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Abstract: Gas Electron Multiplier (GEM) detectors are crucial for enabling high-resolution X-ray
polarization of astrophysical sources when coupled to custom pixel readout ASIC in Gas Pixel
Detectors (GPD), as in the Imaging X-ray Polarimetry Explorer (IXPE), the Polarlight cubesat
pathfinder and the PFA telescope onboard the future large enhanced X-ray Timing and Polarimetry
(eXTP) Chinese mission. The R&D efforts of the IXPE collaboration have resulted in mature
GPD technology. However, limitations in the classical wet-etch or laser-drilled fabrication process
of GEMs motivated our exploration of alternative methods. This work focuses on investigating a
plasma-based etching approach for fabricating GEM patterns at Fondazione Bruno Kessler (FBK).
The objective is to improve the aspect ratio of the GEM holes, to mitigate the charging of the GEM
dielectric which generates rate-dependent gain changes. Unlike the traditional wet-etch process,
Reactive Ion Etching (RIE) enables more vertical etching profiles and thus better aspect ratios.
Moreover, the RIE process promises to overcome non-uniformities in the GEM hole patterns which
are believed to cause systemic effects in the azimuthal response of GPDs equipped with either
laser-drilled or wet-etch GEMs. We present a GEM geometry with 20 𝜇m in diameter and 50 𝜇m
pitch, accompanied by extensive characterization (SEM and PFIB) of the structural features and
aspect ratios. The collaboration with INFN Pisa and Turin enabled us to compare the electrical
properties of these detectors and test their performance in their use as electron multipliers in GPDs.
Although this R&D work is in its initial stages, it holds promise for enhancing the sensitivity of
the IXPE mission in X-ray polarimetry measurements through GEM pattern with more vertical
hole profiles. The outcomes of this study have the potential to advance the current technological
platforms and improve the capabilities of future space-based X-ray polarimetry missions.

Keywords: Micropattern gaseous detectors (MSGC, GEM, THGEM, RETHGEM, MHSP, MI-
CROPIC, MICROMEGAS, InGrid, etc); Polarimeters; Space instrumentation; Detector design and
construction technologies and materials.
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1 GEM in X-ray polarimetry astronomy

Polarimetry, by revealing information about the magnetic fields, composition, and geometry of as-
tronomical objects, has evolved into a fundamental observational technique in astrophysics. X-ray
polarimetry in astronomy has seen remarkable growth in theoretical studies, instrument designs, and
detector deployment on balloon experiments and missions. Various physical processes, including
particle acceleration, emission in strong magnetic fields, and scattering on aspherical geometries,
contribute to polarized X-rays in astrophysical sources. The studied sources range from galactic
to extragalactic, featuring both point-like entities like black holes and neutron stars and extended
structures like pulsar wind nebulae, supernova remnants, and molecular clouds, as described in
[1], [2], [3]. Investigating X-ray polarization offers valuable insights into diverse astrophysical
phenomena, making this field promising for advancing our understanding across different scales
and environments. Crystal-based polarimeters, such as those utilizing calcite or quartz, have long
been the backbone of polarimetric studies. These devices offer high precision and are effective
across a broad range of wavelengths but the sensitivity is limited mainly allowing high-significance
detections for a single bright source like the Crab Nebula [4]. Gas Pixel Detectors (GPD) [5],
[6], introduced in the early 2000s, revolutionized soft X-ray photoelectric polarimetry, increasing
sensitivity by over an order of magnitude. The GPD is based on the integration of a Gaseous Elec-
tron Multiplier (GEM) with a specialized ASIC designed to quantify the photoelectron conversion
products resulting from keV X-rays interacting with the detector gas. This innovative approach
allows for the measurement of photon polarization by assessing the direction of the photoelectron
generated during the conversion process within the gas medium [7]. This technological advance-
ment enables the realization of mission concepts capable of observing multiple sources, thereby
facilitating unprecedented and accurate polarimetric measurements. The primary technological
hurdle associated with this detector lies in achieving precise alignment between the top and bottom
metal hole arrays of the GEM. Given that the electron drift into the converting gas spans on the
order of millimetres (using Dimethyl Ether, DME, in the IXPE context) and undergoes signifi-
cant multiple scattering rather than following a straight path, the determination of its direction is
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primarily established within the initial hundreds of micrometres. Given that an individual hole
in the IXPE GPD design measures around 30 micrometres, it is crucial to ensure a misalignment
between the top and bottom metal layers that are on the order of a few micrometres. Attaining such
heightened precision poses a significant challenge, with a crucial bottleneck residing in the intri-
cacies of the microfabrication process. The standard large-area GEM process, reliant on chemical
etching through a PCB-like manufacturing approach, proves unfeasible for achieving the required
precision. Advancing the precision of gas-based detectors necessitates pushing the limits of current
microfabrication technologies. Investigating alternative techniques for the hole milling of GEMs
provides an avenue to meet stringent precision standards. This study explores the feasibility of
employing a plasma-based etching method for GEM microfabrication, leveraging the specialized
silicon technologies laboratory at Fondazione Bruno Kessler (FBK). Unlike earlier studies, which
predominantly focused on larger dimensions with holes ranging from 50 to 70 micrometres [8],
we aim to fabricate smaller holes, specifically in the range of 20-30 micrometres or even less, as
this aligns with the requirements of the IXPE project. Presently, IXPE utilizes laser-drilled GEMs
[9], [10] with hole diameters of 30 micrometres, providing a dependable method for producing
these small-sized features. As the project progresses, we aim to explore whether plasma etching
techniques can yield improved results compared to the current laser-drilling approach.

