
Thermal Annealing of AlMn Transition Edge Sensors
for Optimization in Cosmic Microwave Background
Experiments

Benjamin Westbrook1 . Bhoomija Prasad1 . Christopher R. Raum1 .
Adrian T. Lee1 . Aritoki Suzuki2 . Johannes Hubmayr3 . Shannon M. Duff3 .
Micheal J. Link3 . Tammy J. Lucas3

Received: 28 November 2023 / Accepted: 6 April 2024 / Published online: 8 June 2024
The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
The 2020 decadal review recognized the measurement of the polarization of the
cosmic microwave background (CMB) to be a top priority for the decade. CMB
experiments including POLARBEAR2/Simons Array, Atacama Cosmology Tele-
scope/Advanced-ACT, SPT-3G, the Simons Observatory, and CMB-S4 have or will
use transition edge sensor (TES) bolometer fabricated with Aluminum doped with
Manganese (AlMn). AlMn is a popular material choice as the superconducting
transition temperature (Tc) and normal resistance (Rn) of the TES can be tuned with
Mn concentration, geometric patterning, film thickness, and thermal annealing. In
addition the conductivity is appropriate for both time division multiplexing and
frequency division multiplexing that require 10 mX and 1 X sensors respectively. In
this paper we present work on the ability to tune the Tc of a film based on its time and
temperature thermal tuning profile combined with room temperature monitoring of
film resistivity. Such control allows for the fabrication of a wide range of TES
parameters from a single AlMn concentration. Scanning electron microscope (SEM)
imaging shows that the AlMn film’s grain boundaries are changed by thermal
annealing making the film more conductive and raising its superconducting transition
temperatures, and that at high enough temperatures will eventually recover the Tc of
bulk Al. We find that baking films at � 200 �C for tens of minutes yields a Tc that is
suitable for 100 mK base temperature experiments and we present on the thermal
tune profiles of several different thicknesses of AlMn.
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1 Introduction

Transition edge sensors (TESs) have been the preferred type of low temperature
detector for cosmic microwave background (CMB) experiments for over a decade for
three primary reasons [1–5]. First, the sensitivity of most CMB TESs is well below
the background noise levels from the background of photons in the telescope.
Secondly, they are lithographically fabricated on 150 mm silicon wafers, which
provides excellent uniformity across a given detector array with � 1000 TESs.
Finally, the normal resistance of the TES are compatible with multiple types of
cyrogenic multiplexing making this technology scalable to experiments with many
tens to hundreds of thousands of detectors [4, 5].

When constructing a TES bolometer the following design choices must be
satisfied: (1) most of the TESs have the desired critical superconducting transition
temperature (Tc) within a specified range, (2) the TES must have the appropriate
normal resistance (Rn) both above Tc and in operation, (3) the properties of the TESs
(Tc and Rn) are uniform across the wafer, and (4) the TESs properties do not vary
from wafer to wafer across multiple fabrication runs. Aluminum doped with
Manganese (AlMn) has emerged as top candidate for the production of TES
bolometer arrays for CMB polarization experiments [2–7]. Deposition of AlMn is
typically performed using state of the art sputter deposition equipment kept under
consistently high vacuum providing natural solutions to criteria (3) and (4). [8, 9]
The manganese concentration is typically just a few tenths of a percent (either by
weight or atomic percentage) and these films have resistivities very close to that of
aluminum. In our work, we present TESs films that have normal and operational
resistances ranging from 6 mX to 1.2 X, which are appropriate for time domain
multiplexing, microwave squid multiplexing, and frequency domain multiplexing
[3, 4, 6] which is a solution to criteria (2). Most importantly, we discuss the ability to
tune the Tc of a AlMn film to the specification of a given experiment. The Tc of
AlMn films depends on many things including but not limited to: manganese
concentration, film thickness, thermal annealing temperature (Tanneal), thermal
annealing time (tanneal), and device geometry. We present our recent work on tuning
AlMn films and the methods we use to modulate the Tc and Rn of a TES for all types
of modern CMB polarization experiments.

2 Methodology

In this work, we fabricated and tested two types of devices: (1) singulated dice coated
with unpatterned films of thin aluminum manganese and (2) patterned TES with
niobium leads (see Fig. 1). The bare films are DC magnetron sputtered coated on to
silicon substrates coated with an insulating layer of silicon nitride after an RF sputter-
etch cleaning processes. These films are useful for both singulating into dice for
cryogenic electrical characterization or kept as whole wafers as ‘witnesses’ to fully
patterned TESs.

By contrast, the patterned TESs are constructed by sputter- depositing a layer of
AlMn and then patterning the desired base geometry of the TES into the film. A
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passivating layer of silicon nitride is patterned to overlap the AlMn protecting most
of the surface but leaving the AlMn edges exposed for contact with an overlapping
layer of niobium leads. The interface of the AlMn, the silicon nitride passivation
layer, and Niobium combined together define the geometry of the TES as shown in
Fig. 1. Note that every time we process a device wafer with patterned TESs we have
a corresponding bare film ‘witness’ wafer to accompany the patterned wafer in future
thermal annealing steps. The resisitivity (Rs) of the wafer is measured as function of
thermal annealing to compare against the Tc and Rn data coming from the patterned
TESs.

