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A low-energy electron point-source projection microscope not using a sharp metal tip

performs well in long-range imaging

Evelyne Salangon, Alain Degiovanni, Laurent Lapena, Mehdi Lagaize and Roger Morin

CINaM, Aix-Marseille Univ, CNRS, UMR 7325

Abstract

A low-energy electron point-source projection microscope that uses a metal/insulator structure
as source instead of a sharp metal needle is presented. By combining this source with an
electron optical lens and a high spatial resolution image detector, performances comparable to
those of a normal electron projection microscope are easily accessible and presented here. The
accessible electron energy range extends from 100eV to 1000eV. In the example presented
here, instead of the usual near-field source-object distance, long-range imaging at a distance of

about 600um is achieved.

1- Introduction

The normal low-energy electron point-source projection microscope [1,2,3,4] is a lensless
system where an electron point source illuminates a perforated object, and the “physical

shadow” of the object is recorded on a more distant fluorescent screen. The so-called physical



shadow corresponds to the interference between the reference wave that comes directly from
the source and the object wave that results from object scattering. This Fresnel interference
pattern is an electronic hologram of the object. Numerical reconstruction yields an image of the
object in its position during the recording [5,6,7].The projection microscope is known to reach a
magnification of about 10° with an experimental spatial resolution of about 1nm [8,9,10]. These
characteristics are obtained using electron sources that consist of ultra-sharp metal tips with a
tip radius of about 10nm [11,12]. The magnification of the microscope, G, directly depends on

the distances between point source and object d, and between point source and screen D + d:

D+d
G=— (1.1)

For ultra-sharp tips, the source-to-object distance d can be decreased down to sub-micrometer
level while retaining point-source behavior and large enough magnifications, without running
the risk of the tip crashing into the object. We recently introduced an electron source [13,14,15]
based on emissions from a single insulator crystal of celadonite deposited at the apex of a
10um-diameter carbon fiber. In terms of the wave, this provides a point-source although,
physically-speaking, the source is wide. The term wide-point-source can be used, since the
source optically corresponds to a point-source but its geometry is wide. The wide-point-source
cannot get closer than about 50um from an object without any risk of crashing into it. Despite
the weak projection magnification resulting from this limitation and some negative features
described below, this source also presents major advantages compared to sharp metal tips. For
example, it can operate in a relatively poor ultra-high vacuum or emit with wide emission

angles, a crucial parameter for high-resolution imaging. To compensate for the weak



magnification, a setup consisting of two Einzel lenses is added to the imaging system to provide
images of any plane between the source and the entrance of the first lens. At electron energy of
100eV, a lens setup magnification of x70 was measured [16]. Combining projection and
electronic lenses should therefore lead to magnification greater than X 10,000. This enables
projection microscopy to work at high source-object distances while keeping the field on the

object stable and limiting image distortions [17,18,19,20,21].

A microchannel-plate/fluorescent-screen assembly with a spatial resolution of about 100um is
the typical detection system used in low-energy electron projection microscopy. Recently, we
showed that the resolution of the detection is 15um [22,23] when a counting technique is used
with a dual-stage microchannel plate (MCP), allowing this detection technique to deliver a

resolution of some nanometers.

In this paper, we provide details of the source’s construction, the microscope setup and the
method used to record holograms. Various aspects of resolution on the images after
reconstruction are also discussed, assuming normal working conditions with a source-to-object

distance of 600um.

2- Experimental setup

The design of the electron point-source projection microscope is described in figure 1 and an
industrial drawing is provided in figure 2. The microscope operates under vacuum maintained

with an ionic pump.



The electron source is a 10um-diameter carbon fiber with a celadonite crystal at its apex [15].

This source and its characteristics are described in section 2.1.

perforated
object

electron source
Einzel lens

Detector =
dual-stage MCP + fluorescent screen

Figure 1: Experimental design. The electron source provides an electron energy range from 100
to 1000eV. The source-to-object distance, d>50um; the source-to-lens entrance distance is
about 3cm. The two-Einzel-lens system provides a magnification of x70. The resolution of the

dual-stage MCP assembly is about 15pum in counting mode.



The source-to-object distance d, is controlled by a piezoelectric actuator (MS30 from
Mechonics) providing distance control from 100nm to 2.5cm. Because of the source diameter,
the minimum reachable source-to-object distance is about d = 50um. The perforated object
commonly used is a holey or lacey carbon film sufficiently perforated to obtain scattered-object
and reference waves to the rear of the object. The object is generally connected to the electrical

ground through a picoammeter.