2 Plasma Focused Ion Beam (PFIB) GEM milling

The first approach we propose in this work for small-size GEM hole milling is by using a Plasma
Focused Ion Beam (PFIB) [11]. The PFIB emerges as a sophisticated microfabrication tool, utilizing
a Xenon ion beam generated from a plasma source. This technology finds applications in various
fields, including semiconductor fabrication, materials science, and nanotechnology, primarily due
to its ability to achieve high precision in material processing [12]. The PFIB capability to attain sub-
nanometer scale precision and precise control over the ion beam makes it an attractive technology
for microfabrication processes, including the production of GEMs. The initial phase of the process
entails patterning a thin substrate composed of copper (6 𝜇m), poly-imide (50 𝜇m), and copper (6
𝜇m). In the second step, the definition of Cu holes occurs, involving the deposition of a photoresist
layer onto the substrate. Photolithography techniques are then employed to expose the photoresist
to UV light through a mask, thereby defining the desired pattern on the substrate. Subsequently, the
exposed photoresist is developed, leaving behind a pattern that acts as a mask for the subsequent
etching steps, carried out using standard 𝐹𝑒𝐶𝑙3 wet etching. PFIB facilitates direct-write micro-
patterning, enabling the precise definition of patterns on the substrate using the focused ion beam.
The ion beam is employed to selectively create the holes in the polyimide substrate. Xe-plasma ions
were used to microfabriacate a trough hole via in the patterned Cu-PI-Cu substrate. Additionally,
PFIB systems commonly integrate in-situ imaging and monitoring capabilities, enabling real-time
observation of the fabrication process. This feedback loop allows for on-the-fly adjustments during
fabrication, ensuring the desired centering is maintained. The outcome of a singular hole milling
using PFIB is illustrated in Figure 1. During this proof-of-concept study, a single hole was milled
with an hour-long patterning time per hole. Re-sputtering inside the hole can happen, thus requiring
an extra cleaning step to achieve vertical. This step limits the scale-up of the process automation
with array processing. Given the extended processing timeline, engaging in full-pattern hole milling
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Figure 1. Patterned hole with an Xe-plasma ion beam from the PFIB. The hole dimensions are 30 𝜇m in
diameter and 50 𝜇m in pitch, exhibiting a perfect cylindrical shape with no undercut. Due to the prolonged
processing time of the PFIB, only one pattern was produced as a proof of concept. The copper (depicted in
grey) has been affected by the plasma etching process.

Figure 2. Energy Dispersive X-ray (EDX) analysis of the re-deposited copper.

becomes impractical unless the milling strategy is optimized. Gas-assisted ion milling and higher
ion currents could be implemented to speed-up processing times and avoid poly-imide resputtering.
From the standpoint of undercut, it is negligible, showcasing a flawlessly cylindrical, state-of-the-
art hole. It’s noteworthy that the copper in the proximity of the milled hole has been sputtered
away, resulting in a less clean pattern compared to its pre-milled state. This unintended feature
is problematic, as copper may deposit into the holes, creating a conducting path between the two
metals, which must be avoided to maintain the correct electric field and initiate the avalanche
process. This effect is shown in Fig. 2, where the copper redeposited into the proximity of the hole
is measured using Energy Dispersive X-ray (EDX) analysis. The confirmation of this behaviour
was obtained with a simple electrical test, showing continuity between the top and bottom metals.

3 Reactive Ion Etching (RIE) GEM microfabrication

The full-gem PFIB process seems impracticable but the experience gained in the GEM plasma
hole-milling for this first study allowed us to think of an alternative and more standard approach.
The alternative methodology we advocate involves the application of Reactive Ion Etching (RIE).
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Figure 3. On the left side, the FBK RIE GEM sample is depicted, featuring its protective guard ring. On the
right side, post-fabrication quality control imaging was conducted using PFIB in SEM mode.

