
materials

Article

Electroplating Deposition of Bismuth Absorbers for X-ray
Superconducting Transition Edge Sensors

Jian Chen 1 , Jinjin Li 1,*, Xiaolong Xu 1 , Zhenyu Wang 2, Siming Guo 1, Zheng Jiang 1, Huifang Gao 1,
Qing Zhong 1, Yuan Zhong 1, Jiusun Zeng 2 and Xueshen Wang 1,*

����������
�������

Citation: Chen, J.; Li, J.; Xu, X.;

Wang, Z.; Guo, S.; Jiang, Z.; Gao, H.;

Zhong, Q.; Zhong, Y.; Zeng, J.; et al.

Electroplating Deposition of Bismuth

Absorbers for X-ray Superconducting

Transition Edge Sensors. Materials

2021, 14, 7169. https://doi.org/

10.3390/ma14237169

Academic Editors: Silvia

Maria Deambrosis, Cecilia Mortalò,

Valentina Zin and Pavel Diko

Received: 21 September 2021

Accepted: 23 November 2021

Published: 25 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 National Institute of Metrology (NIM), Beijing 100029, China; chenjian@nim.ac.cn (J.C.);
xiaolong.xu@nim.ac.cn (X.X.); gsm@nim.ac.cn (S.G.); 18652908595@163.com (Z.J.); gaohf@nim.ac.cn (H.G.);
zhongq@nim.ac.cn (Q.Z.); zhongyuan@nim.ac.cn (Y.Z.)

2 College of Metrology and Measurement Engineering, China Jiliang University, Hangzhou 310018, China;
p20020854084@cjlu.edu.cn (Z.W.); jszeng@cjlu.edu.cn (J.Z.)

* Correspondence: jinjinli@nim.ac.cn (J.L.); wangxs@nim.ac.cn (X.W.); Tel.: +86-10-6452-6134 (J.L.);
+86-10-6452-6122 (X.W.)

Abstract: An absorber with a high absorbing efficiency is crucial for X-ray transition edge sensors
(TESs) to realize high quantum efficiency and the best energy resolution. Semimetal Bismuth (Bi)
has shown greater superiority than gold (Au) as the absorber due to the low specific heat capacity,
which is two orders of magnitude smaller. The electroplating process of Bi films is investigated. The
Bi grains show a polycrystalline rhombohedral structure, and the X-ray diffraction (XRD) patterns
show a typical crystal orientation of (012). The average grain size becomes larger as the electroplating
current density and the thickness increase, and the orientation of Bi grains changes as the temperature
increases. The residual resistance ratio (RRR) (R300 K/R4.2 K) is 1.37 for the Bi film (862 nm) deposited
with 9 mA/cm2 at 40 ◦C for 2 min. The absorptivity of the 5 µm thick Bi films is 40.3% and 30.7% for
10 keV and 15.6 keV X-ray radiation respectively, which shows that Bi films are a good candidate as
the absorber of X-ray TESs.

Keywords: transition edge sensors; bismuth; absorbers; electroplating deposition

1. Introduction

A superconducting transition edge sensor (TES) is a detector with the superiority of
high energy resolving ability, high quantum efficiency and a negligible dark-count rate.
TES has been widely used in the field of X-ray detection [1,2]. X-ray TES is a very sensitive
thermometer based on the transition between the superconducting and normal state of a
superconducting metal film due to the thermal transfer from the absorber, which absorbs
the energy of incident X-ray photons [3–5]. The energy resolution (∆E) in the strong electro-
thermal feedback is related to ~C1/2, C is the heat capacity of superconducting thin films
and the absorber [6–8]. For the best ∆E, the C of the absorber should be as low as possible.
Moreover, the absorber should show a high absorbing efficiency for X-ray radiation to
realize high quantum efficiency [4]. Several kinds of metals, such as superconducting
tantalum (Ta) [9,10] and tin (Sn) [11,12], normal metal Au [13,14], and semimetal Bi [15,16],
have been used as absorbers. Among them, Bi and Au are widely used because of the high
stopping X-ray power (high atomic number Z = 83 and Z = 79) and low specific heat [2,17].
Although Bi shows a smaller X-ray absorptivity than Au (35% vs. 52%, 5 µm thickness,
20 keV) [15], the specific heat is two orders of magnitude smaller, allowing for much larger
collection area, which is beneficial for the aerospace X-ray detection [18].