Figure 2: Industrial drawing of the point-source projection microscope; (a) source support, (b)
perforated object, (c) electrostatic lens, (d) detector: dual-MCP/fluorescent-screen assembly,
source-to-detector distance: = 66¢cm , (e) camera and its lens, (f) direct fluorescent screen,

source-to-screen distance Dy = 12cm.

The source is mounted on an axis fixed on a rotating flange to orient the beam either towards a
fluorescent screen alone or towards the lens. The object is fixed on the same axis and rotates

with the source.



The entrance to the lens is approximately 30mm from the source depending on the source size
and on the translation position. At this stage, the pure projection magnification is about x300.
The lens consists of two Einzel lenses. It is described in section 2.2, together with the methods

used to enlarge the projection image and to improve lens performance in our configuration .

Finally, the detector is composed of a dual-stage MCP / fluorescent screen assembly from
Hamamatsu (F2225-21P). It has a diameter of 4cm and it is placed 6cm from the lens exit fixed
around a mu-metal cylinder. A window flange is 4cm from the screen. A camera Hamamatsu
Orca flash 4.0 films the fluorescent screen through a Canon optical lens, with a 16-bit dynamic
range. In analog imaging mode, which allows continuous image acquisition, the spatial
resolution of the detector is about 150um. In counting imaging mode, each electron impact is
translated as ‘1’ and their accumulation yields a detector resolution of about 15um [23]. This

system and its operation are described in section 2.3.

2.1- Electron point-source: preparation and characteristics

The electron source is composed of one celadonite crystal at the apex of a 10um diameter
carbon fiber. For ease of manipulation, 2 or 3mm of the fiber are left projecting from a 90um
inner diameter stainless steel tube where it has been inserted, as carbon fiber breaks very
easily. The fiber is glued to the tube with silver lacquer. The larger tube is inserted into a
Macor® support fixed on a rotating flange (see figure 3). The celadonite crystal is deposited at
the apex of the carbon fiber (figure 4a) when all elements have been glued together and are in

contact.



Figure 3: Photograph and industrial drawing of the electron source in front of the object, a holey

carbon film on a copper grid

The mineral celadonite is an insulator crystallized in the monoclinic system (figure 4b). When

celadonite is ground, the overall crystal shape is a rectangular slab (1000 nm x 500 nm x 50 nm).

The celadonite crystal is deposited using a glass capillary with a tip aperture diameter of 10um
minimum (figure 4c). The crystal’s powder is first dispersed under ultra-sound in deionized
water. The capillary is filled with dispersed celadonite water and slight pressure is applied to the
wide end of the capillary to form a small drop to buffer the apex of the carbon fiber. To obtain

at least one crystal in the deposited water drop, dissolution requires about 0.2mg of celadonite



powder in 10mL deionized water. Tens of electron sources were prepared in this way, all of

them emitting.

ClIHan 3.8Kuy Ki2.aper

Figure 4: a- Scanning electron microscopy images of the 10um diameter carbon fiber; b-
Transmission electron microscopy image of a celadonite crystal; c- Under an optical microscope,
buffering of the apex of the carbon fiber using a glass capillary filled with deionized water
containing dispersed celadonite powder (0.2mg in 10mL); d- Scanning electron microscopy

image of one celadonite crystal at the apex of the carbon fiber.

This electron point-source follows a Fowler-Nordheim regime over a 10 orders-of-magnitude
current range with a saturation regime at the highest currents (typically 100nA and 500V

applied voltage). Thus, the process observed is electric field emission. Yet the applied electric



field is only some V/um. Since field emission requires an electric field of some V/nm this means

that there is an electric field enhancement at the metal/insulator interface [15].

Typically, when the object (the perforated carbon layer) is 1mm from the source, several
hundred volts are applied to trigger the emission. Figure 5 shows three typical (V) curves. The
green curve corresponds to the electrical characterization of the source used in this article.
Electrical measurements were made with a source-to-object distance of about d = 600um.

Intensity is measured between the object and the electrical ground.

