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In order to focus light or x rays, the thickness of a refractive lens is typically varied over its

aperture. Here, we present a refractive x-ray lens made of lamellae of constant thickness, the refrac-

tive lamellar lens. Refractive power is created by a specific bending of the lamellae rather than by a

concave lens profile. This very special design has the technological advantage that materials like

sapphire or diamond can be used to make lenses by coating techniques. A first lens prototype

focused x rays with a photon energy E¼ 15.25 keV to a lateral beam size of 164 nm� 296 nm full

width at half maximum. VC 2014 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4896914]

To understand the function of nanoscale objects or

nano-structured materials, such as organelles in their cellular

environment, catalytic nano particles in industrial catalysts,

or nano-electronic devices, it is crucial to understand

their structure. Hard x-ray microscopy is ideally suited for

this type of structure determination in terms of elemental

composition,1 chemical state,2 and local atomic structure3

with minimal sample preparation and inside of special sam-

ple environments, such as microfluidic cells4 or chemical

reactors.5

The spatial resolution in x-ray microscopy is often lim-

ited by the x-ray optics. In parallel with the emergence of

ever more brilliant x-ray sources over the last two decades, a

variety of x-ray optics for imaging and nano-focusing has

been developed based on reflection,6 diffraction,7 and

refraction.8–11

In this letter, we present the refractive lamellar lens

(RLL). It consists of a set of lamellae of constant thickness

that are shaped to generate a parabolic transmission profile

in one dimension (cf. Fig. 1). X-ray optically, they are equiv-

alent to conventional parabolic nanofocusing refractive x-ray

lenses.9,10 The unusual lens shape, however, is of a simple

elegance and, therefore, has fundamental technological

advantages: it allows the use of x-ray optically favorable

lens materials, such as sapphire or diamond. For both these

materials, nano-structuring tools, such as deep reactive ion

etching, are not as advanced as for silicon.12 Therefore, con-

ventional refractive lenses can currently not be made out of

these materials with sufficient quality to allow for nanofo-

cusing. As a result of the lamellar structure, diamond and

aluminum oxide can be deposited as films of homogeneous

thickness, e.g., by atomic layer deposition (ALD). This

opens the way to making nano-focusing lenses of these mate-

rials with higher transmission and numerical aperture, gener-

ating smaller and more intensive x-ray nano beams.

We made a first prototype shown in Fig. 1, defining the

shape of the lamellar structures by deep etching into silicon

and subsequent homogeneous coating of the lamellar struc-

tures by aluminum oxide (Al2O3). Compared to a conven-

tional lens only made of silicon, this optic has a reduced

attenuation at increased refractive power. Thus, the numeri-

cal aperture and the transmission are improved, increasing

the focused flux inside a reduced diffraction limited spot

size.

Conventional refractive hard x-ray optics are very simi-

lar to lenses used for visible light. Refraction in the lens ma-

terial focuses the incident beam. For x rays, the index of

refraction can be written as n ¼ 1� dþ ib, where the refrac-

tive index decrement d is typically very small (�10�6) and

positive. Therefore, a focusing lens has to be concave. The

weak refraction is compensated by a strong curvature of the

lens surfaces and by stacking many single lenses behind

FIG. 1. SEM image of a one-dimensionally focusing silicon RLL coated

with Al2O3. A single lamella highlighted in the inset is 1.5mm thick and

shaped to form a concave parabolic transmission profile. The whole lens

stack (highlighted) is etched 40mm deep. The optical axis z is marked by the

dashed line.a)Electronic mail: frank.seiboth@tu-dresden.de

0003-6951/2014/105(13)/131110/4 VC Author(s) 2014105, 131110-1

APPLIED PHYSICS LETTERS 105, 131110 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

134.94.122.242 On: Mon, 27 Oct 2014 13:30:21

http://dx.doi.org/10.1063/1.4896914
http://dx.doi.org/10.1063/1.4896914
mailto:frank.seiboth@tu-dresden.de
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4896914&domain=pdf&date_stamp=2014-10-01


each other. In paraxial approximation, the thickness DðrÞ of

an ideal aspherical lens is parabolic and for a lens with one

curved surface (Fig. 2)