Compared with the electroplating of Au films, which has been widely researched,
research on Bi films are not so extensive. Brown et al. [19] compared the effect of elec-
troplating and thermal evaporation methods on the grain structure of Bi films and the
electroplated Bi with large grains showed a higher RRR. Gades et al. [15] examined the

Materials 2021, 14, 7169. https://doi.org/10.3390/ma14237169 https://www.mdpi.com/journal/materials

https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-9309-1455
https://orcid.org/0000-0003-1821-3955
https://orcid.org/0000-0001-7638-7000
https://doi.org/10.3390/ma14237169
https://doi.org/10.3390/ma14237169
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14237169
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14237169?type=check_update&version=3


Materials 2021, 14, 7169 2 of 11

impact of the electroplating current density, agitation, film thickness, and seed layer thick-
ness on the grain size, RRR and uniformity of Bi absorbers. Moral et al. [20] concluded the
effects of electrodeposition parameters (electrolyte, deposition method, temperature and
stirring) on morphology and electrical resistivity of the films. Sandnes et al. [21] concluded
that the grain size increases with the increasing the film thickness, and Fabrega et al. [22]
noted that grains with 1–10 µm in size could be obtained for a 4 µm Bi film, which depend
on electroplating conditions. Lien et al. [23] found that the current density and stirring
rate had a small effect on the crystal orientation, but pH was an important determinant of
the crystal orientation at lower current densities. Costa et al. [24] found that the Bi films
showed an irregular rough and polycrystalline structure grown in aqueous solutions, and
the homogeneity, surface roughness, and density could be improved when the films grown
in non-aqueous solvents.

Compared with the Bi absorbers obtained by thermal evaporation, the electroplated
Bi could minimize the low-energy tails of X-ray TES and realized films with a thickness
of micrometers [19,25]. As described in [21,24], the elemental Bi is mainly dissolved in
oxidizing acids to form colorless Bi3+ cation. The Bi3+ is easy to form Bi2O3 precipitation
even the pH rises very little. Therefore, a complex agent is needed to stabilize Bi3+ (poly-
hidroxy acids or alcohols). Moreover, a very low pH is better for the stabilization of the
electroplating of Bi films. The composition of the electroplating solution will affect the
morphology of the Bi films. In this work, we investigated the electroplating process of Bi
films using the main solution of Bi3+ with glycerol, tartaric acid and potassium hydroxide
as the additives [15,20,24]. The correlation of the electroplating current density and temper-
ature with the morphology, grain structure, grain size, deposition rate and uniformity of
the Bi films was studied. The RRR of the Bi films were measured using a liquid He system.
The absorptivity of the electroplated Bi films with different thicknesses for 10 keV and
15.6 keV X-ray radiation were evaluated using a single-energy X-ray source system based
on crystal diffraction.

2. Materials and Methods
2.1. Chemicals

All chemicals were used as obtained without any purification. Bismuth-nitrate pen-
tahydrate (Bi(NO3)3·5H2O, 99.99%) and L(+)-Tartaric acid (2R,3R-(CHOHCOOH)2, 99.5%)
were purchased from Aldrich. Concentrated nitric acid (HNO3, 70%), potassium hydroxide
(KOH, 85%) and glycerol (99.5%) were obtained from Sigma-Aldrich. Water used in the
experiments was deionized water.

