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Abstract

The development of a laser photoelectron projection microscope with a magnification up to 10° and spatial resolution up
to 30 nm as well as the first results of studies of needle tips made of LiF crystals with F,-aggregated centers with the use of
this microscope are reported. The resolution achieved was sufficient to visualize individual defects on the crystals surface.
The effects of thermal faceting of LiF:F; needle tips due to their heating by intense laser radiation were observed for the

first time.

1. Introduction

The photoelectron microscopy method, whereby
the image of a cathode produced by the electrons
emitted from its surface under the effect of light in
the visible, UV or X-ray regions of the spectrum is
recorded at a high magnification, is a valuable re-
search tool in metallurgy, surface physics, microelec-
tronics, biology, etc. [1]. The potentialities of this
method and the domain of its application can be
widened considerably if it will be possible to observe
and interpret the photoelectron images formed by the
action of laser on the samples [2,3]. Choosing differ-
ent objects of investigation and appropriate methods
of their laser irradiation one can hope to solve such
fundamental problems as visualization of chro-
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mophores in complex organic molecules [2], determi-
nation of the arrangement of single impurity ions or
color centers in dielectric crystals [3], visualization
of small light absorbing inhomogeneities in transpar-
ent samples [3], etc. For the registration of the
coordinates of the photoelectron emitted both ver-
sions of photoelectron microscopy technique can be
applied — its classical version based on the resolution
of the coordinates of the emitting center by electron
optics and the projection lensless version based on
the possibility of studying tips with a very small
radius of curvature r with a high spatial resolution.
The first successful realization of a laser photo-
electron projection microscope is reported in this
paper. LiF crystals with F,-aggregated centers were
used as an object of investigation in the experiments.
This choice was initiated by the following factors.
First, for wide-gap ionic crystals the external pho-
toelectric effect has been studied in a number of
works that has permitted to establish its main charac-
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teristics and among them its ‘‘selective’’ character:
when wide-gap crystals are irradiated by visible or
UV light, the observed photoemission is caused by
the photoionization of different defects or impurities
in these crystals and not by the photoionization of
the crystal matrix (see Ref. [4] and the references
cited therein, as well as Refs. [5,6]). Thus, choosing
proper samples of ionic crystals and the conditions
of their laser irradiation one may hope for successful
visualization of single defects in these crystals that
would clearly demonstrate the chemical selectivity of
the method. Besides, since the defects concentration
may be much less than the density of atoms in the
crystal lattice, an ultrahigh atomic spatial resolution
is not necessary for successful solution of the prob-
lem. It should be also noted that recently we have
established concrete mechanisms and the conditions
for realizing the selective two-step external photo-
electric effect for color centers in LiF crystals [5,6].

On the other hand, the visualization and investiga-
tion of defects in LiF crystals are of great indepen-
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dent importance since LiF crystals with color centers
are widely used as a material for quantum electronics
and in ionizing radiation control [8,9].

2. Laser photoelectron projection microscope

The scheme of laser photoelectron projection mi-
croscope is given in Fig. 1. The microscope needles
were made of LiF:F, crystals synthesized at the
Institute of General Physics, Russian Academy of
Sciences, Moscow, by etching crystal fragments in
concentrated hydrochloric acid solution. The elabo-
rated etching technique made it possible to fabricate
needles several millimeters long, their tips being
nearly conical with the radius of curvature r of up to
=600 nm and the vertex angle of several degrees.
Wood’s alloy was used to fasten the needles to an
electrode supplied with a constant voltage V, within
0 up to —2.5 kV when photoelectron images of
needle tips were observed or up to +20 kV when we
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Fig. 1. Scheme of the laser photoelectron projection microscope.
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observed the images of the needle tip, produced by
the positive ions desorbed from the needle surface, A
lens with its focal length of 17 cm focused the Ar*
laser (Model 2020, Spectra Physics) radiation onto
the needle tip. In our experiments we applied differ-
ent types of laser radiation focusing; some experi-
ments were performed without a focusing lens with
the unfocused laser beam. The needle tips were
irradiated by all Ar™ ion laser spectral lines (in most
cases), as well as separately at the lines 488 and 514
nm, and also using light filters cutting off the violet
and UV regions of Ar™ laser radiation. The photo-
electrons emitted from the needle tip were directed
by electric field to the grounded input of the mi-
crochannel plate and luminescent screen assembly 10
cm distant from the tip. The optical image formed at
the assembly output was taken by a TV camera
connected to a specialized image processing com-
puter system (Argus-50, Hamamatsu Photonics, K.K.,
Japan). The angle of photoelectron collection was
depended on the dimensions of the working region
of the microchannel plate (diameter 32 mm) and was
~20° so that only a small part of the tip could be
observed in the experiment.

