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Abstract

Hybrid photon counting detectors (HPCDs) have unlocked new capabilities for x-ray-based measurements

at synchrotrons around the world in the last 30 years. By leveraging independently optimized sensor and

readout layers, they offer high quantum efficiency (> 80 %), ultra-low dark counts, sub-pixel point-spread

function, and high count rates (> 106 counts per pixel per second). Furthermore, their small pixel size

and large active area endow them with excellent coverage and resolution for both real-space and reciprocal

space imaging. Here, we demonstrate that HPCDs are also well-suited for laboratory-based nanoscale x-ray

tomography (nano-xCT). We perform nano-xCT on an integrated circuit fabricated at the 130-nm node and

produce a 3D reconstruction with over 40 times more photons collected more than 20 times faster than in

this group’s previous work, for an overall speedup of over 800×. We review the technical considerations of

using an HPCD for tabletop tomography. We quantify our reconstruction image quality using well-established

metrics, including the modulation transfer function (MTF), Fourier shell correlation (FSC), and contrast-to-

noise (CNR), to validate our choice of experimental parameters that provide sufficient resolution and imaging

speed. Using these metrics, we determine that even under current experimental conditions, 160 nm wiring

features are reconstructed at 75-80 nm spatial resolution.

Introduction

Since their first observation in 1895, x-rays have revolutionized

fields ranging from medical and industrial imaging to astronomy

and materials characterization. Compared to visible light,

however, x-rays are much more challenging to generate,

manipulate, and detect. Because of this, in many cases, scientific

and engineering breakthroughs in x-ray physics are ushered in by

improvements to the hardware of x-ray generation and detection.

An ideal x-ray detector offers high bandwidth and dynamic

range, the ability to efficiently collect incident photons, and

sufficient spatial resolution for imaging. For x-ray spectroscopy,

energy resolution is an additional requirement. Since their first

use at a synchrotron in 1999 for macromolecular crystallography

(Manolopoulos et al. [1999]), hybrid photon counting detectors

(HPCDs) have offered a compelling alternative to other x-ray

cameras such as scintillators or imaging plates, and they are

now routinely used at synchrotrons around the world (Miceli

[2009], Brönnimann and Trüb [2018]). In an HPCD, the photon

is absorbed in a sensor layer with high quantum efficiency that

converts incident x-rays to a cloud of electron-hole pairs. A

potential bias across the sensor layer then sweeps the charge

carriers to collection electrodes at the back of the sensor layer,

where each pixel is bump-bonded to an application specific

integrated circuit (ASIC) that handles readout of the signal

and counts incident photons. Because the processes of photon
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absorption and photon counting are, by de�nition, physically
decoupled in HPCDs, each step can be independently optimized
for speci�c conditions.

As has been pointed out in a review (F•orster et al. [2019]),
many of the traits that make HPCDs so useful for synchrotron
experiments make them similarly useful for a variety of laboratory
applications. HPCDs are attractive because of their high quantum
e�ciency, zero dark count, high framerate, high count rate, and
adjustable energy thresholds. Their modular design with small
pixels and large active areas makes them particularly useful for
imaging applications, where the same attributes that improved
the quality of macromolecular di�raction data at synchrotrons
stand to make similar improvements to x-ray imaging in the lab.
Namely, in the photon-starved regime of tabletop tomography,
HPCD count rates are more than su�cient compared to faster
scintillation-based detection schemes, and since the sample can be
placed very close to the detector, the greater active area provided
by imaging plates are unnecessary. HPCDs have been used for
medical imaging (Giaccaglia, Fardin et al. [2023], Taguchi and
Iwanczyk [2013]) and laboratory-based materials inspection such
as x-ray computed tomography (xCT) (Werny et al. [2022], Solem
et al. [2021], M•uller et al. [2021], Lutter et al. [2021]).