D rð Þ ¼ r2

2R
þ d :

Here, R is the curvature radius and d the thickness at the

apex of the parabola DðrÞ.8 The attenuation inside the lens

material limits the transmission, and the effective aperture

Deff is thus smaller than the geometric aperture.8 The diffrac-

tion limited focal spot size dt is determined by Abbe’s for-

mula for a Gaussian Airy disk

dt ¼ a
k

2NA
¼ a

kf

Deff

;

with a ¼ 2
ffiffiffiffiffiffiffiffiffiffi
2ln 2
p

=p � 0:75.8 The numerical aperture is

defined by NA :¼ Deff=ð2f Þ, where f is the focal length.8

Minimization of the diffraction limit dt is achieved by reduc-

ing the focal length f and using a lens material with low

atomic number and high density q.9,13 Therefore, nanofocus-

ing lenses made of diamond or sapphire are advantageous.

Here, a single lens is made of a lamella of constant ma-

terial thickness d. It has to be curved in a specific way, so

that the projected thickness DðrÞ of the lamella along the

optical axis has a parabolic profile (cf. Fig. 2). To calculate

its shape, the two surfaces of the single lamella are

described by the two functions g(r) and ~gðrÞ, respectively.

The shape of the lamella leading to a parabolic transmission

profile is given by gðrÞ ¼ ~gðrÞ þ DðrÞ (Fig. 2). To obtain a

lamella with constant thickness d, the minimal distance

between g and ~g is required to have the fixed value d.

On the optical axis g0ð0Þ is set to zero and hence gð0Þ ¼ d.

The shortest distance from any given point ~Pð~rj~gð~rÞÞ on ~g

to g is given by the orthogonal projection from ~P onto g,

which is marked by PðrjgðrÞÞ in Fig. 2. This can be

expressed as

~r
~g ~rð Þ

� �
¼ r

g rð Þ

� �
þ dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ g02 rð Þ
p g0 rð Þ

�1

� �
:

Abbreviating
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ g02ðrÞ

p
by egðrÞ and using gðrÞ � ~gðrÞ

¼ DðrÞ, one can derive the nonlinear differential equation

g rð Þ � d

eg rð Þ ¼ g r þ d
g0 rð Þ
eg rð Þ

 !
� D r þ d

g0 rð Þ
eg rð Þ

 !
(1)

that can be solved numerically.

Similar to conventional refractive lenses, the lamellae

are stacked behind each other (cf. Fig. 1) to create a strongly

focused hard x-ray beam. The curved shape of a single

lamella depends only on the thickness d of a lamella and the

effective R that should be obtained in projection [cf. Eq. (1)].

The shape for an RLL with d ¼ 1:5mm and R ¼ 20 mm is

shown in Fig. 1. When d is decreased while keeping R fixed

the lamellae have to be more strongly curved. If d stays con-

stant a smaller R will result in stronger bending of the

lamellae.

The above derivations hold for lamellae made of a sin-

gle material, but can be generalized to coated lamellae made

of different materials. For the prototype lenses (Fig. 1) made

of Al2O3-coated silicon, the shape error introduced by

assuming a single lens material and applying Eq. (1) to deter-

mine the shape of the compound material is marginal for the

special case presented here.14

We produced first RLL prototypes for focusing in a

crossed geometry at a photon energy of E ¼ 15:25 keV, cal-

culating the shape according to Eq. (1). To achieve a point

focus, vertically and horizontally focusing RLLs are aligned

behind each other. The vertically focusing lens consists

of N¼ 200 single lamellae with an effective radius of

curvature R ¼ 20 mm and a spacing between individual

lamellae of l ¼ 25 mm, resulting in an overall lens length of

L ¼ Nl ¼ 5 mm. The second horizontally focusing lens has

N¼ 260 lamellae, an overall length L ¼ 6:5 mm, and other-

wise similar parameters.