The investigations were carried out in a vacuum
chamber equipped by a system for cooling the sam-
ples to the temperature of liquid nitrogen and a gas
inlet system for observing the FIM images of needle
tips. An oilless vacuum was kept in the chamber at
3 X 1077 Torr level.

The methods of field electron microscopy (FEM)
and field ion microscopy (FIM) at present are valu-
able research methods of obtaining information on
the structure and properties of various surfaces of
metal and semiconductor needle tips and atoms and
molecules adsorbed on them (see Refs. [9-12]). As
for the possibilities of this method to study insulating
samples, this problem is not fully investigated de-
spite some successful attempts in this direction, see
for example Ref. [13]. The following considerations
can be applied to the matter.

The resistance R of a dielectric needle between
its contact point with a metal electrode (Wood’s
alloy) and its tip, from which electrons are emitted,
can be estimated from the formula

o1
— (1)

mtand r,’

R=p

where 29 is the vertex angle of the conical part of
the needle; p is the specific resistance; r, is a some
effective dimension of the region emitting photoelec-
trons. Eq. (1) shows that the main contribution to the
resistance is made by the conical part of the needle
and even only the part immediately adjacent to the
tip. When r, is equal to the typical radius of curva-
ture of the tip, i.e. 1 um, and tan %= 0.1, it is easy
to calculate R, which equals 3 X 10%. To provide
reliable recording of photoelectrons by MCP, it is
necessary that they should be emitted with the poten-
tial being no higher than ~ —100 V, i.e. the maxi-
mum permissible voltage drop across the needle
from the point of its contact with the Wood's alloy
(at the potential of —2.5 KV) to the tip can be
estimated to 2 kV. For the typical photoemission
curtent of 1073 A this is possible if the needle
resistance does not exceed ~ 2% 10'S O and hence
the specific resistance of the needle material p must
not exceed ~ 10'2 Q cm. This estimate is still one
or several orders of magnitude lower than the spe-
cific resistance of good insulators at room tempera-
ture. It should be noted, however, that the surface
conduction is not taken into account here even
thought it is known to be important for real dielectric
samples. The conduction value may also depend on
various effects conditioned by the strong electric
field of the projection microscope in the vicinity of
the needle tip as well as effects caused by the
possible photoconduction of the material of the tips
under laser irradiation. It must be also noted that for
many insulators comparatively small heating is often
sufficient to increase their conduction by many or-
ders of magnitude. For example, the specific resis-
tance of nominally pure LiF crystals at the tempera-
ture T = 250°C lies in the range 10% to 10° Q cm
[14]. Simple estimations (in the frame of a one-di-
mensional heat conductivity model) show that, espe-
cially in the case of LiF:F; crystals, the samples in
the experiments could be heated, in principle, by tens
and hundreds of K under laser irradiation.

Thus, the estimates presented show that in many
cases it is quite possible to produce photoelectron
images of dielectric needles. This possibility is best
illustrated by the photoelectron images of LiF:F, and
LiF:F; needle tips obtained by us in experiments
with a high spatial resolution. To avoid the space
charge effects we worked in regime of very weak
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(usually below 1 pA) currents. For such regime no
difficulties associated with the charging of the sam-
ples were observed in these experiments.

When interpreting the photoelectron images of
dielectric needles we used the same formulas as
applied to analysis of the performance of electron
and ion projectors with the metal needles [9-12].
The magnification of the photoelectron projection
microscope was determined as

R
M= (2)
where y is a numerical coefficient varying between
1.5 and 2. The electric field on the needle tip surface
was estimated from the formula

U
E kr’ (3)
where U is the tip potential, ¥ is a numerical
coefficient lying in the range 5 to 7. For a needle
with the radius of curvature r = 600 nm the applica-
tion of these formulas gives the magnification M =
10° and the electric field strength E = 0.08 V /zok.

