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Electron diffraction from a free-standing nanofabricated transmission grating was demonstrated,

with energies ranging from 125 eV to 25 keV. Observation of 21 diffraction orders highlights the

quality of the gratings. The image charge potential due to one electron was measured by rotating the

grating. These gratings may pave the way to low-energy electron interferometry. © 2005 American

Institute of Physics. �DOI: 10.1063/1.2053347�

Pioneering work in atom optics
1

led to the development

of 100-nm period silicon nitride transmission gratings with

free-standing bars.
2

Such gratings have since been used for

Na atom interferometry,
3

He2 molecule diffraction
4

and

Bucky ball diffraction.
5

In this Letter we report that free-

standing gratings can also diffract low-energy electron

beams. This provides a high throughput alternative to the use

of bi-prisms.
6

Interactions between electron de Broglie

waves and the grating structure do affect the diffraction pat-

terns. Our analysis suggests that Mach–Zehnder
3

and

Talbot–vonLau
7

interferometry using these gratings is now

possible with low energy electrons. This opens new possi-

bilities for electron physics as indicated in the conclusion.

Until now, transmission diffraction of low-energy elec-

trons has been problematic. For example, solid crystals that

have been used for interferometry
8,9

absorb low energy elec-

trons. Thin collodion films coated with gold stripes were

developed,
10

but these also suffer from low transmission. In

collodion, 125 eV electrons undergo inelastic scattering in a

distance much less than 10 nm.
11

Free standing transmission

gratings avoid this problem because the physical channels

between the bars transmit low energy electrons without in-

elastic scattering. Free-standing gratings were pioneered by

Jönsson,
12

but their regularity was poor. Now, high transmis-

sion combined with good quality diffraction of low-energy

electrons, Fig. 1, has been achieved for the first time by

using metallized silicon nitride nanostructures with 50-nm

channels between 50 nm wide free-standing bars, Fig. 2.

We have diffracted electrons with kinetic energy ranging

from 125 eV to 25 keV which corresponds to de Broglie

wavelengths, �dB, ranging from 110 to 7.8 pm. Electron

beams for this study have been generated by two methods:

first, in a dedicated beam apparatus described below, and

second, with the converging beam of an electron microscope

described later. In each case the total transmission is about

30%, which is certainly high enough to envision future in-

terferometer experiments using multiple gratings. A major

challenge for this plan is to understand the effect of image

charge potentials and any random potentials that may cause

decoherence. An analysis including these potentials is dis-

cussed after the data presented below.

Our diffraction experiment is straightforward: electrons

were emitted from a thermionic source at energies, E, rang-

ing from 125 to 900 eV, with an energy width, �E, of about

1 eV. This electron beam was collimated by a 5 �m-wide

molybdenum slit, followed 25 cm downstream by a 2 �m

wide by 10 �m tall slit that was made using a focused ion

beam to mill a 100 nm thick silicon nitride substrate. The

second slit was coated first with titanium and then with gold

on both sides. The angular spread of electron trajectories that

can travel straight through the collimation slits is �geom= �5

+2� �m/25 cm=2.8�10−5 rad. This agrees with the ob-

served angular spread for our 500 eV electron beam which

produces a 7 �m wide spot �FWHM� in the plane of detec-

tion, located 31 cm downstream of the 2 �m slit. The colli-

mation is much better than the diffraction angle, �diff. At the

second slit the beam has a transverse coherence length of lt

=0.89 h/�p=2 �m
13

which means that the beam is nearly

diffraction limited. The roughly 125 nm thick silicon nitride

grating �Fig. 2� was placed 7 cm downstream from the sec-

ond collimation slit. We infer from this geometry that the

electron spot size on the grating is approximately 4 �m, and

a�
Author to whom correspondence should be addressed; electronic mail:

hbatelaan2@unl.edu

FIG. 1. Electron beam diffraction with an electron energy of 900 eV. Posi-

tive and negative orders are resolved out to the 21st order.
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coherent over �at least� 2 �m. This is consistent with the

transverse coherence length inferred from the observed reso-

lution, R, of the diffraction peaks. The resolution is defined

as the ratio of the peak separation over the peak width and d

is the grating periodicity. The coherence length is given by

lt=Rd= �135/11��100 nm�1 �m �at 500 eV, see Fig. 3�.

This means that the electron beam is nearly diffraction lim-

ited, and the grating does not affect the coherence length

much at higher energies. Beam broadening due to the energy

width of the electron beam, ��diff /�diff=n��dB /�dB

=n�E /2E�n10−3, where n is the diffraction order, is negli-

gible �the associated longitudinal coherence length and time

are about 50 nm and 5�10−15 s�. The grating had been met-

allized with a 2 nm layer consisting of 60% gold and 40%

palladium. The detector is a channeltron placed behind an-

other 5 �m molybdenum slit. By controlling the thermionic

source current, we limit the count rates to 106 electrons per

second to protect the channeltron. Combined with our elec-

tron velocity of 107 m/s this means that only one electron is

in our system at any one time, which excludes the possibility

of any electron-electron interaction. The apparatus is oper-

ated in a 10−7 Torr turbo pumped vacuum system and is

shielded from the earth’s magnetic field by two layers of

magnetic shielding. The detected far field diffraction patterns

are shown in Fig. 3. Figures 3�a� and 3�b� are taken at 500

and 125 eV, respectively. They are taken by sweeping the

diffraction pattern across the detection slit using deflection

plates, while electron counts were collected with a multi

channel scaler board. No background has been subtracted.

