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The breaking of molecular bonds during exposure to ionizing radiation and electron beams
creates irreversible damage in the molecular structure. In some cases, such as lithography,
controlled damage of a molecular resist is a desirable process and is the basis for the
entire semiconductor industry. In other cases, like environmental exposure or probing of
molecular structure, the induced damage is a major problem that has limited advances
in science and technology. We report here the use of an in-situ probe that is minimally
invasive to detect real-time damage induced in organic materials. Specifically, we use
metastable excited helium atoms in the 3S; state to characterize the damage caused by a
low energy electron beam ~30eV on an organic self-assembled monolayer of 11-bromo-
I-undecanethiol (BrUDT) on a gold substrate. We were able to monitor the damage caused
by the electron beam without introducing any additional observed damage by the probing

metastable atoms.
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I. INTRODUCTION

The damage of molecular bonds by external agents is a well-studied phenomenon that is ubiq-
uitous in nature, such as DNA damage by ionizing radiation which <an lead to cancer.' It is
employed in a controlled manner for important technological applications such as lithography for
the semiconductor industry.>* Damage can occur by various mechanisms, such as exposure to

> or short-wavelength photons.® Determination of the structure of individual molecules,

electrons
specifically proteins, is a long-standing goal of science and technology. Indeed, the required res-
olution is already in hand with modern electron microscopes, but organic materials are severely
damaged by electron beams, limiting the applicability of such probes.” New approaches, such
as cryogenic electron microscopy,® are making impressive advances, while understanding and
controlling the mechanisms for damage remain an important challenge. An ideal platform for
performing these studies are self-assembled monolayers (SAMs), organic films that can be read-
ily grown on substrates, and are amenable to a range of analytic probes. In this paper, we focus
on SAMs that are chemisorbed by a sulfur-substrate bond onto substrates-such as bare metal,’

0 semiconducters,'! and graphene.!? These films are typically 1 nm to 3 nm,

metal-oxide surfaces,'
simple to fabricate, chemically tunable, and are stable for days under-ambient conditions.'®> Given
these favorable characteristics, SAMs have been used in a plethora of different surface appli-
cations, ranging from electren-beam lithography!'*!> to influencing the secondary structure of
biomolecules,'® as well as sensing applications.!”-!8 In the work presented here, SAMs formed
with alkanethiols on bare-gold substrate were chosen because their orderly, crystalline structures

19-22

have been well-established through a variety of surface characterization techniques, making

any induced disorder caused by irradiation damage easy to detect. Previous work has shown that

1,23

damage-to organic samples?? can be caused by irradiation during ultraviolet (UV)** and X-ray

),25,26

spectroscopy (XPS as well as by the electron beam in scanning electron microscopy (SEM)

and transmission electron-microscopy (TEM).” It has been established that damage on SAMs

manifest as-bond dissociation?”-28

as well as cross-linking.'* Interestingly, the induced damage
has been attributed to photoelectrons and secondary electrons when the samples are exposed to
x-rays.?> In the case where the samples are being directly probed or exposed to an electron beam,
the beam’s energy plays an important role in the damagecaused to SAMs.2*=3! In the above exper-
iments the samples were significantly damaged by the probing beam itself, leading to additional

damage to the sample. To address this issue, we utilize metastable atom electron spectroscopy
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(MAES) in order to monitor the damage induced by an electron beam on a self-assembled mono-
layer, and demonstrate real-time probing of the surface. The surface sensitivity of MAES allows
one to probe only the changes taking place at the top-most layer of a sample without getting contri-
butions from the underlying substrate. This new use of an analytic tool will enable the delineation
of the role of the underlying substrate on damage, and potentially provide new approaches towards
non-destructive probing of organic molecules. MAES has been used in the past to determine the

energy density of states for alkanethiol SAM>? as well as to study the effect of ion sputtering.2?