Nanoscale xCT (nano-xCT) is a particularly interesting
application of HPCDs since these fast, high-e�ciency detectors
enable signi�cant improvements in imaging resolution and speed,
both of which are in high demand in the semiconductor industry.
By incorporating the information from di�erent x-ray radiographs
collected from many distinct perspectives, xCT generates a
3D reconstruction of an object (Houns�eld [1973]). It is an
established technique in medicine and industrial manufacturing
to non-destructively identify the internal structure and uncover
anomalies (Withers [2007], Withers et al. [2021]). In medicine,
spatial resolution on the order of 1 mm is typically su�cient,
but for advanced manufacturing, spatial resolutions of microns
or even tens of nanometers is highly desirable. In particular, the
semiconductor industry now routinely produces 300 mm integrated
circuit (IC) wafers patterned with billions of individual wiring
elements which may each only be a few nanometers across. This
application space calls for nondestructive metrology of critical
dimensions capable of achieving both nanometer spatial resolution
and rapid imaging and analysis speeds. As the desired spatial
resolution of nano-xCT increases, so too does the required number
of photons to produce a 3D reconstruction. Since laboratory-
based xCT is typically photon-starved, state-of-the-art nano-xCT
and ptychography measurements of ICs have taken place at
synchrotrons (Holler et al. [2014, 2019]), where a high-
ux source
of coherent, monochromatic x-rays enables spatial resolutions
down to 4 nm (Aidukas et al. [2024]).

While synchrotron-based nano-xCT measurements will always
outperform lab-based techniques on the metrics of resolution
and imaging speed, it is not practical to rely on them in
many applications. For IC foundries, failure analysis requires
measurement turn-around times on the order of one day, and thus
having on-demand, in-house imaging at high speed and spatial
resolution is essential. Currently, chip inspection that requires
the highest spatial resolution possible is performed with electron
microscopy techniques, such as focused ion beam scanning electron
microscopy (FIB-SEM), where the region of interest is consumed
and destroyed during the measurement process. There are already
a number of commercial xCT tools available, but they typically
o�er spatial resolution in the 300 nm to 1 µm range (noa [b,c,a,d]).

There are ongoing academic e�orts to develop in-house nano-xCT
tools (Nachtrab et al. [2014], Dreier et al. [2025]) for IC inspection
without the need for the sample to be under vacuum, though these
approaches achieve spatial resolutions in the 300 nm to 600 nm
range. Resolution up to 177 nm have been reported, although
these measurements were performed on slurry-phase catalysts, not
on an IC chip (Werny et al. [2022]). Lastly, there are alternate
designs for scanning electron microscope (SEM)-based nano-xCT
metrology on ICs that report spatial resolutions in the 100 nm to
150 nm range, albeit using more involved and destructive sample
preparation (Lutter et al. [2021]). The scale of ongoing research
and investment, as well as the unique constraints on sample prep,
scan volume, and ultimate resolution necessitated by distinct
nano-xCT approaches, shows this technology still has a need
to improve before a tool for the semiconductor industry can be
delivered. Such a tool may o�er unique utility for failure analysis of
smaller, front-end-of-line features for which there are not currently
good x-ray imaging options.

In this work, we demonstrate the integration of an HPCD
into a NIST-developed, in-house, SEM-based, nano-xCT tool
(Nakamura et al. [2024]). We show that the HPCD's properties
make it possible to collect data for a full 3D reconstruction of a
�1200 µm 3 region of an IC fabricated at the 130-nm node in just
over 10 hours, with image analysis of our data indicating that
comparable image quality could have been achieved in less than
two hours. For comparison, data collection of the same sample
region in the same tool with the previously used x-ray spectrometer
took approximately 240 hours. While the spectrometer used
previously made elemental composition possible and guaranteed
that detected photons came from the nanoscale x-ray spot, for the
semiconductor application space, these advantages are currently
outweighed by the signi�cant data collection speeds enabled by the
HPCD. We use well-established image quality metrics to con�rm
that our measurement resolution is su�cient to image the 160 nm
features in the IC while maintaining a photon 
ux su�cient for
fast measurement. We account for a number of considerations that
make acquiring and processing tomography data with such a large-
area detector unique, and we do so in a su�ciently generic way
to be useful for a wide number of cone-beam xCT experimental
apparatuses.

