was to
determine the absolute values of the quantum yield of the
x-ray photoeffect in NEA emitters made of III-V com-
pounds and their solid solutions, in a wide spectral range and
for different angles of incidence on the photocathode, and to
determine (from a comparison of the experimental data with
the theoretical representations given below) such important
characteristics of emitters as the diffusion length of electrons
and the probability of the emission of an electron from a
surface in vacuum. We also investigated the stability of the
quantum yield with time and the homogeneity of the photoe-
mission of surfaces of emitters in order to determine poten-
tial applications of NEA emitters in x-ray instruments.

TECHNIQUES AND EXPERIMENTAL METHOD

Our measurements were carried out using apparatus
based on an x-ray diffractometer described in Ref. 15. Figure
1 shows a simplified schematic diagram of the apparatus. A
sealed glass device 1 with a thin beryllium window 2 for the
entry of an x-ray beam was used as a receiver chamber. In-
side the sealed device a moving cassette 3 carried eight inves-
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tigated samples 4. Displacement and rotation of the cassette
with the samples about the central axis 5 of the device were
due to the application of a field by a magnet 15. An angular
scale was attached to the outer surface of the device. The
device 1 was bonded to a special platform 6 which made it
possible to rotate the device about the vertical axis in order
to set the axis of rotation of photocathodes at right angles to
the x-ray beam and also to be able to move the device along
two mutually perpendicular directions in the course of scan-
ning of the photocathode surface with an x-ray beam.

A beam of x rays from a demountable x-ray tube 7
passed through a stop 8 and reached an LiF monochromator
crystal 9 with the (200) orientation, placed on the axis of a
goniometer 10. A monochromatic beam reflected by lithium
fluoride reached at an angle ¢ the photocathode 4 after pass-
ing through an entry slit 11 and a window 2, and then
through the glass device 1. The emitted electrons were col-
lected by a collector 12, which was subjected to an accelerat-
ing voltage of + 300 V. The intensity of the radiation inci-
dent on the photocathode was measured using a
proportional counter 13 located on a moving stage in front of
the exit window 2, which made it possible to remove the

to PR-74

FIG. 1. Schematic diagram showing the apparatus (explanations in text).
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counter from the x-ray beam during measurement of the
photocurrent pulse. The photocurrent was determined with
a V7-30 electrometer characterized by a low-resistance in-
put. This input was connected to the central axis 5 along
which a cassette with the samples 3 could be slid. The ab-
sence of an observable charging of the photocathodes during
the photocurrent measurements justified the use of a sliding
contact. Measurements of the leakage resistance along the
glass envelope of the device and the connecting cable exceed-
ed the input resistance of the electrometer in its most sensi-
tive range by more than 1000. Inside the glass device there
was a source of cesium used to activate the photocathode and
an electron gun 14, which made it possible to determine the
secondary electron emission coefficient for various energies
of the primary beam. The surfaces of the samples were
cleaned by general heating in ultrahigh vacuum before acti-
vation. The glass device was screened from light and electro-
static fields by a nickel foil.

The sources of x rays were serially manufactured BSV-
27 x-ray tubes with different anodes. Measurements were
made using the K, and K; lines of V, Cr, Fe, Co, Cu, Mo,
and Ag, as well as in the region of the K absorption edges of
Ga and As against the continuous background of x rays
emitted from a tube with a molybdenum anode. The power
supplied to the tubes was selected so as to avoid higher re-
flection orders from the LiF monochromator. The line con-
trast was at least 100.

We investigated dynodes taken from various photomul-
tipliers with NEA emitters based on polycrystalline
GaP,As, _, and GaP-Mo structures, as well as plane sin-
gle-crystal GaPo, , As,, photocathodes grown by the meth-
od of vapor epitaxy on GaAs single crystals. All the samples
had p-type conduction and were doped with Zn to give an
acceptor concentration of 10'° cm ~'. The samples were acti-

vated to the state of a negative electron affinity by cesium
and oxygen.

The quantum yield x, of the x-ray photoelectric effect
was measured on the basis of the electric current. Its value
was deduced from the relationship », = ik /eN, whereiisthe
photocurrent measured with the electrometer, e is the elec-
tron charge, /N is the number of photons incident per second
(measured with a counter), and & is an experimentally de-
termined coefficient allowing for the absorption of x rays of a
given wavelength in the air gap between the counter window
and the entry window of the sealed glass device, and also for
the absorption in the beryllium entry window and for the
absolute efficiency of the counter. The quantum yield values
quoted below will always be in absolute units of electrons/
photon.

