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Abstract
X-ray absorbers of the X-ray Integral Field Unit (X-IFU) microcalorimeters are 
required to provide high quantum efficiency (QE) for incident X-rays and high 
reflectivity to longer wavelength radiation. The thickness of the electroplated Au 
and Bi layers of the absorber is tuned to provide the desired pixel heat capacity and 
the QE. To calculate the QE precisely, in addition to filling factor, we have included 
the effects of surface roughness, edge profile of the absorbers and the effects of the 
different angles of incidence of the incoming X-rays from the X-IFU optic. Based 
on this analysis, it is found that thickness of the Bi layer needs to be adjusted by 
4.3% to achieve the X-IFU QE requirements. To enhance the absorber’s rejection of 
low-energy radiation, a second thin layer of Au is sputter-deposited on top of the Bi 
layer. Optical measurements in the wavelength range 0.3–20 μm show a significant 
increase in reflectivity compared to a bare Bi layer.
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1 Introduction

The X-ray Integral Field Unit (X-IFU) is an instrument on the Advanced Telescope 
for High-ENergy Astrophysics (ATHENA) space telescope that will use ~ 3.2 
kilopixels of transition edge sensor (TES) microcalorimeters [1]. The pixels are 
being designed to provide full-width-half-maximum (FWHM) instrument energy 
resolution of ΔEFWHM = 2.5  eV at 7  keV. Each microcalorimeter pixel consists 
of ~ 6-μm-thick Au/Bi absorber attached to a Mo/Au bilayer sensor with critical tem-
perature around TC ≈ 90 mK as shown in Fig. 1. The absorber is a critical component 
to the pixel design that not only provides the stopping power for X-rays, or quantum 
efficiency (QE), but also dominates the total heat capacity budget, which determines 
the resolution and dynamic range of the pixel, and it also provides reflectivity for 
longer-wavelength photons, which can be responsible for photon shot noise. In this 
paper, we report on the design and optimization of the absorbers for X-IFU. In par-
ticular, we have studied effects of filling factor, surface roughness and edge profile 
of the absorbers and the effect of incidence angle of the X-rays on the average quan-
tum efficiency (QE). We also report a new process to increase the reflectivity of the 
top Bi layer to the low-energy photons (1–20 μm wavelength range) by introducing 
thin Ti/Au capping layer.

2  Absorber Design

To achieve the required instrument energy resolution of ΔEFWHM = 2.5 eV up to 
7 keV and ΔEFWHM = 5 eV at 10 keV, the TES microcalorimeter needs to have a 
total heat capacity of C = 1.1 pJ/K at TC. The heat capacity is chosen as a trade-off 
between minimizing the intrinsic pixel resolution (ΔEFWHM ∝ √C) at low ener-
gies, while also being large enough to ensure the performance is not compromised 
at the highest energies of interest due to non-linearity. The total heat capacity 
of the pixel is dominated by the Au layer in the absorber. Both Au and Bi pro-
vide high stopping power for X-rays; however, Au is used to provide good lateral 
thermal conductivity across the absorbers to ensure rapid thermalization at low 
temperatures (as is needed to avoid any position dependence which degraded the 
energy resolution performance), while Bi is used to provide additional stopping 

Fig. 1  A diagram of a GSFC 
TES pixel. Au/Bi absorber is 
attached to an Au/Mo TES 
which is suspended by SiN 
membrane. The absorber has a 
trapezoidal shape and a rough 
surface. A thin Au capping layer 
is added to improve reflectance 
at 1–20 µm wavelength range 
(Color figure online)
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power without adding significant additional heat capacity (due to its low electron 
density). The relative thicknesses of Au and Bi layers are tuned to simultaneously 
obtain the target C while achieving the required QE. At the same time, the gaps 
between absorbers must be minimized to achieve high areal filling factor. Our 
current X-IFU TES microcalorimeters consist of a 2-μm Au layer plus a 3.75-μm 
Bi bilayer absorber. They have a pixel pitch of 250 μm. The most recent X-IFU 
array requirements are for pixels with a 275-μm pitch and ~ 5-μm gap between 
pixels.

