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ABSTRACT

The effects of extreme radiation levels on the electrical resistivity of metal thin films made of copper were studied by means of electrical
measurements and post irradiation imaging. Different 3x3 mm? chips were produced by depositing 500 nm of meander shaped copper on top
of a silicon substrate. A subset of samples was also passivated by sputtering 300 nm of SiO,. During irradiation with 23 GeV protons up to
1.2 x 10" p/cm? at the CERN IRRAD Proton Facility, only not-passivated copper samples have shown an increase of resistivity proportional
to the particle fluence, indicating that the dominant factor of the resistivity increase is not directly an accumulation of displacement damage,
but the radiation enhanced oxidation of the copper film exposed to air. Post-irradiation imaging of the chips cross sections has confirmed the
presence of a grown copper oxide film on the surface as well as oxide wells that extended within the bulk following the grain boundaries. This
permanent increase of resistance due to radiation enhanced oxidation, can be used for monitoring high energy particles fluence up to levels
currently not reachable by standard silicon technology.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5096606

I. INTRODUCTION

The effects of radiation on metals have been considered in
a number of studies aimed to understand and predict radiation-
induced degradation of materials and components used in nuclear
reactors as well as in high-energy physics experiments.”” Several
property variations were reported like: changes in the material stiff-
ness, generation of internal voids, surface swelling, as well as changes
in the electrical resistivity of the irradiated metal and/or alloy.” In
the latter, a qualitative trend in increasing copper resistivity was
observed, explained as result of transmutations (e.g. decay of **Cu
into **Zn and **Ni by beta emission), and defects generation in the
lattice due to displacement damage.” Such experiments were carried
out on relatively thick metal samples (several mm thickness), and

not on thin-film samples of sub-um size, where the effects of very
high fluences of energetic particles (>102°p/cm2), to the best of our
knowledge, have never been studied in detail.

In this work, we analyze and explain the effects of radiation
on 500 nm thin copper layers, by direct electrical characterization
before, during, and after irradiation, as well as by morphologi-
cal observations combining Focused Ion Beam (FIB) milling with
Scanning Electron Microscopy (SEM).

This paper is structured as follows. Section II provides a review
on the radiation effects on metals, followed by a description of
the irradiation tests already performed within this study on metal
thin-films of copper, chromium and aluminum. Section III, illus-
trates the experimental methods used in this project, and provides a
description of the IRRAD proton facility, where the irradiation was
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performed. To explain the phenomenological observations resulted
from the electrical and SEM-FIB analysis, a model for radiation
enhanced oxidation is proposed and discussed in Section I'V. Finally,
Section V, presents the design guidelines and possible applications of
the presented findings such as technology for monitoring very high
radiation levels.

Il. THEORY
A. Radiation damage in metals

Radiation is known to cause significant changes in the physi-
cal and mechanical properties of materials due to energy released by
ionization (direct or indirect), and/or by elastic collisions (primary
knock-on atom) that initiate atomic displacement cascades. Ioniz-
ing radiation, commonly expressed as absorbed energy per unit of
mass, or Gy (1 Gray = 1 J/Kg), can lead to radiolysis and free rad-
ical production responsible of chemical bonds damages in organic
molecules. Instead in metals, ionizing radiation does not induce any
permanent effect, since the released energy generates only a tran-
sient effect in which the stripped electron (ionized) gets immedi-
ately replaced by another free-electron available in the conduction
band of the metal.” Contrarily, the non-ionizing energy transfer
of recoil energy by direct interaction with the metallic atom, can
produce microstructural changes in the crystal lattice in form of
defects (vacancies and interstitials), phase transitions, and trans-
mutations.” * The release of non-ionizing energy is quantified by
means of displacements per atom (dpa) which represents the num-
ber of atoms displaced from their normal lattice sites as a result
of a given number of bombarding particles, or particle fluence
() (p/cmz).