2.2. Electroplating Process

The Bi films were deposited on a 4-inch silicon substrate in a commercial chip-scale
electroplating system with the pump cycle of the electrolyte solutions and temperature
controlling function (YAMAMOTO-MS, Tokyo, Japan) with a 4-inch chip clamping cathode
and a Pt counter anode. A 125 nm Au layer with a 10 nm Ti adhesion layer made by a
sputtering process served as the seed layer. The electroplating solution was composed by
1.35 M glycerol, 0.15 M bismuth (III) nitrate pentahydrate, 1.15 M potassium hydroxide,
0.33 M tartaric acid and 1.79 M nitric acid. The pH was ~0.3. To investigate the effect
electroplating parameters on the quality of Bi films, the electroplating time was fixed
at 2 min, the electroplating current densities were changed as 1, 2, 3, 5, 7, 9, 11, 13 and
15 mA/cm2, and the temperature of the electroplating solution varied to be 30 ◦C, 40 ◦C,
50 ◦C and 60 ◦C. Moreover, 5 µm Bi films were synthesized at different current densities to
investigate the effect of the thickness to the grain size.

2.3. Characterization and Electrical Measurements

The morphology and grain size of the Bi films were characterized by a scanning
electron microscope (SEM, FEI Helios NanoLab G3, FEI, Hillsboro, OR, USA). The thickness
of the films was measured by a Bruker DektakXT (Bruker, Karlsruhe, Germany) step profile.
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The XRD pattern of Bi films was achieved by a Panalytical X’Pert PRO MPD diffractometer
(Cu λKα = 1.541874 Å, Malvern Panalytical Ltd., Malvern, United Kingdom) with the
incidence angle fixed at 0.5◦, and from 10◦ to 90◦ with a 2θ scanning speed of 0.5◦ per
step. The sheet resistance was tested by mapping measurements with a CDE ResMap
178 system (Creative Design Engineering Inc., Cupertino, CA, USA) based on the van
der Pauw method. The elements analysis was characterized by an X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific, Waltham, MA, USA). The
RRR was measured in a liquid Helium system with a probe and a source meter. The
absorptivity of the electroplated Bi films with different thicknesses for 10 keV and 15.6 keV
X-ray radiation were evaluated using a home-made single-energy X-ray source system
based on crystal diffraction.

3. Results and Discussion
3.1. Morphology and Texture Study

The thicknesses of the Bi films are 92, 168, 266, 472, 632, 768, 892, 1012 and 1144 nm for
the current densities of 1, 2, 3, 5, 7, 9, 11, 13 and 15 mA/cm2, respectively. The SEM images
taken at the same magnification of the Bi films electroplated with different current densities
(Jc) at 30 ◦C for 2 min are shown in Figure 1, and the morphology changes obviously as
the Jc rises. When the Jc is 1 mA/cm2, the Bi film shows compact grains with a small grain
size and there is no obvious crystalline structure. The grains begin to grow and show a
polyhedral structure as the Jc rises to 2–3 mA/cm2. As the Jc rises to 5–15 mA/cm2, the
grains show a similar granular morphology with well-defined crystals and grow to an
anisotropic rhombohedral structure [20]. Thus, Jc does have a significant influence on the
grain structure of Bi films. The average grain sizes of Bi films are calculated by counting
the grain size from the SEM images and are shown in Figure 2. As the Jc increases, the
grain size becomes larger.

Figure 1. SEM images of the Bi films electroplated with different current densities at 30 ◦C for 2 min.
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Figure 2. Average grain size achieved from the SEM images for different current densities.

The texture of the Bi films also varies with the Jc. XRD patterns of the Bi films
electroplated at different Jc are shown in Figure 3. All the samples exhibit a significant
peak around 2θ = 27.1◦, which is the presentation of a typical (012) plane of Bi (Bismuth,
JCPDS card # 44-1246), and the most intense peak in the bulk polycrystalline Bi [20,21].
However, the intensity of (012) the peak of Bi films electroplated at 1 mA/cm2 is smaller
than that electroplated at higher Jc and there is almost no (110) peak at 1 mA/cm2, which
is consistent with the SEM results (Figure 1). The film shows compact Bi grains with the
smallest grain size. However, when the Jc is > 2 mA/cm2, the (012) peaks become stronger
and the (110) peaks are obvious, which indicates that the electroplating current density
has a greater impact on the crystal orientation of Bi film, as the Jc is lower than 2 mA/cm2.
However, the crystal orientation is not so much determined by the current density as the Jc
is > 2 mA/cm2. The morphology of the polyhedral-like shape with different grain sizes is
formed, which can be recognized as the rhombohedral form of Bi grains [26–28], as shown
in Figure 1. All films show a pattern of polycrystalline and pure rhombohedral Bi [29], and
the film structure and the main plane directions are dependent on the Jc. The grains mainly
grow along (012), (104) and (110) planes. In addition, there are no obvious peaks detected
which could be attributed to the Bi2O3.