The Au/Bi bilayer absorber is fabricated in two main steps. First, a continuous 
layer of absorber material is deposited by pulsed electroplating of Au and Bi lay-
ers over the entire array in separate Au and Bi plating baths. Here, electroplating 
of Au is preferred over other microfabrication processes such as thermal evapora-
tion and sputtering since the films produced have higher residual resistance ratio 
(RRR), providing better thermalization properties at low temperatures. Second, 
ion milling is used to isolate individual absorbers [2]. Completed absorbers typi-
cally have a rough surface finish due to the formation of a Bi grain structure. 
They also have a slightly angled edge profile due to the required positioning of 
the ion milling gun relative to sample. The effects of the surface roughness of the 
Bi and edge profile of the absorber need to be addressed when determining the 
QE. Quantitative information about the surface roughness of a typical Bi layers 
was obtained by using a 3D surface profiler. This measurement was carried out on 
a sample that was fabricated by using a grain refiner additive to the Bi bath [3]. 
This recipe is found to produce a Bi layer with fewer voids, less trapped precipi-
tates, slightly higher reflectivity and a visibly smoother surface [4].

Stray power from the radiative heat load from warmer stages of the X-IFU cry-
ostat can cause thermal fluctuations in the detector array. These fluctuations can 
be sensed in the TES microcalorimeters, causing a shot noise that can degrade 
the performance. To prevent this, optical blocking filters at various temperature 
stages of the cryostat are being developed for X-IFU [5]. In order to minimize the 
requirements of the infrared blocking filters and potentially improve the overall 
filter throughput at low energies, it is desirable for the Au/Bi absorbers to have 
as high a reflectivity as possible. In a new process, we are experimenting with 
depositing thin layers of Au with a Ti adhesion layer on top of the main absorber 
layers to increase the reflectivity. This thin top layer is using an e-beam evapo-
rator with a planetary rotation system that ensures evaporations at a variety of 
angles in an attempt to coat the rough surface as continuously as possible.

2.1  Quantum Efficiency Study

The total QE requirements for X-IFU are currently 96, 87 and 63% at 1, 7 and 
9.5 keV, respectively. This includes both the vertical QE and the areal filling fac-
tor. Since these numbers are close to technically achievable limits, the QE needs 
to be calculated precisely. The vertical QE of Au/Bi absorber is calculated using 
the Lambert–Beer law for attenuation of X-rays in these two materials:
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Here, tBi and tAu are the thicknesses of the Bi and Au layers and μBi and μAu are the 
corresponding X-ray attenuation lengths for different X-ray energies [6]. The X-rays 
interact with the absorbers predominantly through the photoelectric effect in the 
energy range of interest. Therefore, their energy is either completely absorbed or not 
changed as they propagate through the absorber material. Considering only the ver-
tical QE, the optimal thicknesses to achieve 1.1 pJ/K at 90 mK and 90% QE at 7 keV 
would require 2 μm Au and 3.75 μm Bi. Here, the heat capacity includes the heat 
capacities of the Au/Bi absorber (85% + 2%), Mo/Au bilayer TES sensor (8%) and 
the SiN membrane (5%) [7, 8]. If we consider a microcalorimeter array with 98% 
filling factor and with perfectly vertical absorber edges, the total QE would decrease 
to 88.2%. This estimation can be further refined to include the effects of the surface 
roughness and absorber edge profile.

The surface of a 3.44-μm-thick bismuth layer of the type fabricated for our 
absorbers was electroplated onto a Ti/Au seed layer to enable us to study its sur-
face profile using a 3D optical interference profiler. A scanning electron micro-
scope (SEM) image and 3D model of this surface are shown in Fig. 2 (left top and 
bottom). A histogram of the surface heights was produced from an average of ten 
measurements at various sites on the surface. The shape of this histogram can be fit 
by a Gaussian distribution with a 0.6-μm standard deviation. The grain size of the 
Bi is expected to be proportional to the thickness of the deposited layer [9]. Thus, 
by scaling and adding this variation to 3.75-μm Bi and 2-μm smooth Au layer, we 
can determine a histogram of the heights within a single Au/Bi absorber as shown 
in Fig.  2 (right). We use the thickness values from this histogram with Eq.  1, to 

(1)QE = 100% *
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)
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Fig. 2  (Left top) SEM image of the electroplated Bi surface. (Left bottom) Surface roughness of the Bi 
surface seen by surface interferometer. (Right) Corresponding histogram of the surface roughness of Au/
Bi absorbers. The bottom axis is the thickness, and the top axis is the inferred QE (Color figure online)
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determine the corresponding QEs, which are labeled on the top axis of the histo-
gram plot. The weighted average of these is 90.11%, which is 0.13% decrease from 
QE of 90.24% for absorber without the roughness.