B. Radiation dependent resistors

Current silicon-based radiation monitoring devices cannot
measure very high radiation levels. For example at CERN, in the
LHC and its experiments, RadFETs (radiation dependent transis-
tors) can measure up to 100 kGy doses, and p-i-n diodes withstand
up to 10" p/cm? particle fluence.” Such levels are orders of magni-
tude less then the radiation levels expected in future CERN exper-
iments, like the Future Circular Collider (FCC)' with simulated
doses of tens of MGy and >10"7 p/cm? particle fluence."
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In order to overcome these limitations of silicon devices, we
have focused our research on a new dosimetry concept based on
the change of resistance of metal nanolayers, which could share the
same electrical readout principle as the change of resistance of p-i-n
diodes. This study on thin-metal films as potential ultra-high radi-
ation dosimetry technology, has started by prototyping and testing
different type of materials (chromium, aluminum, and copper), with
different thicknesses (50, 500, and 1000 nm), and different geome-
tries. Results from the irradiation tests on these Radiation Depen-
dant Resistors (RDR) have shown that no measurable effects were
occurring on chromium and aluminum samples, whereas copper
samples have shown an increase of resistivity. Such increase was
initially explained as result of the increasing displacement damage
inside the metal film, directly dependant on the cross section (or
interaction probability, calculated with Monte Carlo simulations, to
be lower for Cr and Al than for Cu), and on the geometrical char-
acteristic of the RDR (interaction volume).'” Afterwards, the simi-
larities between the increase of resistivity of Cu RDRs with anneal-
ing tests in air at high-temperature (< 150 °C), have suggested an
analogy between thermal oxidation, and the radiation triggered Cu
corrosion at room temperature. '’

In this study, to continue our investigation on radiation
enhanced oxidation, only copper samples were tested. Furthermore,
in order to disentangle the phenomenon of oxidation from the
displacement damage, an additional step during the RDRs fab-
rication was introduced, by sputtering a 300 nm SiO, passiva-
tion layer through a shadow mask. The RDRs, with and without
the passivation layer, that were produced for this experiment, are
listed in Table I, with details about their fabrication technique and
geometry.

I1l. METHODS
A. Device microfabrication

All the devices were fabricated at the CMi cleanroom facili-
ties of the Ecole Polytechnique Fédérale de Lausanne (EPEL)." A
number of wafers were produced, with different copper deposition
techniques (evaporated, sputtered), and patterning techniques (lift-
off, wet etch, dry etch), in order to test the impact of these fab-
rication steps to the final RDR performance. The resulting RDR,
is a 3 x 3 mm? silicon chip with on top a meander shaped metal

TABLE I. List of parameters for each RDR, such as Cu deposition technique, geometrical characteristics (thickness of Cu
(tcy) and SiOy (tsio, ), width (W), number of fingers (f), length (L)), and the initial resistance value (R;) at 21 °C.

Tag Cu tey [nm] tsio, [nm] W [um] f L [mm] R; [Q]
IC1 550 . 30 25 66.3 79.5
12 590 360 30 25 66.3 76.2
PCBL 1oy Evaporated 540 none 30 19 51.4 64.0
1C4 600 230 30 25 66.3 76.5
1C5 520 none 30 41 109.1 151.2
1C6 530 350 30 25 66.3 93.0
PCB2 1oy Sputtered 580 none 30 25 66.3 83.1
1C8 580 290 30 25 66.3 83.2
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FIG. 1. On the left (I), one of the produced 100 mm wafers,
with visible alternated passivation SiO; layer (in purple).
On the right (1l), the 3D model of a Radiation Dependent
Resistor and its cross section.

300 nm - SiO2 Sputtered

1um - Si0,

Si substrate

layer, as shown in Fig. 1. For some devices, an extra passivation
layer was sputtered through a shadow mask, obtaining the cross sec-
tion schematized Fig. 1. More details on the fabrication steps can be
found in Ref. 13.

B. Testbench and irradiation setup

The samples mounted and wire bonded on PCB sensor car-
riers (as shown in Fig. 2.I), were connected to the measurement
testbench via 30 m long cables running from inside the irradiation
bunker to the control room. Any DC measurement error intro-
duced by the long cables, was minimized thanks to a 4-wire readout
configuration.

The testbench, was equipped with a Keithley 2410 SMU (Source
and Measure Unit) and a Keysight 34970A switch matrix, controlled
by a LabVIEW program allowing to address all the devices and the
on-board NTC (Negative Temperature Coefficient) sensors. At each
readout, every 5 minutes, the resistance values of the RDRs were
extrapolated from the slope of a 50-points I-V curves obtained by
sweeping the current from 50 pA to 100 pA and measuring the
developing voltage. With such readout current, the electric field (E)
across the devices was in the order of 50 mV/cm?, and the current
density (J) was kept under 600 A/em?, three order of magnitude
lower than the reported average electromigration J for copper at
room temperature.lS

The irradiation test has been performed at the IRRAD Pro-
ton Facility at CERN,'® installing the PCBs on the IRRAD7 table
as shown in Fig. 2. The samples have been continuously in-beam