EXPERIMENTAL RESULTS

We investigated two batches of eight samples each.
These batches differed from one another in the degree of
activation. In the first batch the measured quantum yield
was maintained for a year and then began to fall. In the sec-
ond batch we found that seven samples retained their prop-
erties after five months and in the case of one sample the
quantum yield fell by 20% in this period.

The uniformity of photoemission across the surface was
monitored by measuring the quantum yield of the individual
parts of the photocathode scanned with a narrow (0.5X0.5
mm) x-ray beam which was guided along the surface of a
sample along two mutually perpendicular directions. Figure
2 shows, by way of example, typical dependence of the quan-
tum yield x, on the position x of the x-ray beam on the sur-
faces of single-crystal (a) and polycrystalline (b) photo-
cathodes in the case of normal incidence of the x-ray beam.
The nonuniformity along the single-crystal surface was less

TABLE I. Experimental values of quantum yield x, (electrons/photon) of the investigated

photocathodes (¢ = 90°).

Sample No.
Radiation wavelength,
- T IR P PR RPN PR IR
Mo Kq, A=0,07 49 48 45 43 ‘3.3 47 1.4 24
V Ko, A=0,25 60 58 - - 5.7 6.6 2.3 3.4

Note. Columns 1 and 2 give the values for single-crystal GaP, , As, , photocathodes; columns 3—-
6 represent polycrystalline GaP,, As, , photocathodes; columns 7 and 8 represent polycrystal-

line GaP photocathodes.
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TABLE II.Experimental values of quantum yield x, . for a single-crystal photocathode, mea-

sured at different wavelengths A, compared with calculated values »x, ..

Radiation wavelength 4, nm
MoKy, CuKg, CuKg, FeKpg, FeKy, | VKg, [VEKq,
0.07 0.144 0.154 0.175 0.193 0.228 0.25
%, ., electrons/photon ég %g gg gé 23 gg sﬁg
X%, elect h
e rons/photon 268 239 317 454 597 | 94 | 1220

than 5%. The variation of the quantum yield of the polycrys-
talline sample in the course of scanning with the x-ray beam
was due to the angular dependence », (@) resulting from the
curvature of the dynode surfaces.

The values of the quantum field obtained for the second
batch of samples, measured at the wavelengths of A = 0.25
and 0.07 nm in the case of normal incidence of the x-ray
beam on the photocathode surface, are listed in Table I. The
quantum yield for the first batch of samples was somewhat
lower. It is clear from Table I that the quantum yield of
polycrystalline samples was considerably less than the quan-
tum yield of single crystals. In the case of GaP, , As,  single
crystals the quantum yield reached 60 electrons/photon,
which was one or two orders of magnitude higher than the
values of the quantum yield for conventional x-ray photo-
cathodes.'*'*"” Single-crystal GaP,,As,, photocathodes
were selected, as the most efficient among the investigated
samples, for a detailed study of the angular and spectral de-
pendences of the quantum yield.

Table II gives the values of the quantum yield obtained
for normal incidence of the x-ray beam on a GaP,,As,
single crystal, determined in the wavelength range 0.07-0.25
nm which included the K absorption edge of As (1 = 0.104
nm) and Ga (4 = 0.119 nm). A monotonic rise of the quan-
tum yield on increase in the wavelength was observed be-
yond the absorption edges of Ga and As.

Table III gives the results of a determination of the an-
gular dependence on the quantum yield x, (¢) in the range
of glancing angles from 7 to 90°, obtained for one of the
GaP, , As, s photocathodes at wavelengths of A = 0.25 and
0.14 nm. It is clear from Table III that at 1 = 0.25 nm the
quantum yield increased twofold when the glancing angle
was reduced from 90 to 7°, whereas at 4 = 0.14 nm the quan-
tum yield increased sixfold in the same range of angles.

DISCUSSION OF RESULTS

The results were analyzed using the theory of the x-ray
photoelectric effect developed in Refs. 2 and 18 and a diffu-
sion model of the transport of electrons toward the sur-
face."'” Before applying the diffusion model in the calcula-

tion of the characteristics of an NEA emititer, it was
necessary to select a suitable excitation function G(x) de-
scribing the distribution of the thermalized electrons and
holes, generated as a result of absorption of x rays.