Figure 3. XRD patterns of Bi film electroplated with different current densities at 30 ◦C for 2 min.
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Figure 4 shows the full width at half maximum (FWHM) and the intensity ratio of
the peaks obtained from the XRD patterns. The FWHM of the main peaks do not change
a lot as the Jc > 2 mA/cm2 (Figure 4a). The intensity ratio of (104)/(012), (110)/(012) and
(202)/(012) increases slowly when the Jc is > 5 mA/cm2 (Figure 4b).

Figure 4. The FWHM of the main peaks (a) and the intensity ratio of peaks (b) obtained from XRD patterns.

Figure 5a shows the cross-section of the Bi film electroplated for 2 min with 9 mA/cm2

at 30 ◦C. The thickness of the Ti/Au seed layer is used as the reference to measure the
thickness of the Bi films. As expected, the electroplating rate increases as a function of Jc
from 46 nm/min at 1 mA/cm2 to 572 nm/min at 15 mA/cm2 as shown in Figure 5b.

Figure 5. The SEM image of the cross-section of the Bi film electroplated with 9 mA/cm2 at 30 ◦C for 2 min (a) and the
deposition rate of Bi films vs. current density (b).

To investigate the impact of the thickness of the Bi film on the grain size, 5 µm Bi films
are electroplated at different current densities. As shown in Figure 6, the grain sizes are
2.28, 2.46, 2.54, 2.60, 2.77, 2.65, 2.83, 2.65, and 2.67 µm for the current density of 1, 2, 3, 5, 7,
9, 11, 13, and 15 mA/cm2, respectively. As the current density is > 3 mA/cm2, the grain
size does not change obviously. Compared with the Bi films electroplated with the same
current density at 30 ◦C for 2 min, the grain size increases obviously with the increasing
film thickness.
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Figure 6. The distribution of grain size of 5 µm Bi films electroplated with different current densities
at 30 ◦C.

The effect of electroplating temperature on the grain size and deposition rate of Bi
films is also investigated. The electroplating time is fixed at 2 min and the current density
is fixed at 9 mA/cm2, the thicknesses of the Bi films are 768, 862, 828, and 794 nm for
Bi films electroplated at 30 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C, respectively. Figure 7 shows the
SEM images of Bi films electroplated from 30 ◦C to 60 ◦C. The grain shows an obvious
multilayer structure from 40 ◦C and becomes loose. The average grain size and deposition
rate is shown in Figure 8, and does not show significant change except that the ones at
40 ◦C show a little superiority.

Figure 7. The SEM images of Bi films electroplated with different temperatures at 9 mA/cm2 for
2 min.
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Figure 8. Average grain size obtained from SEM images (a) and the deposition rate vs. the electroplating temperatures (b).

However, the preferential orientation of the Bi grain changes as the temperature rises,
as shown in Figure 9. All the samples exhibit the significant peaks around 2θ at 27.1◦,
37.9◦, 39.6◦, and 48.7◦, which are assigned to the (012), (104), (110), and (202) reflections
of Bi crystallites. Figure 10 shows the FWHM and the intensity ratio of peaks obtained
from XRD patterns. The FWHM of the (012), (110) and (202) decrease with a small scale
as the temperature rises and the FWHM of the (104) increases as the temperature rises
(Figure 10a). The intensity ratio of (104)/(012), (110)/(012), (202)/(012) increases with the
temperature before 50 ◦C and decreases at 60 ◦C. The electroplating temperature obviously
affects the orientation of the Bi grains.

Figure 9. XRD patterns of Bi films deposited with different temperatures at 9 mA/cm2 for 2 min.