The lamellae were coated with aluminum oxide using

ALD. A schematic cross-section through a single lamella is

shown in Fig. 3 for different fabrication stages. The initial

shape calculations were made for a homogeneous lamella

with thickness d ¼ 1:5mm [Fig. 3(a)]. In the first fabrication

step, silicon lamellae were structured into a Si wafer by deep

reactive ion etching. They were made thinner than the design

thickness, leaving room for a layer of Al2O3 [Fig. 3(b)]. The

high aspect-ratio lamellae were coated by ALD-Al2O3,15

resulting in a sandwiched lamella profile [Fig. 3(c)]. The final

structure consists of a silicon core with dSi ¼ 700 nm and an

aluminum oxide layer of dAl2O3
¼ 400 nm on each side,

FIG. 3. Schematic cross-section along the optical axis z through a single

lens lamella. (a) The design is made for an RLL made of silicon. (b) A thin-

ner silicon scaffold of the lamella is fabricated and (c) coated with Al2O3 to

reach the nominal thickness. (d) In practice, the thickness of the Si lamella

is slightly depth dependent.

FIG. 2. The parabolic phase shift of a focusing x-ray lens is generated in

projection by a lamella of constant thickness d. Its shape, defined by the two

functions g(r) and ~gðrÞ, is chosen to generate a projected thickness DðrÞ that

grows parabolically with r.

131110-2 Seiboth et al. Appl. Phys. Lett. 105, 131110 (2014)
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resulting in an overall thickness d ¼ dSi þ 2dAl2O3
¼ 1:5 mm.

A density of qAl2O3
¼ 3:0 g/cm3 was measured for the alumi-

num oxide film by x-ray reflectometry. This is expected due

to the amorphous epitaxial growth of Al2O3 and the tempera-

ture dependent embedding of hydroxyl groups (Al(OH)x).
16

The nanofocusing lens system (two RLLs in crossed ge-

ometry) has a geometric aperture of 40mm� 40mm and a

transmission of T¼ 0.061 at 15.25 keV. The expected ideal

diffraction limited focal spot size dt for the lens system is cal-

culated to 79 nm� 93 nm (horizontal� vertical) full width at

half maximum (FWHM). The distance from the exit of the

lens system to the focal plane is w ¼ 30:1 mm. For a pure Si

RLL [d ¼ dSi ¼ 1:5mm, cf. Fig. 3(a)], on the other hand,

these parameters are dt ¼ 99 nm� 116 nm, T¼ 0.034, and

w ¼ 34:7 mm. When depositing diamond instead of sapphire

we obtain dt ¼ 62 nm� 75 nm, T¼ 0.136, and w ¼ 27:7 mm,

illustrating the gain in performance by partly replacing

silicon.

In practice, the Si etching process generates slightly

slanted side walls and thus a non-uniform thickness profile

for the Si core of the lens [Fig. 3(d)]. Deviations from the

ideal shape introduce aberrations discussed below.

The RLLs were characterized at the nanoprobe endstation

of beamline P06 at PETRA III.17 The x-ray energy was set to

E ¼ 15:25 keV by a Si-111 monochromator (DE=E � 10�4)

located 38.5 m from the undulator. RLL optics were posi-

tioned 98.2 m downstream of the source and characterized

by ptychography. This scanning coherent x-ray diffraction

imaging technique allows one to quantitatively retrieve the

complex wave field illuminating a test object.18–20 To this

end, the test object, an NTT-AT resolution chart (model:

ATN/XRESO-50HC), was placed near the focal plane and

raster scanned perpendicularly to the beam in 30� 30 steps,

covering an area of 2 mm� 2 mm. At each position of the

scan, a far-field diffraction pattern was recorded by a

LAMBDA photon counting detector21 (pixel size: 55 mm)

placed 2.165 m behind the sample. Due to a limited counter

depth of 12 bit we accumulated 25 single frames with 0.04 s

exposure for each scan point, resulting in a total exposure

time of 1 s per scan point. From these data, both the complex

illuminating wave field [Fig. 4(a)] and the transmission func-

tion of the test object [Fig. 4(b)] can be reconstructed simul-

taneously. In the sample plane, the illumination is quite

extended with side lobes reaching to the edges of the field of

view. Therefore, details of the resolution test chart far out-

side the scanned area are faithfully reconstructed [Fig. 4(b)].