FIG. 2. On the left (1), the PCB sensor carrier mounting multiple Radiation Depen-
dent Resistors and an on-board NTC temperature sensors, on the right (I1), a photo
of the irradiation table taken inside IRRAD.

position, intercepting on average one spill of 5x10' protons every
10 seconds over almost 5 months, reaching a total fluence of 1.2x10"/
p/cm’. The dosimetry was performed by aluminum activation-foils
located in front of the samples under irradiation. The proton fluence
was estimated by counting the *Na and 2*Na activities in the foils,
resultilqg from spallation reactions induced by the 23 GeV proton
beam. '

C. SEM-FIB analysis

In order to assess the changes on the microstructure, a Zeiss
XB540 FIB/SEM was used to perform microscopy on the surface and
cross-section of the samples. FIB cross sectional millings were done
to reveal cross sections of the Cu layers, and SEM was used to image
the samples. The Secondary Electron Secondary Ion (SESI) Detector
was used for the imaging. The FIB cross sectional milling was per-
formed across the whole Cu meander in the center of the chip. A
1x3x65 um® Pt barrier was initially deposited on the surface of the
sample, at a milling current of 300 pA, in order to protect the sam-
ple surface and ensure a sharp cross sectional surface after milling.
Coarse milling at 7 nA was then used to remove a 7x7x65 pum?®
region of material. Polishing of the resulting cross sectional surface
was performed at 1.5 nA. Imaging was then performed at different
magnifications (1.5K, 5k, 20k, and 50k) with an electron high tension
varying from 5 kV to 10 kV (the full set of pictures is available in the
supplementary material).

D. Temperature characterization

For evaluating the quality of the deposited film in terms of
stability and linearity with respect to temperature variation, a tem-
perature characterization was carried out in a dedicated climatic
chamber prior irradiation. All the samples have been tested by ris-
ing the temperature from 25 °C to 60 °C over 2 hours, followed
by a fast ramp up to 100 °C. No shift in the resistance values was
measured for any of the devices, resulting in a constant tempera-
ture coefficient comparable with results in literature.'* On another
set of devices, an annealing test was performed at 60 °C for a week,
and no measurable variation was observed. Similarly, a test at ambi-
ent temperature and humidity was carried out for several months,
also without signs of further copper oxidation, confirming the stabil-
ity of these copper films, and the presence of a durable native oxide
that prevents the film from further oxidation at temperatures lower
than 60 °C.
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FIG. 3. Resistance variation with increasing integrated proton fluence of all the
RDRs on the two PCBs irradiated in IRRAD. The relative humidity (RH) and
temperature are shown in the top inset.

IV. RESULTS AND DISCUSSION
A. Electrical measurements

The results from the electrical measurements performed dur-
ing the proton irradiation experiment in IRRAD are shown in Fig. 3.
By comparing the yellow and purple (triangles) curves of the RDRs
with a SiO, passivation layer, with the non-passivated RDRs in red
and cyan (circles and squares), is clear that the SiO, layer has a
big impact in limiting the increase of resistivity of the Cu layer. In

scitation.org/journal/adv

fact, the non-passivated (uncovered) samples have increased up to
12 Q (+13%) as for the IC5 in Fig. 3, while the SiO,-passivated (cov-
ered) RDRs have not increase at all (IC6 and IC8), or have shown
an increase of <2 Q) (+3%) due to partially passivated contact pads
as result of misalignment during SiO sputtering. While the inte-
grated fluence can be considered the same for all the RDRs, a wide
range of resistance increase can be observed in the non-passivated
samples in Fig. 3. Such difference in the sensitivity to radiation of
the RDRs can be explained by their different geometrical shape (W,
L), copper thickness (tc,) and deposition technique, as reported in
Table I.

In a very high energy proton beam, the interaction probabil-
ity of a thin metal film is essentially the same for both covered and
uncovered RDRs, since the range of 23 GeV protons in Cu of 1 m
(or 3 m in SiOz),w is several orders of magnitude larger than the
RDR thickness. Therefore, both types of RDRs exhibit the same
likelihood of developing defects due to particles interaction, indi-
cating that displacement damage is not the only responsible for the
increase of resistivity, and when the Cu layer is encapsulated under
a layer of SiO,, displaced copper atoms do not create any significant
variation.