The experiments presented here were performed with the same source-to-object distance of
600um. According to the imaging mode chosen, electron intensity is tuned through the voltage
applied to the source. However, emission intensity could also be tuned through the source-to-
object distance chosen. Moving the object closer to the source increases the electric field;
emission intensity increases even if the voltage is constant. This tuning mode is not used here,

due to a possible emission site change discussed in Results and discussion.
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Figure 5: Typical (V) curves obtained for three different structures. The green curve represents
the electrical characterization of the source used in this article. The source-to-object distance is

about d = 600um.

The brightness of a particle source is given by:

I(E+AE)

B(E,AE) = ===

(2.1),

with I(E + AE) the emission intensity of the source at E energy with a given relative energy
dispersion AE/E. S is the surface of the emission site and (1 the solid angle of the emission.
Here, the brightness is about B = 10'°A4.cm™2.sr™1, comparable to field emission tips but with
a larger emission angle 2a =~ 60° (A~1sr), double that of the tips. This high solid angle

improves spatial resolution [7] of the microscope, theoretically given by the Abbe diffraction



. A . . .
limits € = TNA where A is the wavelength and N. A. = sin @, the numerical aperture of a

projector with a the half emission angle.

The source can even operate under a relatively poor vacuum: it still works at P = 10™?mbar.
However, its life-time and its stability increase with good vacuum conditions, so pressure is
maintained at P = 10~8mbar for microscopy. The robustness of the source and its ability to
work in poor vacuum conditions are great advantages in terms of experimental time and the risk

of damage to the source.

Results shown here are from experiments performed at P = 10~ 8mbar maintaining the same
source-to-object distance d = 600um; the emitted intensity is tuned by changing the voltage

applied to the emitter.
2.2- Einzel lens magnification

The two Einzel lenses are illustrated in figure 6: the length of the system is 54.5cm; the entrance

aperture is a diaphragm of 1mm and the exit has a diameter of 3cm.

diaphragm
@1mm

Figure 6: The two-Einzel-lens scheme. The scale bar indicates 10mm. The entire length is about

54.5cm, the aperture diameter is 1Imm and the exit diameter is 3cm.



Because of the large number of voltages involved in the electron optical system, we fixed 3
voltages at zero (V;4, V3, V;5) and varied 2 voltages (V;,, V;4). In this experimental approach,
two successive inversions of images were observed. Figure 7 schematically shows how the
projection image is magnified, with P, the pure projection plane and P, the detector plane. The
focal lengths, and therefore plane P,, are unknown. However we know that P, stands between
the source and the entrance to the lens and that Einzel lenses are convergent with a focal length
that decreases with the central voltage. First, projection is magnified by the first lens and the
image is reversed; then the second lens reverses the image once again. Microscope

magnification is given by the ratio: G; = G, X G, between a pure projection magnification

s S
Gy = % and the lens magnification G, = sﬁ’ where Sy, Sp,, Sp, are the sizes of the object and
(] Po

its images in planes P, and P,.




Figure 7: Electrostatic optical rays from the source to the screen with s: the source, O: the
perforated object, Py: the object projection plane, P;: image of P, by lens L, P,: image of P; by

lens L, produced on the screen.

A typical magnification obtained with the lenses of our experimental setup is shown in figure 8.
The lens potentials of this specific image are indicated in the caption as an example. For figure
8c, with an emission voltage of V, = —634V: V|,=-632V and V4=-590V to reach a magnification
of Gy = 25400. This is almost 20 times the direct projection image obtained for figure 8b, a

classic result for this setup.

Figure 8: Physical projection images of the same object in analog mode. White scale bars
represent the sizes of the object, and green scale bars the screen sizes. (a) Fluorescent screen,
projection distance Dy = 12 cm, V, = =780V, G, = 199. The white circle indicates the part
shown in figure (b). (b) Dual-MCP/fluorescent-screen assembly without lens action, projection
distance D = 66cm, G, = 1104, V, = =634V, Vycp = 1.2kV, Vicreen = 5.2kV, toy, = 10ms

(mean of 50 frames). The white circle indicates the part shown in figure (c). (c) Dual-



MCP/fluorescent-screen assembly with lens action, Gy = 25400, V, = —634V, Vycp = 1.2kV,

Vscreen = 5.2kV, toxp, = 100ms (mean of 50 frames), V,, = —632V, V;, = —590V.