If a monochromatic x-ray beam with photons of energy
hv is incident on a semiinfinite photocathode at an angle @
relative to the plane surface, then for glancing angles ¢ high-
er than the critical angle of total external reflection, the
probability of absorption of a photon in a layer dx at a depth
of x from the surface is

K2 ) g,
sin @

F(z)dz = .M exp(— (D)

sin @
where u is the linear absorption coefficient of the photocath-
ode material. The absorption of photons by atoms in this
material results in creation of electrons with the following
different energies.

1. The K, L, M, etc. photoelectrons knocked out from
the various atomic shells with energies /v — E;;, where E ; is
the binding energy of an electron of the ith atom in the jth
shell.

2. The Auger electrons of various kinds, corresponding
to nonradiative transitions of an atom from an excited to the
ground state with energies E; — AE,;, where AE, is the en-
ergy of the corresponding nonradiative transitions in the ith
atom when the th shell is excited, creating an Auger electron
of a given kind.

3. The photoelectrons formed as a result of absorption
of fluorescence photons 4v; created by radiative transitions
in the course of deionization of the jth shell of atoms of the
ith kind that have absorbed a photon 4v in the jth shell. The
energy of these photoelectrons is #v; — E,, where E, is the
binding energy of electrons in the absorbing atom.

We shall call all these electrons primary, by analogy
with the terminology used in secondary electron emission.
The sum of the energies of the primary electrons is equal to
the energy of the absorbed photon. The range of primary
electrons expressed in centimeters is given by the rela-
ti0n2°‘21

L=kAE!oZ, n=1-2,

TABLE III. Experimental values of quantum yield %, (electrons/photon) measured for differ-

ent glancing angles @.

o
4, nm 7 11 14 16 18 21 25 29 36 43 54 90
0144 1168 [121 96.3 | 91.3 - 69.4 | 622 | 56 49.3 | 434 | 347 28
025 (1212 |1236 [1188 | — 106.8 | 100.8 | 96 912 | 828 | 744 | 69.6 60
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where p is the density of the photocathode material, Z is the
atomic number, 4 is the atomic weight, k = 5X 10~ ', and
E, is the energy of an electron in kiloelectron-volts. In the
investigated part of the spectrum for semiconductor materi-
als used as the base for NEA emitters the maximum range /
of a fast electron amounts to a few tenths or hundredths of a
micron. In the course of motion in the medium the primary
electrons with relatively high energies excite in a path / a
cascade of secondary “hot” electrons and the bulk of these
secondary electrons is excited in a distance much shorter
than /. If we assume that the creation of one secondary elec-
tron requires on the average an energy ¢, it follows that the
absorption of one photon creates n, = Av/¢ secondary elec-
trons. The energy ¢ allows for the energy losses in radiative
transitions in an atom, for the energy used to heat the solid,
and for the energy carried away by fast and slow electrons
outside the solid. As a result of repeated energy dissipation
these excited electrons may reach an equilibrium state (they
may be thermalized) at metastable levels at minima of the
conduction band where their lifetime is limited only by the
process of their recombination with holes.

If the diffusion length of thermalized electrons L is con-
siderably greater than the range of primary electrons / and
the thermalization length of “hot” secondary electrons L,
then in the first approximation we may assume that the ther-
malized electrons are generated at the point where a photon
is absorbed. Then, the generation function G(x) is governed
by the probability of absorption of an x-ray photon F(x)dx:

exp(— Ko )dz. (2)

G (@) =n, sin ¢

sin @

Then, strictly speaking, we can apply the diffusion model
only if the depth of absorption of x rays exceeds the values of
/ and L,. We can determine the range of validity of these
assumptions by considering the mechanism of relaxation of
the energy of “hot” electrons.

One of these mechanisms in semiconductor materials is
the scattering by polar optical phonons. Using the results of
Ref. 22, we can show that the thermalization length of “hot”
electrons of energy 0.3 eV is less than 0.2 um. However, the
bulk of the energy of “hot” electrons is lost over distances
less than 0.1 um, as indicated by the results of determination
of the depth of emission of electrons by secondary electron
emission from efficient emitters with a low positive electron
affinity.?"** An analysis of other energy relaxation mecha-
nisms in heavily doped p-type semiconductors (scattering by
heavy holes** and by coupled plasmon—phonon oscilla-
tions*>*°) gives even smaller values of L,.