The temperature and relative humidity (RH) were monitored
during the whole irradiation, and are reported in the top inset of
Fig. 3. It is worth noticing that the increase of resistance of the
uncovered RDRs has occurred at temperatures between 20 and
24 °C, much lower than the >100°C required to trigger the standard
oxidation. Moreover, even if RH has greatly varied from 60% to 30%,
no correlation was found between the rate of resistance increase and
RH variation.

B. SEM-FIB inspection

Scanning electron microscopy was used to directly assess the
radiation damage in the bulk of the RDRs and, as shown in Fig. 4,
compare the FIB milled cross sections of not irradiated RDRs

Not Passivated

SiO, Passivated

[ a) C1: reference ] | b)IC1: irradiated

“ore @CERN

( e) C2: reference | ( f)IC2: irradiated )

= @CERN

[ d) IC3: irradiated ]

[ h) IC4: irradiated ]

FIG. 4. SEM images at 50k magpnification of the cross sections of non-irradiated RDR (a, ¢, e, g) and irradiated ones (b,d,f,h). In red the non-passivated RDRs and in blue
the SiO, passivated ones. Black areas are SiO,, gray areas with grains are Cu, and light gray areas on top are Pt.
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(reference samples), both passivated and not, with the irradiated
ones. Such analysis has confirmed what has been measured electri-
cally and reported in Fig. 3. The cross sections of the SiO; passivated
samples (Fig. 4 ¢, f, g, h) are practically identical for both irradiated
and not-irradiated chips. In contrast, the not-passivated samples in
Fig. 4b and Fig. 4d, show the presence of large voids, and growth
of a uniform oxide layer on the surface (darker contrast on top
of Cu), that are not present in the non-irradiated samples Fig. 4a
and Fig. 4c.

The formation of voids can be explained by the growth of
Cu;0 and CuO oxide layers, which corroded the underlying Cu,
and explain the increase of resistivity measured in Fig. 3 for the not-
passivated samples. Moreover, the higher increase measured for IC1
with respect to IC3, is compatible with the cross sectional images,
where a greater concentration of voids, and a thicker oxide layer, are
seen in Fig. 4b with respect to Fig. 4d.

These observations suggest the presence of an oxidation pro-
cess, occurring in the Cu layers exposed to air, caused by the particle
interaction, rather then a classic oxidation caused by a high temper-
ature baking. Such radiation enhanced oxidation process is explored
in details in the following sections.

C. Radiation enhanced oxidation

Copper oxidation at different atmospheric conditions is widely
documented,” *’ and the proposed mechanism identifies first the
growth of an amorphous cuprous oxide (Cu(I)) layer, at low temper-
atures and pressures, and then a further oxidation into cupric oxide
Cu(IT) at higher temperatures:

Cu — Cu(I): 4Cu + O; — 2 Cu,0 (1)

Cu(I) — Cu(I) : 2Cu,0 + O —> 4CuO 2)

Also void formation has been documented in studies on cop-
per oxidation,”*”” and it is associated to the different rate of oxide
nucleation due to diverse diffusion rates of oxidants along the grain
boundaries, leading to a disordered growth and void creation (also
known as Kirkendall voids™).

Given the evidences shown in Fig. 3 and Fig. 4, we propose a
global behavioural model to connect the standard copper oxidation
at different atmospheric conditions, with a radiation triggered oxi-
dation where the energy required to initiate the oxidizing reactions,
is given to the lattice by means of particle interactions and not by
temperature.

ARTICLE scitation.org/journall/adv

A schematic illustration of the proposed mechanisms involved
in the growth of a copper oxide film on a RDR under irradiation, is
depicted in Fig. 5, and can be described as:

1. Radiolysis of water at the surface into reactive radicals (such as
H,0; and OH™), due to ionizing energy deposition by incident
particles;

2. Electrons are stripped from the oxide along the track of the
incident particle;

3. Additional defects and dislocations may occur in the copper
layer due to “strong” nuclear reactions (displacement damage
“DD?), sputtering and diffusing copper elsewhere;

4. The generated copper ions and electrons diffuse toward the
surface along the grain boundaries;

5. Following the equation 1, Cu ions react with oxygen growing
new amorphous Cu,O along grain boundaries creating voids;

6. Further oxidation of Cu,O into CuO occurs following
equation 2.

This proposed global model of radiation enhanced oxidation,
is further supported by the presence in literature of similar effects
of copper corrosion observed in storage canister for nuclear waste.
In this case, due to gamma radiation and heat, radiolysis occurs
transforming H>O molecules into highly reactive species capable to
efficiently oxidize copper.””