Here, the source-to-object distance is about d = 600um: this is deduced from the
magnification given on the short projection in figure 8a. The carbon grid lattice corresponds to

(1.7 £ 0.1)cm on the screen placed at a distance D, = 12c¢m from the source, the grid lattice

measures 84.7um, so the magnification G, = (200 + 10) and d = % = (600 £+ 30)pm.
0

At this source-to-object distance, the part of the projection of the object seen on the lens

66.1072

screen is shown in figure 8b, where the magnification is G, = 00108 ~ 1100. The

magnification measured on the image is 1104, so the source-to-object distance is found with a

good confidence level.

2.3- Dual-stage microchannel-plate/fluorescent screen assembly detector

The detector-resolution of the classic point-source projection electron microscope is about
100um. This is equivalent to the Point-Spread-Function of a microchannel plate [24] or to the
single-event answer of one pitch of the microchannel plate. One way to improve spatial
detector-resolution is to record images in counting mode [23]. In this mode, the position of each
electron’s impact on the detector is determined. The complete detection system is presented in
figure 9. The amplification ratio of the dual-stage microchannel plate depends on Vycp =

(Vout — Vin)- Here, the detector entrance is connected to the electrical ground V;,, = OV. The
starting amplification given by the manufacturer of the MCP is from about 103 at 1 keV to some

10° at 2 keV. The analog imaging mode operates at an amplification of about 103 (Vycp <



1.2kV) and the counting imaging mode at a higher amplification (1.5 < Vycp < 2kV). To detect
every single event, a dual-stage microchannel plate must be used but the electron flux must also
be sufficiently low: if events follow each other too closely, they cannot be counted. There are
almost 1.8 million channels on the first microchannel plate, which has a diameter of 4cm.
Impacted by one electron, each can produce a micrometric stain. The electron is counted at the
stain’s center of mass. Increasing video frequency would substantially reduce imaging time.

Here, the minimum exposure time for the camera is (texp)min = 3.02ms. For the counting

imaging mode, the maximum dose acceptable is about 10,000 hits per frame: Iscreen =

10

1.6 x 1071° =
3.02X10

= 0.5pA.

Ist MCP
2nd MCP

fluorescent
screen

Figure 9: Technical drawing of the complete detection system. (a) Electrostatic lens; (b) dual

stage microchannel-plate/fluorescent-screen assembly with the entrance of the first MCP



connected to the electrical ground (V;;,, = 0V), the exit of the second MCP connected to V¢

and the isolated fluorescent screen connected to V. ,.cen (C) camera and its optical lens.

3- Results and discussion

The detector-resolution is known to be about n=15um in counting imaging mode and
N=150um in analog imaging mode [23,2425]. Under microscope magnification, G, this
detector-resolution should lead to a microscope-resolution of n/G. In our example, the
magnification is about x25.400, which should give a microscope-resolution of 6nm in analog
mode and 0.6nm in counting mode. To see whether this is the case, the microscope-
resolution is estimated by plotting the profile of gray-level intensity along a line placed at
the edge of the object in the reconstruction of the hologram (figure 10). The microscope-

resolution is equivalent to the width of this edge.

To compare the microscope-resolutions obtained in analog and in counting mode, the same
image is recorded in both modes. However, the (2048 x 2048)pixel CMOS device of the
camera does not allow every channel of the entire microchannel plate to be resolved. The
answer is to zoom onto one part of the screen. The counting image is then incorporated into the
analog image, as shown in figure 10. An analog image is first recorded (figure 10a) in 25sec
(mean of 50 frames of t,,, = 500ms). Then, the image of the object is positioned at the center
of the screen. The focal length of the camera lens and the camera position are changed to zoom
on the object. A (7 X 7) mm? area of the screen is then filmed at a high imaging rate: here,
42,000 images of t = 3.02ms every 30ms form the counting image obtained in figure 10b.

AtV, = =500V, the emission intensity is about 10nA (figure 5), yielding 10pA after the



diaphragm. Just a small part represented by the white circle in figure 8b illuminates the whole
screen: the intensity arriving on the screen is about 0.1pA: 80 hits per frame ((7 X 7) mm? of
the screen). This counting imaging mode is time-consuming: it took 34min to record figure 10b.
The image in figure 10c is realized by incorporating the figure 10b (7 X 7) mm? counting image

into the figure 10a (4 X 4) cm? analog image.

The detector-resolution on the counting image is not 15um here because it is blurred by a
mechanical drift of the object towards the source position. The measurements performed on

10b give a recording detector-resolution of about 48um, which corresponds to a mean drift of

16nm/sec between the source and the object.