3.2. XPS Study

To further investigate the composition of the Bi film electroplated with 9 mA/cm2 at
30 ◦C, XPS measurements are performed as shown in Figure 11. The XPS spectra with the
depth of the Bi film are characterized by an in-situ etch process. At the surface, the peaks
corresponding to the oxidized Bi (157.8 eV (Bi 4f7/2) and 163.1 eV (Bi 4f5/2)), and pure Bi
(155.3 eV (Bi 4f7/2) and 160.6 eV (Bi 4f5/2)) are identified [20]. However, as the etch time
increases, the oxidized Bi peaks become weaker and disappear after the accumulated 80 s
etch process [30]. The etch rate is 0.25 nm/s, so the thickness of oxidized Bi is 15–20 nm,
which indicates that only a small degree of oxidation occurs in ambient conditions and the
Bi film is mostly composed by the pure Bi.
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Figure 10. The FWHM of the main peaks (a) and the intensity ratio of the peaks (b) obtained from
XRD patterns for different temperatures.

Figure 11. Bi 4f XPS spectra of the Bi film deposited with 9 mA/cm2 at 30 ◦C for 2 min.

3.3. Electrical Properties

The electrical properties are also characterized. The sheet resistance of the Bi films
electroplated with 9 mA/cm2 for 2 min at different temperatures are shown in Table 1.
The sheet resistance decreases from 30 to 50 ◦C and increases at 60 ◦C. RRR (R300 K/R4.2 K)
is related to the Bi grain size, and a large RRR is obtained for the electroplated Bi film
with large grains. Therefore, the RRR behaves as a proof of the quality of electroplated Bi.
RRR~1.0 has been reported as a benchmark reported in [19,20]. When measuring the RRR,
the thickness of the seed layer will affect the measured value. A value of 1.44 (R300 K/R4 K)
of a Bi film with the grain size 1 µm has been reported with 100 nm Au seed layer [15]. In
this work, the seed layer is 125 nm Au on 10 nm Ti. The RRR (R300 K/R4.2 K) is 1.37 for the
Bi film deposited with 9 mA/cm2 at 40 ◦C for 2 min and 1.57 for the Bi film deposited with
11 mA/cm2 at 30 ◦C for 2 min. The large RRR indicates that the electroplated Bi film shows
a high quality.
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Table 1. The sheet resistance of Bi films electroplated with different temperatures at 9 mA/cm2 for
2 min.

Temperature (◦C) 30 40 50 60

Average (Ω/R) 1.1234 0.9800 0.9600 1.0302

3.4. X-ray Stopping Power

Bi is a good candidate as an absorber material for X-ray TES, because it shows a large
X-ray stopping power as a high-Z element and a smaller specific heat [31]. The absorptivity
for different thicknesses of Bi films electroplated with 9 mA/cm2 at 30 ◦C is characterized
for 10 keV and 15.6 keV X-ray using a single-energy X-ray source system and summarized
in Table 2. As the thickness increases, the absorptivity rises, and the absorptivity decreases
as the energy becomes larger.

Table 2. The absorptivity of Bi films for X-ray at 10 keV and 15.6 keV.

Stopping Power 2 µm Bi 3 µm Bi 4 µm Bi 5 µm Bi

10 keV 12.691% 23.855% 31.524% 40.300%
15.6 keV 12.091% 19.868% 24.808% 30.689%

4. Conclusions

An electroplating deposition process is developed to fabricate Bi films as the absorbing
layer for X-ray TESs. The effect of electroplating current density and temperature on the
morphology, crystalline structure, and electrical properties are characterized. The Bi
grains show a polycrystalline rhombohedral structure, with a typical crystal orientation of
(012). The average grain size becomes larger as the electroplating current density and film
thickness increase. The electroplating temperature does not obviously affect the grain size,
and the orientation of the Bi grains begins to change when the temperature increases. High
quality Bi films (thicknesses, 431 nm) with large grains (567 nm) and a high RRR (1.37)
have been achieved with 9 mA/cm2 at 40 ◦C. The absorptivity of the 5 µm Bi films is 40.3%
and 30.7% for the single-energy X-ray at 10 keV and 15.6 keV, which indicates that Bi films
shows a greater superiority as the absorber in the X-ray TES devices.
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