D. Analytical model

In this section we propose a model to describe the growth of
copper oxide by considering the flux of oxidants along the structure
and the oxidizing reactions, not dependent on time, but dominated
by the integrated particle fluence. Such assumption can be consid-
ered since no oxidation was observed in samples stored at room tem-
perature, while during the same amount of time, samples exposed to
radiation have shown a drastic oxidation even if the temperature in
the irradiation chamber never exceeded 24 °C. Therefore, we replace
time-driven processes to radiation-driven ones, by relating time to
the equivalent cumulated particle fluence in 1 hour of irradiation in
the IRRAD proton facility:

1 hour = 3.6 x 1012p/cm2 (3)

As schematized on the right of Fig. 5, a simplified view of the
copper oxidation process (similarly to silicon oxidation model by
Deal and Groove,”’ and also used for copper in Ref. 23), takes into
account two fluxes:

Pt (deposited for FIB)

High Energy Particle

OH- ::.\-\101

2 5
4 J

YOO ‘ ‘
X G b,

S
S

Substrate

Air/Water

Si0, / Si Substrate

FIG. 5. On the left the SEM picture at 50k magnifica-
tion of the non-passivated and irradiated IC1. On the right
the mechanisms involved in the radiation enhanced oxida-
tion under high energy particle irradiation, as described in
Section |V C.
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I) Fi: Diffusion through the oxide till the metal-oxide interface
proportional to the gradient of oxidants concentration across
the oxide (% ), and to the diffusivity of the oxidants Doy.

( — radiation enhancement by steps 1 to 4 in Fig. 5);
II) F,: Generation of new atoms of oxide, via chemical reaction at
the interface, proportional to the reaction coefficient k;.
( — radiation enhancement by steps 5 and 6 in Fig. 5);

The equations for each flux can be found in Ref. 30, and are:

Cs—Ci
Fy = Dox———
tox )

B, = k;C;

and assuming the steady state condition F; = F, = F is possible to
solve this set of equations obtaining the overall flux of oxidants:

Doy Cs
Dy )
ki

F=
tox +

from which the growth rate of the oxide layer with respect to
the particle fluence ”Zf; can be calculated as the ratio between the flux

of oxidants F (in Eq. 5), and the total number of available oxidants
Cror. Solving the differential equation by integration, with the initial
condition of t,(¢=0)=0, the oxide thickness tox is expressed as:

to + Atox —Bp = 0 (6)

where A = 2Doy/ki and B = 2DoxCs/Cyor. Solving this quadratic
equation, leads to two solutions depending on the magnitude of ®:

B
Small ® — ton = Z(D

(7)
Large ® — tox = VB®D

revealing two modes of oxidation, an initial linear oxide growth
dominated by the reaction coefficient k;, followed by a parabolic
behaviour driven by the diffusion coefficient D,x. The complete
derivation of Eq. 7 is provided in the supplementary material.

E. Empirical model

In this section, we propose a simpler linear model to predict
the increase of resistance of an RDR when exposed to radiation.
The main hypothesis is that the resistance value of an RDR is lin-
early dependant only on temperature and fluence, and can be then
expressed as:

R(T,®) = R(®)(1 + aAT) (8)

where R(®) is the resistance value increasing with fluence, « is the
linear temperature coefficient, AT is the increase of temperature
from 0°C.

R(®) can be considered as the parallel resistance between the
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FIG. 6. Extraction of the radiation enhanced oxidation coefficient 8 (listed in
Table I1), by linearly fitting the normalized resistance variation 100 x %
with increasing particle fluence (R-Squared >0.99).

peu and t., are the ones of the copper. By expressing the total thick-
ness tast =ty + 0.3 tox (see calculations in supplementary material),
and simplifying the ratio (peu — 0.3pox)/pox ~ —0.3 (since pox > peu’' ),
is possible to rewrite R(®) in Eq. 9, and express it as first order Taylor
series approximation:

tOX

1 © 0 fe\n
:ROnZ:(:)(OjT) S R(1+03%)  (10)

R(®)=Ry ——

(®)=Ro = 0.3%
where Ry = % ’% is the RDR resistance at 0°C and ® = 0, t is the
initial thickness, and t,, is the radiation dependent oxide thickness
calculated in Eq. 7. By further considering the case of small @ (tox
= %CD), equation Eq. 10 becomes:

R(®) = Ro(1+ ‘Lj%cp) - Ro(1 + BD) (11)
with g = %% which is the radiation enhanced oxidation coeffi-

cient. As shown in Fig. 6,  can be extracted by a linear fit of the
temperature-corrected resistance variation during irradiation, and
by finally rewriting Eq. 8, an estimate of the integrated fluence @ can
be obtained as:

TABLE II. Extracted temperature coefficients « and radiation coefficients g, for the
different uncovered Cu RDR under test.

o 2
growing Cu, O layer and the shrinking Cu layer, as follows: Tag Ry [Q] a[1/°C] B [em®/p]
R(®) = Roy|Reu  with : PCBI IC1 73.36 0.00391 1.34x10~ '
17

L poc. L pa ) 1C3 59.28 0.00377 8.35x10

ox = Wt_) Rcu = Wt_
ox o IC5 139.93 0.00379 6.79x10" 7
where L and W are design parameters of the RDR, pox and o are IC7 77.41 0.00361 491x107"
. e . . . PCB2
respectively the resistivity and thickness of the copper oxide, while
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) ( R(T,®)

1
Ro(1+aAT) 1)7 (12)

p

where R(T, @) is the experimentally measured RDR's resistance,
Ro(1 + aAT) is the temperature dependent resistance Rr. The
extracted values of Ry, , and f3, for the four not-passivated RDRs,
are listed in Table II. The complete derivation of Eq. 12 is provided
in the supplementary material.

V. CONCLUSIONS AND OUTLOOK

In this paper, we have shown and discussed the results from
the irradiation tests performed on several devices made of copper. A
strong correlation was observed, between resistance variations of the
nanometer thick copper layer, and the increasing particle fluence.
SEM imaging of the cross sections has further confirmed such resis-
tance variation, revealing areas with grown copper oxides (Cu,O and
CuO) and large voids. We explained such resistance increase by a
corrosion of the copper layer as result of chemical and nuclear pro-
cesses induced by the interaction with energetic particles. We sug-
gested relating conventional copper oxidation at high temperature
to a radiation enhanced oxidation at room temperature. We then
suggested a simple model that accounts for a radiation enhanced dif-
fusion rate of oxidants across the forming oxide layer (due to water
radiolysis at the surface and electron emission in the oxide), as well
as a radiation enhanced chemical reaction at the interface (due to the
induced displacement damage in the copper lattice). We finally pro-
posed a linear model to account for resistance variation of copper
films due to temperature shifts («), and increasing integrated par-
ticle fluence (f3), which first applicability is foreseen in the field of
dosimetry in form of Radiation Dependent Resistors.

An additional refinement to this model is to consider also the
effects of varying air-humidity, which as reported in literature, can
increase the oxidation rate by +50% when oxidizing at 30% RH
instead of 0% RH.” Such dependence on the relative humidity could
be taken into account by including a logarithmic term into the
radiation enhanced oxidation coefficient 8 in Eq. 8. Moreover, to
better understand the different impacts of the geometrical param-
eters to the 8 coefficient, dedicated test structures will be produced
and tested. The chemical reactions in the proposed empirical model
strongly depend on the quality of the deposited copper (size and
shape of the Cu grains determine the oxidants diffusivity), so the
larger the surface (W x L) the less impact will small defects in the Cu
layer have. Similarly, the extent of nuclear interactions are driven by
the interaction volume (more material means greater probability for
an incident particle to displace an atom), so thicker structures would
be more prone to displacement damage. Such geometrical modifi-
cations will overall vary the amount of copper oxide with respect
to the initial copper (the ratio to./tc,), thus trimming the range of
resistance increase. Furthermore, by patterning the protective SiO,-
passivation area, leaving uncovered only some sections of the device,
the RDR can be engineered to target the sensitivity range of the
specific application.

In summary, in this paper, the underlying effects responsi-
ble for the resistivity increase of irradiated copper thin films have
been studied in detail, and a model of radiation enhanced oxidation
matching the experimental data has been proposed. A first appli-
cation for a predictable radiation-enhanced oxidation is to related

ARTICLE scitation.org/journall/adv

Such effects are at the base of the copper Radiation Dependent
Resistors have shown to be a promising candidate technology for
extending the detection capability of current silicon-based dosime-
ters. Further development of the Radiation Dependent Resistors will
allow developing sensors compatible with very high radiation levels
in applications such as nuclear and fusion energy, as well as match-
ing the detection requirements in high energy physics experiments,
such as the extreme radiation environment expected in the Future
Circular Collider.

SUPPLEMENTARY MATERIAL

See supplementary material for the complete derivation of the
analytical and the empirical models, as well as the complete set of
SEM pictures.
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