The depth of absorption of x rays incident normally on a
photocathode amounts, in the investigated spectral range
and for the investigated objects, to a few microns or tens of
microns, which is considerably greater than / or L,. Deter-
mination of the quantum yield of NEA emitters based on II1-
V compounds in the optical part of the spectrum’ gives diffu-
sion lengths of thermalized electrons L amounting to several
microns, which is again much greater than / or L,. There-
fore, to lowest order, we can describe the x-ray photoeffect
using the assumptions made above. It should be pointed out
that at small glancing angles the above assumptions about
the relationships between /, L,, L, and 1/u are no longer
justified and the characteristics of x-ray NEA emitters
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should be determined using, for example, the approach de-
veloped in Ref. 16.

It follows from the diffusion theory of motion of elec-
trons in a solid that a thermalized electron reaches the sur-
face from a depth x where it is generated with a probability
exp( —x/L) and escapes into vacuum with a probability
A exp( —x/L), where A is a constant with values in the
range 0<A<1. Therefore, the number of electrons escaping
into vacuum from a layer dx at a depth x is (per incident
photon)

p ( px
——exp| ——
sin ¢ sin @

)Aexp(—Li)dx. (3)

dn=n,

The quantum yield in the case of absorption of x rays
throughout the thickness of the photocathode can be found
by integrating Eq. (3) with respect to x from zero to infinity:

X==00 . 1
Hy = j dn=Ano(1+ sznucp) . (4)

x=0
Using Eq. (4), we can determine the parameters L and 4 by
altering the values of the quantum yield x,; and x,, for any
pair of radiations with photon energies #v, and 4v, and a
given glancing angle @: :

L=jm_¢(£1_ﬁ), ko=le gt s
k:—kz Ky W %(l hVi
A=’f—‘f(1+smq’). (6)
hv Ly

In Table IT we list the values of the quantum yield calcu-
lated from Eq. (4) using the parameters L = 4.5 ym and
A = 0.16 deduced from Egs. (5) and (6) using the experi-
mental values of x,. The parameter £ =5 eV is given by
£ =2.8E, +0.75, where E, is the width of the band gap.'
The values of the absorption coefficient p are taken from
Ref. 27. Good agreement is observed between the experi-
mental and calculated values of the quantum yield of a
GaP, , As, ¢ single crystal in the spectral range beyond the K
absorption edges of Ga and As. The high value of the calcu-
lated quantum yield at A = 0.07 nm, compared with the ex-
perimental results, demonstrates the need to allow for the
energy carried away by the escaping fluorescence in the spec-
tral range up to the absorption edges.

A comparison of the experimentally determined diffu-
sion length L of thermalized electrons, the depth of penetra-
tion of x rays 1/u, and the thermalization length L, shows
that in the case of the x-ray photoelectric effect in NEA emit-
ters the thermalization of electrons should be more ad-
vanced than in the case of secondary electron emission in the
strong absorption region. On the other hand, the thermaliza-
tion of electrons excited by primary photoelectrons created
directly by x rays should occur at all the minima of the con-
duction band. This demonstrates that additional informa-
tion on-the energy structure of the conduction band and on
the electron scattering processes in the band bending region
can be obtained by investigating the characteristics of the
x-ray photoeffect and particularly the energy spectra of the
emitted electrons.

The angular dependence of the quantum yield »x, (@)
illustrated by the data in Table III is described well by Eq.
4).
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The reduction in the quantum yield for a glancing angle
of @ = 7° when the wavelength is 4 = 0.25 nm can be ex-
plained allowing for the fraction of the energy carried away
by the primary and “hot” electrons, because the assumption
made above of complete thermalization of electrons at low
angles is not satisfied. Moreover, at angles ¢ < 7° we have to
allow for the reflection and refraction of x rays.

In the range of low angles, where the reflection and re-
fraction effects are manifested, the probability of absorption
of x rays is described by the function

F(2)dz=[1—R(¢)Jo(p)exp(—o(¢)z)dz, (7

where the factor [1 — R(¢)] allows for the fraction of the
energy absorbed in the medium and the coefficient o (@) de-
termines the extinction length. Then, Eq. (4) for the quan-
tum yield can be written in the form

2 =An,(1—R(@)) (1+o(e)/L)™". (8)

The expressions for R(¢) and o(¢) are known from the
theory of dispersion of x rays.?® A detailed discussion of this
topic can be found in Ref. 29 and 30.
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