In a separate experiment, a similar metal coated grating

was placed in an Hitachi S-2460N scanning electron micro-

scope �SEM� after the objective lens. The SEM pictures

show evidence of electron beam diffraction for energies

ranging from 500 eV to 25 keV. This demonstrates that the

grating can be used in conjunction with existing electron

microscope technology, and can tolerate a pA of current

spread over a 30 �m diam spot. We failed to observe a dif-

fraction pattern from the unmetallized silicon nitride gratings

in either apparatus, presumably because of surface charge.

A path integral calculation without any interaction be-

tween the electron and the grating does not agree well with

the data, especially at the lower energies. Neither the peak

widths nor the relative peak heights agree well. Only the

peak positions are matched. However, a modified analysis

that includes a spatially dependent potential, V�x�

=Vimage�x�+Vrandom�x� �x is perpendicular to beam axis and

grating bars�, to describe the interaction between the electron

and the grating channel walls, Eq. �1�, does improve the

agreement to the diffraction data, Fig. 3. One potential is

based on the method of images for an electron next to a

conducting wall, Eq. �2�, and an additional random potential,

Eq. �3�, that appears to be needed to explain the broadening

of the diffraction peaks,

� = N�
path

ei�path; �path =
Lpath

�dB

2� −
qV�x�t

	
, �1�

Vimage�x� =
qimage

4�
0�w + 2x�
+

qimage

4�
0�w − 2x�
. �2�

A free parameter in Eq. �2� is qimage and q=−e in Eq. �1�. The

total width of the channel between the two grating bar walls

is denoted by w. For the curve in Fig. 3 the value of qimage

that worked best was e /3.6.

The random potential is given by

Vrandom�x� = �
i

Aie
−4 ln 2�x − xi�

2/�i
2

. �3�

The use of the random potential was motivated by the irregu-

larity of the crystalline structure on the grating surface.
14

The

detailed shape of the random potential �other than the typical

length scale and strength� is not critical. A series of Gauss-

ians was chosen for simplicity. In Eq. �3�, Ai and �i are

obtained from random number generators. The random num-

bers Ai and �i are normally distributed with means of 0 eV

and 250 nm and FWHM of 0.4 eV and 250 nm, respectively.

The set �xi� of centers is regularly spaced and separated by

2�i. This potential has a characteristic lateral structure of 250

nm. Incoherent averaging of multiple diffraction patterns for

FIG. 2. Nano-fabricated 100-nm period grating.

FIG. 3. Electron beam diffraction. The electron diffraction is presented as a

function of position for electron energies of �a� 500 eV and �b� 125 eV. The

beam profile without a diffraction grating is shown for comparison. The

result of a path integral calculation is represented by the solid line.

124104-2 Gronniger et al. Appl. Phys. Lett. 87, 124104 �2005�



different random potentials effectively reduces the transverse

coherence length to approximately 250 nm and, hence,

broadens the transmitted beam and diffraction peaks.

The broadening of the diffraction peaks, Fig. 3�b�, sug-

gests a decoherence mechanism that may reduce interference

fringe contrast. For one of the worst case scenarios we esti-

mated this effect for interferometry. An interferometer may

use a second grating to recombine two diffracted beams. The

two diffracted beams pass through different parts of the sec-

ond grating and thus accumulate a different spatially varying

phase. Our model based on random potentials allows us to

predict the resulting interferometric contrast when these two

beams are once again overlapped. Using a detection slit of

150 �m we find a contrast of 27% and 15% for 500 and 125

eV, respectively, while for a detection slit of 10 �m we find

a contrast of 64% and 35% for 500 and 125 eV. So there is

encouraging evidence that low energy electron interferom-

etry is feasible with these gratings.

In Fig. 4 the electron transmission into the first diffrac-

tion order is given �square dots� as a function of the grating

angle. This permits a measurement of the image charge po-

tential. The dashed line is the result of diffraction theory with

no interaction between the electron and the grating bars. The

dash dot line is the result of the same calculation with a

potential added that describes the image charge interaction

between a static electron and two infinite walls, Eq. �2�.
15

The solid line is the same calculation with the image poten-

tial reduced by a factor of 3.6 in strength. The asymmetry in

the model is due to the cross-sectional geometry of the grat-

ing bars combined with the image charge.
16

In summary, free-standing nanostructure diffraction grat-

ings have the advantage that they work for low energy elec-

trons and we expect that such gratings can be used in new

electron interferometry experiments, as well as other charged

particle interferometers.
17

The data shown in Fig. 3 were

obtained with a diffraction-limited electron beam; however,

much less collimation is required to observe diffraction, and

even less collimation is needed for Talbot–vonLau �near

field� interferometry. Hence, we think it is likely that nano-

structured gratings can simultaneously play the role of the

coherent source and beam splitter in electron interferometry.

Applications for low-energy electron interferometers include

measurements of the index of refraction due to forward scat-

tering from atoms,
18

sensing vector,
19–22

and scalar

potentials.
23
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