An optical microscope was used to obtain the edge profile of the absorbers. To 
determine the angle of the absorber sidewalls, we measured the distance between 
two adjacent absorbers at the top of the absorbers and at the bottom of the absorb-
ers by focusing to the top and bottom surfaces and determining the height from the 
difference between the top and bottom focus. The gaps were measured to be ~ 10 μm 
at the top and ~ 6 μm at the bottom. Here, the top gap is set by the design of the 
photoresist mask, and the bottom gap is set by the ion mill angle. If smaller gaps 
are desired to increase the fill factor, there will generally be an increased chance of 
producing shorts in between absorbers from Bi grains that are not perfectly milled 
away, and thus, the yield will be reduced.

In Fig. 3 (left), the QE of an Au/Bi absorber with trapezoidal profile is plotted 
for fixed top gaps and for various bottom gaps, at energies of 7 (left y-axis) and 
9.5 keV (right y-axis). The X-IFU QE requirements are plotted as dotted horizontal 
lines according to their respective axes. Currently, our typical laboratory absorbers 
have a ~ 10-μm top gap and ~ 6-μm bottom gap, and the QEs are denoted by the red 
circles, which are below the requirements at both energies. To reach the require-
ments, the next iteration of Au/Bi absorbers is being developed with reduced gap 
widths, and ~ 7-μm top and ~ 4-μm bottom gap has already been achieved, pushing 
the QEs to the green circles.

We have also looked at whether there is any potential effect on the QE from the 
range of angles from the incoming X-rays, leading to slightly increased path lengths 

Fig. 3  (Left) QE of trapezoidal Au/Bi absorber at 7 and 9.5 keV. The requirements are 87% and 63%, 
respectively, shown as dotted horizontal lines. Thickness (2 + 3.75 µm) and top gaps (7 µm and 10 µm) 
of the absorbers are fixed, and the bottom gaps are varied between 0 and 10 µm. Red and green circles 
show estimated QEs with 4 µm and 6 µm bottom gaps with ± 0.5 µm uncertainty. (Right) Optimal thick-
nesses to achieve 0.8–1.4 pJ/K target heat capacities while providing 63% QE at 9.5 keV. Dashed lines 
are obtained by taking into account only the filling factor, while solid lines are obtained by additionally 
including surface roughness and edge profile with fixed 10 µm top gap and 5.5 µm bottom gap. The verti-
cal dashed line at 1.1 pJ/K is the target heat capacity (Color figure online)
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for the X-rays in the absorber material. ATHENA’s telescope will have a 12-m focal 
length, and the X-ray optic has a 3-m diameter. The X-rays will be focused by using 
silicon pore optics [10]. Thus, the incident angle varies between 1° and 7°. By using 
a typical effective area versus incident angle data set for this type of optic, we calcu-
lated a weighted averaging for the change in QE at 7 keV and found that this effect 
would be less than 0.01% at this energy. At lower energies, the QE approaches unity 
at this thickness scale, and at higher energies, there is very little effective area of the 
optic, so 7 keV is the energy at which the effect of a varying incident angle has the 
potential to be the greatest.

By considering the fill factor, surface roughness and the edge profile in our QE 
calculation, we calculated the target thicknesses of the Au and Bi layers for pixels 
which have a range of heat capacities between 0.8 and 1.4 pJ/K, as shown in Fig. 3 
(right). The layer thicknesses have been chosen to achieve 63% QE for 9.5  keV 
X-rays, since this requirement needs more thickness than the other energies. Based 
upon these calculations and depending on the required heat capacity, we need to 
increase the Bi thickness over the current thickness only by approximately 4.3% 
and Au thickness by only 0.5% over our current design thicknesses. Both of these 
changes are not significant and can be easily achieved in fabrication. Therefore, this 
is a more robust solution for meeting QE requirements than changing the gap size.

3  Reflectivity Enhancement

While the X-IFU Au/Bi absorbers are optimized to absorb 0.2–12 keV X-rays, opti-
cal and infrared radiation from higher temperature stages of the X-IFU cryostat, 
which are not detected as a TES signal, produces shot noise that degrades detec-
tor performance. To reduce these, infrared blocking filters made of aluminized 
polyimide are typically located at different temperature stages [5]. Additionally, it 
is currently required for the X-IFU that the Au/Bi absorbers have more than 40% 
reflectance in the wavelength range of 1–20 μm. This requirement was based upon 
the measured reflectance of a number of samples of our electroplated Bi at room 
temperature. Based upon this assumed reflectance, the IR blocking filters have been 
designed to meet the required X-ray transmittance, while remaining sufficiently rug-
ged to not risk becoming torn.