When investigating processes of photoemission
from needles one should pay attention to the condi-
tions on the surfaces under study since the presence
of certain impurities on them may strongly affect the
characteristics of photoemission and may lead to
misinterpretation of the obtained results. In our ex-
periments we controlled the tip surface conditions by
observing the needle tip images formed by the posi-
tive ions desorbed from their surfaces. In this case a
voltage of the opposite polarity (up to +20 kV) was
applied to the needle and the photoion images result-
ing from the irradiation of the tips were analyzed.
The rather large (50 to 100 nm), bright and unstable
spots observed in this case were interpreted by us, in
analogy with the practice of FIM with metal needles
[10-12], as an indication of contamination of the
surface by adsorbed molecules. By increasing the
laser radiation intensity we could change the pictures
observed. We began to observe quasiuniform illumi-
nation of the screen without a well-defined structure,
and the integral photoemission intensity was much
lower than that observed in the case of bright unsta-
ble spots. Most likely this shows that the surface was
cleaned due to photostimulated desorption of the
contaminations. As a rule, in this case it was neces-

sary to expose the tip to laser radiation with an
intensity of 2 to 6 X 10® W/cm? during several
seconds. Just after such cleaning we reversed the
voltage polarity on the needle and began to register
the photoelectron images of the tip maintaining such
laser radiation intensity that was sufficient to clean
the surface. The experiments demonstrated a high
stability and reproducibility of the images observed.

3. Photoelectron images of dielectric needle tips
and their discussion

3.1. LiF'F, needles

Fig. 2 shows typical photoelectron images of
LiF:F, crystal needle tips. Such images consisting of
distinct dark and bright spots were observed by us
for various LiF:F, needles and conditions of their
laser irradiation. They could be observed, however,
only in a comparatively narrow laser irradiation in-
tensity range. For example, the intensity range where
the image (Fig. 2) could be observed was limited by
the values from ~4X 103 to ~8X 10® W/cm?.
At lower intensities it was impossible to discern
single distinct bright spots against the background of
quasiuniform illumination of the screen. At higher
intensities the needle tips can be damaged, and such
a damage more then once took place in the experi-
ment. (It should be noted that the destruction of
metal needles caused both by the mechanical stresses
due to the applied intense electric fields and by a
high emission current is common in FEM and FIM
practice [9-12)).

The laser radiation intensity range in which the
photoemission current could be measured quantita-
tively was limited also by a dynamic range of the
registration system. This did not allow explicit deter-
mination of the dependence of the number of photo-
electrons photoemitted in one bright spot N, . by
the laser radiation intensity /. It has been shown,
however, that the photoemission current grows faster
than the laser intensity. At the same time some dark
spots (for example the dark spot at the left of Fig. 2)
could be discerned throughout the laser radiation
intensity range used.

For the interpretation of the observed photoelec-
tron images, the following considerations may be
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applied. Since a photoemitted electron has a certain
nonzero Kinetic energy of transverse motion E, ,
every emitting center must be displayed as a circle
with diameter [2,9-12]

d=2rx|E, /eU. (4

With £, = 1eV,U=25kV, r =600 nm we obtain
d= 40 nm which agrees satisfactorily with the di-
mensions of the individual bright spots in Fig. 2. The
estimations show that the thermal heating of tips is
not too high and cannot be responsible for stable
electron emission. The photoemission from LiF crys-
tals observed under visible light radiation must be
caused by the photoionization of defects and/or
impurities in their surface layers. (The photoeffect
threshold of the LiF crystal matrix itself is about 10
to 11 eV [15,16].)