400nm | (e) ‘
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Figure 10: (a) Analog image of a carbon membrane physical shadow. Projection distance
D = 66cm, with lens action, V, = =500V, V,,,; = 1.5kV, Vs = 5.5kV, toyp, = 500ms (mean of

50 frames), V;, = =500V, V;, = —435V, Gy = 17400; (b) Counting image of a part (1cmx1cm)



of the screen. Projection distance D = 66¢cm, with lens action, V, = =500V, V,,,, = 1.8kV,

Vs = 5.8KV, tey, = 3.02ms X 42000, V,, = =500V, V;, = —435V, Gy = 17400; (c) Image (b)
is incorporated in image (a); (d) Reconstruction of (a); (e) Reconstruction of (c), with counting
image incorporated into analog image; (f) Gray-level intensity profiles taken along the green

lines in (d) and (f).

Holograms are reconstructed by re-propagating a modeled reference wave modulated with the
hologram to find the object wave in the plane of the object [6,19]. Figure 10d results from the
analog imaging and figure 10e from a mix of the analog and the counting imaging shown in

figure 10c.

max—Imin

I S o .
The contrast, I' = , of the reconstruction is better where the counting image is

max Timin

incorporated. Profiles obtained on figure 10f give I' = 0.33 for the analog image and 0.66 for
the counting image. The microscope-resolution found on this image is about 40nm in analog
mode and 30nm in counting mode (see figure 10f). We can conclude that due to mechanical
drift, the analog image achieved in 25s leads to a microscope-resolution of about 40nm and the

counting image achieved in 34min leads to a microscope-resolution of about 30nm.

Alignment and the first analog images take only a few minutes, but there are still some practical
challenges. First, to capture the best counting image, the object has to be stable. Second,
monitoring an object during approach can be difficult because the emission can sometimes
show two sources under the same crystal. During the source-to-object approach, either both
sources emit or one dominates the other. Figure 11 shows two sources working at the same

time. Different image centers are observed from the two sources: images are drifted and



superimposed. The distance between sources is about 5um, corresponding to the drift between
images. This inter-source distance is particularly high compared to distances previously
measured [14]. Here, two closed crystals seem to emit at the same time. However, when the
electric field is stable, the source doesn’t change. Several point-sources can emit from one
crystal, but under a given electric field condition, one of them emits preferentially. Therefore
the co-existence of two sources means that the counting image obtained can be different from
the image chosen before the source-to-object approach when the electric field shape changes.
It is hard to anticipate how the image will change before beginning the lengthy counting

procedure.

Figure 11: Projection image from two sources.

To overcome this problem, an image is first recorded in analog mode with low lens
magnification and without changing the source-to-object distance before moving to counting

imaging mode.

4- Conclusion



This paper describes a new design for a low-energy electron point-projection microscope with
an insulator crystal as source instead of a sharp metal needle, an electron optical system, and a

high-spatial-resolution detector.

The source used is an insulator/metal interface emitter formed by a celadonite crystal deposited
on the apex of a 10um diameter carbon fiber. The robustness and the great brightness of this
source, combined with an accessible high-intensity range, make it a good candidate for electron
microscopy. However its shape is a limitation to its use for classic projection microscopy,
because it is difficult to manipulate at less than some tens of micrometers from an object. The
projection is thus combined with electrostatic lenses to reach magnification of about 10°. High
electron spatial detector-resolution is achieved using a dual-stage microchannel-
plate/fluorescent-screen assembly. This technique affords spatial detector-resolution close to
15um, the lattice parameter of the microchannel plate, but requires a long imaging time. An
example combining analog imaging on a large field with counting imaging on a smaller field is
shown. In the example given in this article, the source-to-object distance is 600um,
magnification reaches x25,000 and the resolution of the microscope is about 30nm. Both

emission site changes and object drifts are observed during the lengthy imaging.

In conclusion, the celadonite source emitter combined with Einzel lens performs comparably to
a point projection microscope. Moreover, its source can work under poor vacuum conditions, its
robustness reduces risk during manipulation and contributes to its long life-time, and its high
cone angle promises better resolution for the microscope. All of these advantages open new

horizons for projection electron microscopy. With its potential for long-range imaging, the



celadonite-source projection microscope holds promise for charge reduction and ease of

manipulation during imaging.
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