Materials and Methods

This work was performed using a custom SEM-based nano-
xCT tool at NIST. The full system architecture with a di�erent
type of x-ray detector was �rst proposed in 2019 (Lavely et al.
[2019]) and has since been implemented and thoroughly explained
in Nakamura et al. [2024]. The reconstruction code used here,
TomoScatt, is described in greater depth in Levine et al. [2023]
and Levine et al. [2019]. We provide a brief overview of the
whole system here, but we direct the reader to those manuscripts
for detailed methods of the SEM hardware or reconstruction
algorithm and focus here on HPCD-speci�c considerations.

SEM Chamber and Sample Architecture
The nano-xCT tool consists of a modi�ed SEM vacuum chamber
with a sample mounted on a �ne positioning and rotation stage
(Fig. 1A). Incident electrons from the gun are converted to x-
rays in a Pt target layer deposited directly onto the Si backing
of the IC sample. For this measurement, the focused electron
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Fig. 1: Experimental schematic. (A) Computer assisted design (CAD) drawing of our SEM chamber showing the electron column, the
stage and sample holder, the energy dispersive spectrometer (EDS), and the HPCD (placed outside the SEM vacuum chamber). (B)
Cartoon side-view of the sample highlighting the interaction between the electron beam and the Pt target, the propagation of the
generated x-ray spectrum through the IC sample, and the collection of the attenuated x-ray radiation by an HPCD. In cone-beam xCT,
the source-detector-distance (S D ) and the source-feature-distance (S F ) determine the geometric magni�cation M G = S D =SF .

beam has a spot diameter of less than 100 nm, which leads to
a comparably sized x-ray generation volume in the Pt target. The
generated x-rays pass through the sample and exit the vacuum
chamber through a Be window. These x-rays are collected by the
HPCD detector, which is mated to the SEM chamber exterior with
interlocks to prevent leakage of x-rays into the laboratory space.

The sample, which is a Cu logic circuit fabricated at the 130-
nm node, is thinned down until only six circuit layers, or 3:32 µm,
remain. The Si back of the sample is similarly thinned down
to 8:6 µm before a 100 nm layer of Pt is deposited onto this Si
backing, as shown in the inset of Fig. 1B The prepared circuit is
then mounted to a glassy carbon substrate for structural support
before the entire sample is attached to a graphite puck that can
be mounted to the mechanical stage.

HPCD
The commercial HPCD used for this work is a DECTRIS Eiger2
R 4M. A number of key detector properties are tabulated in Table
1. The accelerating voltage of the SEM is set to 25 keV, which
generates an optimal intensity of Pt L� x-rays at 9 442 keV, as
explained in greater detail in Nakamura et al. [2024]. The HPCD
lower energy threshold is set to 50% of this value, or 4 721 eV.
When placed as close to the Be window as physically possible, the
closest point on the detector active area is about 256 mm from
the point where the electron beam is focused onto the Pt target
layer when the sample is at a 10 mm working distance from the
end of the SEM column. Since this point is the source of the x-
rays used for measurement, in the language of cone-beam CT,
the system has a source-detector distance SD = 256 mm. The
mean source-sample distance from the center of the Pt target to
the center of the IC circuitry layer is S F =10:26 µm. The system
has a cone-beam geometric magni�cation of M G = S D =SF . At
normal incidence, this gives a huge geometric magni�cation of
M G � 25 000, corresponding to a projected HPCD pixel size
of only 3 � 3 nm. Because this is far smaller than any resolved

features in the sample we have binned groups of 16 � 16 pixels
together in postprocessing to reduce the computational load of
doing the reconstructions presented here.