To improve the reflectance of the Au/Bi absorbers and ease the requirements on 
the filters, we have introduced an Au capping layer with a 5-nm Ti adhesion layer. 
This layer was deposited by using e-beam evaporation, during which the deposi-
tion angle was varied to increase the coverage of the holes/grains on the Bi sur-
face. In order to compare the reflectance of bare Bi with Bi that has various Au 
capping layer thicknesses, the total hemispherical reflectance (THR) was measured 
using a Bruker IFS 125HR spectrometer at room temperature over a spectral range 
spanning 0.3–20 μm. The photometric accuracy of the integrating sphere used for 
these measurements was around 2–3%. Results from these measurements and also 
the reflectance of bulk Au from the literature [11] are plotted in Fig.  4. The two 
bare Bi samples were 3.62  μm and 3.44  μm thick and were fabricated using our 
regular Bi recipe and improved recipe with grain refiner additive, respectively. The 
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reflectance of these two samples was ~ 45% in the 1–20 μm wavelength range with 
the former being slightly higher. A 20-nm Au capping layer increases the reflectance 
up to around 60–65%, and a 40-nm capping layer gives around 75–80%. The differ-
ence in reflectivity of the two Bi samples is increased as the thickness of the capping 
layer is increased. For the samples with an Au capping layer, the reflectance starts to 
increase with increasing wavelength around 3 μm, where the radiation wavelength 
starts to become comparable with the Bi grain size. The skin depth of Au at 1 μm 
is about 4.5 nm; thus, a uniform ~ 15-nm layer of Au is anticipated to approximate 
the material’s bulk reflectance. Therefore, the measured reflectance suggests that Bi 
is not covered by a continuous layer of sufficiently thick Au, which is probably due 
to its surface roughness (see SEM image in Fig. 2). Complete coverage could poten-
tially be achieved by increasing the Au thickness. Our e-beam evaporated Au has 
an RRR of ~ 3; thus, we expect at cryogenic temperatures a scattering of the charge 
carriers in Au will decrease with decreasing temperature, and this could improve the 
reflectivity of the Au capping layer. On the other hand, RRR of the Bi layer can be 
less than 1 [2]; thus, at low temperatures, it is expected that the reflectance of our Bi 
layer can be less than what we have measured at room temperature.

The contribution of the capping layer to the total heat capacity for 20  nm and 
40 nm of Au is 1% and 2%, respectively, and to the QE is 0.1% and 0.2%, respec-
tively. To verify that the additional thin top Au layer does not cause any degradation 

Fig. 4  THR of electroplated Bi samples. The two bottom dashed lines are from bulk Bi samples that 
were fabricated by using our regular Bi recipe and recipe with grain refiner additive. Adding 20-nm (dot-
ted lines) and 40-nm (dash-dotted lines) Au capping layer increases the THR in 1–20  µm wavelength 
range. Reflectance of bulk Au (solid line) from literature [11] is plotted for comparison (Color figure 
online)
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to the TES microcalorimeter performance, we tested a complete X-ray microcalo-
rimeter with a 20-nm Au capping layer. We measured their spectral performance 
when irradiated with 5.9 keV and 6.4 keV Mn K X-rays and measured the energy 
resolution at 5.9 keV to be 2.3 eV FWHM. This spectral performance was consistent 
with the expected energy resolution based upon the X-ray signal sizes and shapes 
and also the measured noise spectrum. It was also identical to the performance of 
some pixels of the identical design, but without the thin gold capping layer. A recent 
study of the extended line spread function of this type of microcalorimeter by our 
group did not find any correlation between the absorber design, including Au cap-
ping layer, and the extended line spread function [12].

4  Conclusions

We have determined the required thicknesses of Au and Bi layers to achieve the 
desired quantum efficiencies in TES microcalorimeters designed for the ATHENA 
X-IFU for a range of different required heat capacities. We have included in our 
estimates the effects of surface roughness, edge profile and the angles of incident 
X-rays, in addition to the filling factor, in our optimization of the Au and Bi thick-
nesses. We have also found that the reflectivity of the top Bi in the 0.3–20 μm wave-
length range is increased from 45% to up to 80% at room temperature from the addi-
tion of 40 nm of an Au capping layer with a 5-nm Ti adhesion layer. This value is 
expected to increase at the operating temperature of the detectors.
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