II. ELECTRON EMISSION VIA METASTABLE ATOM DE-EXCITATION

Metastable atoms are atoms in excited states with long lifetime relative to the duration of the
experiment. In our experiment we are using helium atoms excited in the triplet 3S state which
is ~19.8 eV above the ground state and has a-lifetime of ~7870s.33 Metastable atoms de-excite

almost with unit probability upon impact with a surface* via-an Auger process>>-°

causing a
subsequent electron emission from the sample. Depending on the material and the metastable
atom used, there are different channels by which a metastable-atom de-excites.3 40 The location
of the sample’s Fermi energy with respect to the continuum, the location of the metastable energy
with respect to the continuum, and the unoccupied energy bands of the material determine which
of the mechanisms can take place. In all of the different de-excitation mechanisms the electron
emission is a result of electron tunneling between the incoming metastable atom and the surface of
the sample. As a consequence, metastable atoms probe only the surface-meostlayer of a sample3>-3¢
since they do not interact with its bulk. Even though virtually all the metastable atoms de-excite,

this does not translate to an equal amount-of emitted electrons.*!

In materials where all the energy levels below the metastable state are occupied, the electron
emission is due to the Auger de-excitation (AD) process. These materials are mainly insulators,
where the metastable level falls in the insulator’s band gap, and low work function metals, where
the Fermi energy is above the metastable energy level. In these scenarios, as the metastable atom
approaches the surface, a surface electron tunnels into the atom’s ground state causing the atom’s
outermost electréd to be emitted (fig. 1). During the AD process the total energy of the system is
conserved. Assuming negligible change in the kinetic energy of the impinging atom, the emitted

electron’s kinetic energy needs to obey



(a)

(b)

Figure 1. In panel (a), we illustrate the atom’s energy levels as well as the material’s when the atom

is far away from the material’s surface. The yellow band indicates the unoccupied energy levels of the

material and the green band indicates the occupied energy levels. E* is the energy difference between the

atom’s metastable energy level and its ground energy level. E; is the energy difference between the energy

continuum and the metastable energy level and it stands for the energy needed to ionize the metastable

atom. In panel (b), we illustrate the Auger de-excitation (AD) process which takes place once the atom

is close enough (<10 A) to the material’s surface. An electron occupying an energy level with energy E

with respect to the continuum tunnels to the ground state of the impinging atom. This leads to one of the

atom’s electrons to be emitted with kinetic energy E;. By collecting the emitted electrons and measuring

their kinetic energy we can collect information about the material’s energy levels.

Ek—I—E,'—E* =F,—F
(1
— Ek:E*—E.

O In eq. (1) Ej stands for the kinetic energy of the emitted electron, E* is the energy difference
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between the metastable and the ground state of the incoming atom, E; is the ionization energy of
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the metastable atom, and E is the energy level that the surface electron occupied before it was

emitted.

(a) (b)

Figure 2. For materials with a Fermi energy below the metastable state, the impinging metastable atom
can also de-excite via a two-stage process besides the Auger de-excitation process. Panel (a) illustrates the
resonance ionization (RI) process which is the first stage of the de-excitation process. In this stage, the
electron occupying the outermost orbital of the metastable atom tunnels into an unoccupied energy level of
the material under investigation. This causes the ionization of the metastable atom. Panel (b) illustrates the
Auger neutralization (AN) process which is the second stage of the de-excitation process. In this stage, a
surface electron tunnels into the ground state of the newly created ion; thus neutralizing it. Finally, a second
surface electron gets emitted. Ej indicates the kinetic energy of the emitted electron, E, is the energy level
the emitted electron occupied before its emission, Ej, is the energy level the tunneled electron occupied

before the tunneling took place.