To produce the 7-angle reconstruction shown in Figure 3, a
total of 45.84 billion photons were collected during the 8.4 hours
of detector acquisition time. Out of the 4 427 776 HPCD pixels,
4 210 552 remained after masking out unusable pixels. These
values give a mean data acquisition rate for our experimental
con�guration of 0.36 counts per pixel per second. All data were
collected with an SEM current of 10 nA, which produces an
acceptable tradeo� between su�ciently large photon 
ux and
su�ciently small spot size (Nakamura et al. [2024]). In addition
to detector acquisition time, there is approximately 5 s spent in
between detector exposures on SEM-image-based drift correction.
For 60 s dwell times, this amounts to a 92% detector live time for
each collection angle.

Table 1. HPCD Speci�cations. The �nal three parameters in the table
depend on the sample rotation angle, with values at 0° and 22:5° shown
here.

Property [units] HPCD
Active area [mm 2 ] 25 000

Pixel array 2068 � 2162
Pixel size [µm 2 ] 75 � 75

Subtended angle(s) [°] 33.5, 35
Solid angle [sr] 0.35

HPCD (0°) HPCD (22:5°)
Geometric magni�cation 25 000 23 100

Active area on sample [µm 2 ] 6.25 � 6.53 7.32 � 7.07
Pixel size on sample [nm 2 ] 3 � 3 3.51 � 3.25

Prior measurements taken with this system used an x-
ray spectrometer, which consisted of 240 pixels, each



4 J. Fonseca et al.

350 µm � 350 µm, contained within a disk 10 mm in diameter
(Pappas et al. [2019]). By contrast, the HPCD used for the
measurements reported here contains over four million pixels and
spans an active area of 155:1 mm � 162:2 mm. Even held at a
distance of 256 mm from the x-ray spot, this large, 
at-panel
detector introduces a number of geometric considerations that
did not need to be addressed previously. There are two primary
geometric e�ects that lead to a variation in apparent intensity
across the detector plane of magnitude (z=r) 3 where z is the
distance from the x-ray spot to the closest pixel on the detector
and r is the distance from the x-ray spot to an arbitrary pixel.
This intensity variation is due to the variation of solid angle
coverage of each pixel on a 
at array, and it arises from two distinct
contributions.

The �rst contribution is the reduction in solid angle coverage of
each individual pixel due to distance. The solid angle of a point-
like source subtended by a given pixel is 
(r) / 1=r 2 , so the
reduction in solid angle coverage of an arbitrary pixel relative to
the pixels closest to the source is 
(r)=
(z) = (z=r) 2 . The second
contribution is pixel obliquity, or how the amount of area of a
given pixel that \faces" the x-ray spot decreases with increasing
cone half-angle � away from the axis between the x-ray spot and
the center of the detector according to cos � = z=r. These two
e�ects multiplied together produce a (z=r) 3 geometric reduction
in perceived intensity that must be taken into account to preserve
the correct white-�eld photon statistics that are crucial for an
accurate tomographic reconstruction.

In addition to these so-called \geometric e�ects," that are
independent of the x-ray detection mechanism, the probability
of absorption within an HPCD pixel can also be a�ected by the
path-length of the x-ray through the sensor layer, which depends
on incidence angle. For a point-like x-ray source and a large 
at-
panel detector, this e�ect leads to energy-dependent changes to
the absorption statistics across the HPCD face. This e�ect has
been described in Vaughan et al. [2025]. Speci�cally, for a detector
perpendicular to the beam source (which ours is), the correction
factor takes the form

k(E) =
1 � exp(��(E)�t= cos �)

1 � exp(��(E)�t)
(1)

where �(E) and � are the energy-dependent x-ray mass
attenuation coe�cient and mass density of Si, respectively, t is
the sensor layer thickness, and �, de�ned above, is the angle
between the beam axis and a given detector pixel (sometimes
referred to as the scattering angle 2� in di�raction experiments).
These geometric corrections are summarized in Table 2.