Since the visible radiation absorbing centers in the
sample under study are mainly represented by F,-
centers (two adjacent anion vacancies capturing two
electrons), it is logical to try to relate the bright spots
observed in the photoelectron image to individual
F,-centers. Assuming that the depth of electron es-
cape from the LiF crystal [ lies within 3 to 10 nm
range [4,17,18], with the concentration of F,-centers
is n=10% cm™> the average distance between the
photoelectron images of these centers must be L =
(L,n)™ /2 =100 to 170 nm, i.e. a value of the same

Intensity

Fig, 2. Photoelectron image of the LiF:F, needle tip with the
concentration of F,-centers of n=10' em™2, The radius of the
needle tip was r = 600 nm; the tip is irradiated by all the spectral
lines of Ar* laser with the intensity / = 5x 10> W/cm?, (Dark
regions on correspond to the bright spots of photoelectron emis-
sion; see intensity scale).
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Fig. 3. Scheme of levels and transitions caused by laser irradiation
of the F,-centers in LiF crystals placed in the strong electric field
of a projection microscope. Possible channels of F,-center pho-
toionization are indicated (see text).

order as the distance between bright spots observed

in the experiments.

Fig. 3 schematically shows the levels and transi-
tions for F,-centers of LiF crystals under laser irradi-
ation. The following considerations apply:

+ LiF crystals are characterized by a high negative
electron affinity ~ —2.3 to 2.7 eV [19];

« F,-centers can be photoionized in the crystal vol-
ume by absorption of two quanta of visible radia-
tion [7,8,201;

+ One quantum of visible radiation with an energy
of 2.33 eV is not sufficient for an external photo-
effect due to photoionization of F,-centers which
are close to the surface [5,6].

Thus the excited level 3 of F,-centers (the
levels of F,-centers are classified similarly to the
levels of H, molecule [8]) lies near, most likely,
somewhat lower than the vacuum level of LiF crys-
tals. Ar* laser radiation is effectively absorbed in
the transition 3f— 5F (the transition lies in the
range 400-500 nm, its maximum cross-section is at
= 445 nm). This leads to a population of the level
3} with a radiative lifetime. of 7= 16 ns and the
metastable triplet level *M with a long lifetime [7,8].
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Photoionization of F,-centers may be initiated due to
the absorption of one more quantum of laser radia-
tion by an excited color center and, probably, due to
tunnel or/and thermally stimulated electron emis-
sion from the *M level, in a strong electric field. The
ultimate photoemission rate can be estimated from
the formula
Io

= hv’ ()
which gives, with I=5X10* W/cm?, N<10°
_photoelectron /s. The numbers of photoelectrons ob-
served in the experiment in one bright spot did not
exceed this value even though in some cases they
approached it.

The F; -centers formed by photoionization of F,-
centers are already unstable at room temperature and

s

Fig. 4. A photoelectron image of the LiF:F; needle tip, with a radius of curvature of r =3 um,

they can be recharged to F,-centers even in the
absence of electric fields [8]. In strong electric fields
this process must be much more effective, which
should lead to the rapid recharging of these Fj-
centers to their initial form, which can be photoion-
ized once more by the incident laser radiation.

As fast as the observation of individual dark spots
in the photoemission images of LiF:F, needle tips is
concerned, it has to be noted that the presence of
distinct dark spots is a phenomenon also observed in
FEM and photoelectron images of metal tips [9-12].
The dark spots are associated with the presence of
crystallographic low index planes with high work
functions on the tip surfaces, the emission of elec-
trons from these planes is more difficult. Most likely,
some of the dark spots observed by us also can be
associated with such low index planes and the regis-

1.3 W

obtained when the tip was irradiated by
CW Ar™" laser radiation at the 488 nm line. The potential applied to the needle is —500 V. The Ar* laser power used is indicated in
quadrants: 600 mW corresponds to the irradiation intensity of ~ 3 X 10° W /cm?.
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tered photoelectron image is defined by both the
arrangement of photoemitting defects near the sam-
ple tip and the crystallographic structure of its sur-
face. It should also be noted that the observation of
dark spots in photoemission images indicates that the
crystal surface studied is clean. It is well known that
stable dark spots can be observed in FEM images of
only sufficiently clean surfaces of metal tips [9-12].

Thus, the available experimental data do not con-
tradict to the assumption that single individual F,-
centers can be observed in LiF crystals investigated
with the use of a laser photoelectron projection
microscope.