Good results for 50-70 𝜇m standard holes are already reported in [8], but the technique was never
implemented for the production of GEMs featuring small-sized holes (e.g. 20-30 𝜇m). Reactive
Ion Etching (RIE) technology plays a pivotal role in microfabrication processes, offering a highly
controlled method for material removal and pattern definition [13]. When applied to the production
of GEMs, RIE follows a well-defined sequence of steps to achieve precise and tailored results. RIE
employs a reactive gas plasma to etch materials selectively depending on the substrate. The initial
steps of the process are identical to those of the PFIB, involving the patterning of holes in the
metal layer. Following this, the substrate is subjected to Reactive Ion Etching (RIE) in the vacuum
chamber. The reactive gas mixture, consisting of a combination of 𝑂2/𝑆𝐹6, is introduced into the
RIE chamber where high-frequency voltage is applied to produce plasma. These reactive species
chemically react with the material on the substrate, leading to its removal. The mask provided by
the patterned Cu layer controls the areas of material that are etched and those that are protected.
The reactive ions selectively etch the dielectric material, shaping the poly-imide holes with high
accuracy. This step is crucial for the efficient multiplication of ionization signals within the GEM
structure. RIE advantage lies in its ability to provide anisotropic etching, ensuring that the etching
process is directional and well-defined. This characteristic facilitates the creation of high-aspect-
ratio features with vertical sidewalls, enhancing the overall precision of the GEM structure. The
aspect ratio achieved with the 𝑂2 and 𝑆𝐹6 recipe is approximately 1:6, resulting in an undercut of
about 8 𝜇m in the 50 𝜇m-thick poly-imide layer. Lithography and wet etching are then replicated
on the backside of the GEM to achieve the back Cu patterning, with an alignment precision of about
2 𝜇m. The patterned holes are illustrated in Figure 3. Due to the limitations of the instrument
chamber size (restricted to a 15 cm diameter circle, corresponding to the Silicon 6" wafer standard.),
this technique is suitable for producing only small-size GEMs. The chosen dimensions are 1.5x1.5
𝑐𝑚2 to align with the IXPE ASIC for detector testing purposes.
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4 Experimental characterization of RIE-GEM at INFN-Pisa

After the optimization of the microfabrication process, the first few samples underwent charac-
terization through both a simple electrical test and exposure to a radioactive source within the
desired energy range. The measurements and assessment of GEM performance took place at the
INFN-Pisa laboratory. The characterization utilized the GEM-calibration setup developed for the
IXPE mission, featuring an optimal diagnostic configuration for such experiments. To establish
connections, the GEM was initially placed on a layer of conductive copper tape on both sides of
the device. The fibreglass structure provided by the Pisa group served as support, and the GEM
was secured using double-sided adhesive tape along the edges of the device (see Figure 4, left).
The GEM assembly took place in the vacuum setup of the Pisa group (see Figure 4, right). The
chamber was then filled with a mixture of 70% Argon and 30% 𝐶𝑂2, maintaining a pressure of
approximately 950 mbar. The 𝐹𝑒55 source, generating X-rays at 5.9 keV, was positioned within a
collimation cylinder with a radius of approximately 1 mm. The initiation of electron amplification
within the GEM was ascertained at a critical voltage differential, precisely at 430 V between the top
and the bottom side. This observed initiation aligns seamlessly with anticipated outcomes derived
from prior experiences involving GEMs of similar geometry within the context of IXPE [5]. The
device gain was validated by examining the cascades produced by X-rays exiting the collimated
area on the ASIC. Attempts to increase the voltage between the top and bottom led to an electrical
discharge at the GEM edges, particularly in the region where the bottom was in contact with the
copper tape. This discharge exhibited Ohmic behaviour, generating a current of approximately
0.1-0.5 A. The discharge was likely caused by the proximity of the two metals at the edge, attributed
to an approximately 8 𝜇m undercut of the poly-imide. This region was the only one where pressure
was applied to ensure good contact with the bottom, potentially causing the bending of the two
metals in the protruding area. This issue arose because the same mask was used to define both sides
(front and back) of the GEM active area. In the second part of the project, starting from the time
of writing this article, a different approach which involves different masks for the patterning of the
front and back will be employed. This is expected to address and solve the problem. Discharge-free
events were analyzed to evaluate the gain. For four different voltages, the Pulse Height Amplitude
(𝑃𝐻𝐴), evaluated as the ADC measured by the ASIC, was recorded. Gaussian fits were applied
to the distributions of 𝑃𝐻𝐴 for each voltage to extract the mean value. To calculate the Effective
Gain (𝐸 𝑓 𝑓𝐺𝑎𝑖𝑛), these values were multiplied by the number of electrons per ADC in the IXPE
ASIC (as provided in [5]) to convert the ADC readings into the corresponding number of electrons,
employing the calibration factor:

1 ADC = 3.7 𝑒− (4.1)

The minimum energy required to create an electron-ion pair in the mixture can be computed as:

𝐸𝑡ℎ𝑟 = 25 𝑒𝑉 (4.2)

Hence, the number of electron-ion pairs produced following the conversion of a photon into a
photoelectron can be computed as:

𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔𝑒− =
5900 𝑒𝑉
25 𝑒𝑉

= 235 (4.3)

– 5 –



Figure 4. Testing of the FBK RIE GEM with a diameter of 20 𝜇m and a pitch of 50 𝜇m was conducted
using a 𝐹𝑒55 radioactive source at INFN Pisa. On the left side, the assembled sample is integrated into the
mounting mechanics, and on the right side, the vacuum setup chamber is shown, prepared to be filled with
an Ar and 𝐶𝑂2 mixture at a ratio of 70/30.