The complex wave field at the sample position can be

numerically propagated using the Fresnel-Kirchhoff integral

to precisely reconstruct the x-ray beam22 and to analyze

aberrations of the focusing optic.11,20,23 In this way, the full

caustic of the beam can be determined.24 The horizontal and

vertical intensity distributions along the beam are depicted in

Figs. 5(a) and 5(b), revealing a slight astigmatism. The inten-

sity distribution in the horizontal focal plane [solid line in

Figs. 5(a) and 5(b)] is shown in Fig. 5(d) and the correspond-

ing vertical and horizontal intensity profile in Fig. 5(c).

Along the horizontal direction [solid line in Fig. 5(d)], the

FWHM focal spot size is 164 nm. In the vertical direction

[dashed line in Fig. 5(d)], the beam is defocused and has a

width of 296 nm. The central focal spot is surrounded by side

lobes [cf. Figs. 5(c) and 5(d)], and a splitting of the wave

field upstream of the focal plane is observed [cf. Figs. 5(a)

and 5(b)]. The astigmatism is a result of a misalignment of

the vertically focusing RLL with respect to the horizontally

focusing one and is not a property of the optics themselves.

The vertical focal plane marked by the dashed line in

Fig. 5(b) is located �3 mm upstream of the horizontal one

[solid line in Figs. 5(a) and 5(b)]. In this plane, the vertical

spot size is 201 nm FWHM.

Compared to the optimal nominal performance, the first

prototype optics generate an increased focal spot size (by

about a factor two). The caustic deviates from an ideal

Gaussian limited beam: the observed splitting of the beam

waist upstream of the focal plane indicates spherical aberra-

tions. SEM images on lamellar test structures showed a non-

uniform thickness profile for the etched Si core of a lamella

FIG. 4. (a) Ptychographic reconstruction of the illumination at the sample posi-

tion. Amplitude is encoded by brightness, phase by hue. (b) Reconstruction of

the test object. Phase shift is encoded in brightness. The black rectangle in (b)

delineates the area scanned by the central speckle.

FIG. 5. Propagated wave field for the crossed RLLs. (a) Horizontal intensity

distribution along the beam. (b) Beam profile in vertical direction. The verti-

cal focal plane is marked by the dashed line and lies about 3 mm further

upstream of the horizontal one marked by the solid line. (c) Intensity profiles

in both horizontal and vertical directions, taken from (d). (d) Intensity distri-

bution in the plane marked by the solid line in (a) and (b).

131110-3 Seiboth et al. Appl. Phys. Lett. 105, 131110 (2014)
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[cf. Fig. 3(d)]. As lamella shape and thickness directly trans-

late to a certain refractive power, the lens shows varying

focal distances with etch depth. In addition, these thickness

variations introduce deviations from the parabolic transmis-

sion profile, as the lamellar shape is only correct for the nom-

inal thickness d. The observed aberrations agree with

numerical simulations of the lens and are well understood. A

good match of lamella shape and thickness is crucial for

aberration-free focusing.

In a next step, RLLs solely made of aluminum oxide are

planned by removing the Si core of the lamellae after depos-

iting Al2O3. This increases the transmission and numerical

aperture and reduces aberrations. Ultimately, an RLL lens

system made exclusively of diamond could achieve diffrac-

tion limited spot sizes down to 17 nm� 28 nm with a reason-

able working distance w ¼ 5 mm and transmission up to

T¼ 0.35.
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