3.2. LiF:F,” needles

Besides LiF:F, crystals, we have also investigated
photoelectron images of needle tips made of LiF:F;
crystals (some preliminary results of these samples
studying were published in Ref. [21]). The concentra-
tion of F; -centers (these are F,-centers having cap-
tured an additional electron) in the crystals under
study was 1.4 to 2.5 X 10'6 cm ™3, the concentration
of F,-centers in the same crystals was much higher,
n=10"" cm™3. Such a high concentration of F,-
centers does not make it possible to realize such
experimental conditions when visualization of indi-
vidual photoemitting centers is possible. Indeed, there
were no images similar to the one in Fig. 2 observed
in the experiments with LiF:F;" crystals.

In these experiments, however, other interesting
effects due to the possibility of strong heating of
LiF:F, crystals by laser radiation were observed.
The point is that, due to high optical absorption of
Ar™ laser radiation by LiF:F; crystals as compared
with LiF:F, (their absorption factors at A = 488 nm
being ~ 100 and ~ 1 cm™' respectively) the tips of
these needles can be heated to several hundreds of
degrees or even melted by incident laser radiation
(the studies of the tips of all LiF:F; needles after
experiments on them showed that the tips were really
melted: their radius of curvature increased up to 3 to
4 pm, and their tips were nearly ideal spheres in
shape). Such heating, of course, and especially their
transformation to melted or premelted states can and
must change essentially the whole structure of the
LiF crystal lattice that makes the observation of
individual defects of such objects rather meaningless

but, in return, it is possible to apply laser photoelec-
tron microscopy to study relevant ‘‘large-scale’
changes in the crystal structure. (Note that F; -centers
become thermally unstable even when the LiF crys-
tal is slightly heated [7,8,22].)

In our opinion, the photoelectron images of
LiF:F; needle tips presented in Fig. 4 can be inter-
preted as the observation of such structural recon-
struction of a LiF crystal in a strong electric field
under laser irradiation heating. The central dark pho-
toemission spot is beyond the area of vision of the
photoelectron projector and should be in the right
upper angle of the figures (it has been noticed above
that just a comparatively small part of the needle tip
can be observed by our photoelectron microscope),
and we are able to observe bright circles of different
diameter that are concentric with this center. The
position and the diameter of these circles depended
on the laser radiation intensity on the tip and the
potential applied to the needle U. By varying these
parameters we could easily ‘‘move’’ the concentric
circles along the whole field of vision of the micro-
scope — see Fig. 4. These replacements are quite
reversible and the observed pattern demonstrates sur-
prising stability throughout several hours.

We think that the effects observed are in compli-
ance with the effect of thermal faceting of metal
needle tips which is well-known and long-studied in
FIM [9-12,23]. It has been found that metals in
premelted state are prone to form so-called hill and
valley structures which are really parallel chains of
defects and a more or less perfect planes character-
ized by low Miller indices formed between them. For
spherical monocrystals of metals and semispherical
tips of FIM needles such hill and valley structures
usually form circles concentric with the existing low
indices planes, with the needle tip in particular (see
Ref. [23] and references cited therein). Since it is the
defects in the crystalline structure of wide-gap LiF
crystal that are responsible for the photoemission
while the crystal is irradiated by visible light, ther-
mal faceting of LiF:F;™ crystals must manifest itself
just as it appears in Fig. 4, i.e. in the form of bright
circles concentric with the center of the needle tip.
Between them there are dark areas with a small
concentration of defects. (It must be noted that low
index planes correspond to dark spots in FEM and
photoelectron images.)
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4. Conclusions

We have developed a laser photoelectron projec-
tion microscope and investigated the photoelectron
images of LiF:F, and LiF:F; needle tips observed
while the tips are exposed to CW Ar™ laser radia-
tion. A magnification of 10° and a spatial resolution
of up to 30 nm have been obtained which is suffi-
cient to visualize individual defects in LiF crystals
with concentration n < 10'7 cm ™2, Also, the effects
of thermal faceting of LiF:F; needle tips heated by
laser radiation were for the first time observed.

Our studies can be considered as the first success-
ful realization of the earlier suggested by us method
of laser resonant photoelectron microscopy charac-
terized by an ultra high spatial resolution and chemi-
cal selectivity at the same time [2,3].
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