Thus, the final formula for evaluating the Effective Gain (𝐸 𝑓 𝑓𝐺𝑎𝑖𝑛) is:

𝐸 𝑓 𝑓𝐺𝑎𝑖𝑛 =
𝑃𝐻𝐴𝑀𝑒𝑎𝑛 × 3.7

235
(4.4)

The effective gain as a function of the voltage applied between the top and bottom metal is depicted
in Figure 5. For a comparison with the gain curve presented in [5] for IXPE, it is customary to fit
the data with an exponential function, determining the voltage needed to double the gain. Thus, the
following relationships can be formulated:

𝐸 𝑓 𝑓𝐺𝑎𝑖𝑛 = 𝑝0 · 𝑒𝑝1𝑉 , Δ𝑉2∗𝐸 𝑓 𝑓𝐺𝑎𝑖𝑛
=

log(2)
𝑝1

(4.5)

• (Δ𝑉2∗𝐸 𝑓 𝑓𝐺𝑎𝑖𝑛
)𝐼𝑋𝑃𝐸 = 25𝑉

• (Δ𝑉2∗𝐸 𝑓 𝑓𝐺𝑎𝑖𝑛
)𝐹𝐵𝐾 = 20𝑉

The observed behaviour closely resembles that of the GEMs currently utilized in the IXPE detector.
This preliminary outcome is highly promising, showcasing a 20% decrease in the Δ𝑉 needed to
double the gain compared to reference values. However, a comprehensive understanding of this
phenomenon awaits an in-depth computational study using a Monte Carlo approach, such as with
Garfield++ [14]. This thorough analysis, scheduled for the upcoming months, will offer valuable
insights into the optimal geometry for our materials.

5 Conclusions

In this study, we explored alternative methods for the microfabrication of Gas Electron Multiplier
(GEM) detectors, focusing on a plasma-based etching approach at Fondazione Bruno Kessler
(FBK). The primary goal was to surpass the constraints of conventional wet-etching or laser-drilling
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Figure 5. Effective gain as a function of the applied voltage between the top and bottom of the GEM. The
line corresponds to the exponential fitting described by the function in eq. 4.5. Data points are selectively
displayed within the voltage range of 430 V (representing the initial gain point) to 460 V due to a discharge
issue encountered between the top and bottom metals but outside the active area.

fabrication methods. The focus was on achieving enhanced aspect ratios for Gas Electron Multiplier
holes and optimizing alignment between the two metal layers. The investigation included two
innovative approaches: Plasma Focused Ion Beam (PFIB) GEM milling and Reactive Ion Etching
(RIE) GEM microfabrication. PFIB demonstrated the potential for precise hole milling but faced
challenges in scalability. On the other hand, RIE technology, a well-established microfabrication
method, showcased promising results in creating GEM patterns with enhanced aspect ratios and
reduced non-uniformities. Collaborating with INFN Pisa, we conducted extensive experimental
characterizations of the RIE-GEM, assessing its electrical properties and performance in X-ray
detection. Initial results indicated successful gain initiation at specific voltage configurations, with
effective gains measured through a comprehensive analysis. However, challenges related to electrical
discharges were identified, prompting adjustments in the fabrication approach. While this research
is in its early stages, the outcomes hold promise for enhancing the sensitivity of X-ray polarimetry
missions. The RIE-GEM fabrication process led to the creation of the first GEM microfabricated
at FBK, signifying a breakthrough in the conventional silicon production focus of the centre. This
proof of concept RIE-GEM fabrication represents the initial phase of a comprehensive study on
GEMs of this type, particularly those featuring small-sized holes produced with plasma. The RIE-
GEM fabrication process has the potential to advance current technological platforms, providing
a foundation for future developments in space-based X-ray polarimetry missions. The study lays
the groundwork for further investigations, including refining fabrication techniques, addressing
electrical discharge issues, and conducting computational simulations to better understand the
electric field dynamics within the detector. These efforts aim to contribute to the ongoing evolution
of GEM detector technology, pushing the boundaries of microfabrication for improved performance
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in X-ray polarimetry applications and also towards the possibility of fabrication of smaller dimension
features.
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