3 Phenomenology

In this work, we offer some insight into what is occurring in the bulk of the film,
especially, at the grain boundaries that causes the changes to the normal resistance
and superconducting transition temperature that we see which are shown in Table 1.

Fig. 1 A diagram of the TES construction stack used in this work. The three left panel have top and cross
sectional views. The number of squares (h) in the TES is defined by width (W) of the passivation layer, the
height (H) of the AlMn panel as shown in the third panel. The thickness (t) of the TES plays a role in the
final Tc and Rn of the device. A photograph of a completed TES is found in the right most panel

Table 1 A table summarizing the mechanisms one can use to change Tc and/or Rn of AlMn

Tuning mechanism Value Impact on Tc Impact on Rn Fixed/Variable

Manganese Concentration 5500 ppmw High Low Fixed

TES Width (Nb proximity) 3–25 lm High High Variable

Film Thickness 900 Å or 4000 Å Med-high High Fixed

Tanneal 170� C to 230� C Med-high Low Variable

tanneal 1 to 120 min low-med Low Variable

In practice, the geometry and thickness are first used to find the correct Rn and then thermal annealing is
used to tune the Tc into specification
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We looked at physical effects of thermal tuning directly using a scanning electron
microscope (SEM) as shown in Fig. 2. The most notable difference we find before
and after thermal annealing is the softening of the grain boundaries in the film. These
changes to the grain boundaries make the AlMn behave more and more like bulk Al
as the effect of the Mn on the Al is reduces with further thermal annealing.

4 Parameter Tuning

Ultimately one must be able to fabricate a TES according to the design specifications
of a planned experiment. In this section we discuss both the tuning of the Rn and Tc.

4.1 Normal Resistance

In this work, we focused on developing TESs with normal resistance of a � 10 mX
for time division multiplexing (TDM) and microwave SQUID mutliplexing, and 1 X
for frequency division multiplexing (FDM). UCB has a strong heritage developing
1 X sensors for FDM for POLARBEAR-1, the Simons Array and NIST has a strong
heritage developing 10 mX sensors for ACT, Advanced-ACT, SPIDER, and Simons
Observatory [2, 6, 11, 12]. The Rn tuning is achieved by combining thickness
(4000 Å vs 800 Å) and TES geometry (0.2 vs 1.8 h) which is shown in Table 2 and
Fig. 3.

4.2 Superconducting Transition Temperature

To understand this parameter space we took two primary approaches: (1) to explore
the effect of annealing temperature and time vs Tc and (2) to explore the effect of
using Nb to proximitize the TES with a higher transition temperature materials. For a
constant anneal time (tanneal), the Tc of a AlMn TES will increase with temperature.
We generally find monotonic increase with bake temperature, while form a hockey
stick shaped curve with a slow rising portion, a ‘knee’, and then a fast rising portion

Fig. 2 Left: A SEM image of the grain boundaries on un-annealed film. Right: A SEM image of the AlMn
grain boundaries of a film on a sister die from the same wafer annealed to 250� C for 30 min. We observe a
softening of the grain boundaries in the annealed sample, which is consistent with other phenomenology
and literature [8, 10]
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of the curve as shown in Fig. 4. Once a baking temperature is fixed and only the time
is increased we find the Tc continues to monotonically increase but a diminishing
rate. We have developed a strategy to walk up the temperature in 10 min increments
until we can measure a Tc above the base temperature of our dilution refrigerator
(� 20 mK). At this point one can calculate the slope of that tuning rate and use the
pseudo-linear annealing time vs Tc to dial in the desired Tc (see Fig. 4).

5 Conclusion

We presented the general framework to use sputter deposited AlMn to build TESs
appropriate for modern CMB experiments. While, a large number of variable can
affect the final operating resistance and transition temperature of the TES, we present

Table 2 Summary of all of the
TES geometries we fabricated
and measured as part of this
work

Geometry (lm x lm) Thickness (nm) Rn (mX)

25 x 200 400 6.0

25 x 160 400 8.0

7 x 11 400 31

10 x 12 400 38

13 x 12 400 42

22 x 12 400 85

25 x 4 400 650

17 x 12 90 975

A range of 6.0 to 975 mX was achieved

Fig. 3 Five different R vs Temperature curves for different dual TES designs. The transition depends quite
strongly proximity effect which is controlled with the spacing of the Niobium leads. This effect makes
fabricating TESs with a wide range of both Tc and Rn with a single AlMn thickness possible
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a method to reduce the process to TES geometry and TES thermal tuning using both
time and temperature as a control of Tc. In addition, we showed that a dual transition
can be constructed using a single layer of AlMn using the niobium leads and TES
geometry to create two distinct transitions in the TES. This is particularly useful to
use the same TES to characterize the overall pixel performance in the laboratory
before deployment for observations.
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