Table 2. Geometric corrections for large 
at-panel pixelated detectors

Cause Pixel on z-axis Arbitrary pixel
Distance e�ect 1=z2 1=r2

Obliquity 1 z=r
Absorption prob. 1 � exp(��(E)�t) 1 � exp(��(E)�t= cos �)

Figure 2A shows a plot of these various geometric e�ects on our
system. The red curve shows that the (z=r) 3 solid angle correction
is dominant for our system, exhibiting a change in collection
e�ciency of over 20 % between the center and the corners of the

active area. By contrast, this plot highlights that for detectors with
a diameter less than � 20 mm, the geometric (z=r) 3 correction can
be omitted, explaining why this factor was not considered in prior
work (Nakamura et al. [2024]).

The green and light blue curves in Fig. 2A show the pixel-
absorption correction factor at 10 keV and 20 keV, respectively.
As the x-ray energy increases, the probability of a pixel absorbing
the photon becomes more thickness-dependent and thereby more
sensitive to the incidence angle. Over 80 % of our photons lie
between 4 keV and 10 keV, so we have omitted this correction
factor from our data processing since it has a � 1% e�ect, as
shown by the green curve in Fig. 2A. For similar tomography
systems that use a larger detector, place the detector closer to
the sample, or operate at higher x-ray energies, this energy-
and angle-dependent variation in detector quantum e�ciency can
easily become a signi�cant e�ect that needs to be corrected for
during data acquisition and processing.

To highlight the signi�cance of correcting for the (z=r) 3

collection e�ciency, we show example radiographs of the raw,
2D, x-ray transmission images, stitched together without (Fig.
2B) and with (Fig. 2C) this correction factor included. The same
artifacts that cause visible intensity 
uctuations and distortions in
the uncorrected image here would cause signi�cant artifacts in the
reconstruction code if not corrected for in the input to TomoScatt.

Limited Angle Tomography
Our planar samples with a Pt target deposited on the back
introduce constraints on how much the sample can be rotated in
the course of collecting x-ray projections to use for tomography.
Presently, to avoid collision between components in the SEM
chamber, the circuit can only be rotated to �45°. Even without
this limitation, the Pt target would limit us to a rotation of
somewhat less than �90°. We address this challenge by performing
limited-angle tomography.

The data presented in this work were collected at only 7 discrete
rotation angles spaced in increments of 7:5° from �22:5° to 22:5°.
At each discrete angle, the sample is mechanically translated by
a piezo stage to let the beam dwell at a grid of points that tile
the roughly 25 µm � 10 µm scan area in steps of roughly 1:5 µm,
which is 1/4 of the projected detector width/height on the sample.
The detector active area consists of pixel modules separated by
small vertical and horizontal gaps where no photons are collected.
The scan area is deliberately rotated in-plane by 4° so that these
gaps are not aligned for two adjacent images. See Supplementary
Material Fig. 1 for a schematic of the scan plan.

One aspect of using a detector with large active area for
cone-beam tomography that works in our favor is the range of
angles subtended by the detector at any given sample rotation
angle. For our measurement geometry, the HPCD subtends
33:5° horizontally and 35° vertically, as noted in Table 1. This
means that as the sample is translated to let the SEM beam
dwell at di�erent positions in the ROI, we collect rays that
pass through the sample through an e�ective 33:5° arc. In
this way, increased lateral overlap between adjacent beam dwell
spots translates to increased angular coverage within the 33:5°
subtended arc. Hence, each discrete rotation angle includes a
nearly continuous range of angles spanning �16:75° about that
angle. In this way, even without rotating the sample at all, we can
perform \single-angle" tomography. As the range of subtended
angles � s used for tomographic reconstruction increases, there
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