When the Fermi energy of the sample is lower than the metastable level, the metastable atom
can also de-excite following a twid-stage process (fig. 2). In the first stage, the electron occupying

the outermost shell of the metastable atom tunnels into an unoccupied energy level of the material
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causing the metastable atom’s ionization. Hence the first stage is referred to as a resonance ion-
ization (RI) process. As the newly created ion gets even closer to the surface, a surface electron
tunnels in the ground state of the ion, causing its neutralization, and a second surface electron is
emitted. Thus the second stage is referred to as an Auger neutralization (AN) process. Similarly
with the AD process, the total energy of the system is conserved. Assuming negligible change in

the kinetic energy of the impinging atom, the emitted electron’s kinetic energy needs to obey

E,=E"—E,—E,
E,=¢0+A—¢,

(2)
Eb:(l)—i-A—i-S,

— E, =E;—2¢ —2A.

In eq. (2) Ej stands for the kinetic energy of the emitted electron, E* is the energy difference
between the metastable and ground states of the incoming atom, E; is the ionization energy of the
neutral atom, E, is the energy level that the surface electron occupied before it was emitted, E}, is
the energy level of the surface electron that ended up tunneling into the ion, ¢ is the work function
of the sample, A is the average energy of E, and Ej, and € is the energy difference from E, and
E}j, to A. This is the main de-excitation channel when metastable atoms encounter most metals. It

should be noted that the AD process also takes place at the same time, although it is less prevalent.

III. METHODS

The experimental procedures include making SAMs, diagnosing quality using Fourier trans-
form infrared (FTIR) spectroscopy, taking spectra using MAES, and damaging the sample using
an electron beam. SAMs were fabricated based on the procedures-used in prior work.*> SAMs
were made on a substrate of gold-coated silicon wafers (Ted Pella). The 50 nm gold layer was
adhered to a (111) silicon wafer by a 5 nm chromium layer. The wafer was covered with clean-
room rated silicon wafer tape and cut into 10 mm x 10 mm substrates using a programmable wafer
dicing saw. The tape was removed from each substrate and any residue was removed through son-
ication in acetone for 10 minutes. Substrates were then cleaned by immersion for 1 minute in
piranha solution (1:3 30% hydrogen peroxide/concentrated sulfuric acid; caution: explosive in the

presence of organic contaminants), rinsed in ultra-pure water, then rinsed in anhydrous ethanol.
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Substrates were completely dried under a stream of N;. Subsequently, substrates were annealed
with a low pressure hydrogen flame (=10 psi) which was passed over the samples for 10 rounds
of 25 each, with 5 cooling intervals between rounds. The SAM solutions were made with the
desired thiol diluted in anhydrous ethanol to a concentration of 1 mM. We made samples using
11-bromo-1-undecanethiol (BrUDT) (Sigma Aldrich, 99%) and 1-dodecanethiol (DDT) (Sigma
Aldrich, > 96%). The substrates were immersed in 4 mL of solution for 24 hours in the dark to
ensure highly packed thiol surfaces.*> The samples were then removed, rinsed in water then an-
hydrous ethanol, and dried under a stream of N,. Samples were checked for well-ordered SAMs
using FTIR spectroscopy (Bruker, VERTEX 80). Spectra were calculated as —log(R/Ry), where
R was the reflectivity of a SAM on the substrate and Ry was the reflectivity of the gold substrate.
The FTIR spectra for a BrUDT and a DDT SAMldre provided in fig. 3. We are using the loca-
tion of the peaks in the CH, stretching region (2919, 2851 cm™!) as reported in reference!® to
determine the quality of our SAM. The BrUDT sample had peaks at 2918 and 2847 cm™! and
the DDT sample had peaks at 2917 and 2847 cm ™! which indicates that in both samples we had
well-ordered SAMs. Moreover, the DDT sample exhibited peaks at 2964 and 2878 cm~! which
correspond to the CHj3 stretching region{(2965, 2879 cm~!)!°. These peaks were absent in the

BrUDT sample due to BrUDT not having a CH3 group.

The experimental apparatus consisted of two vacuum chamberd and is shown in fig. 4. During
the experiment, the pressure in the vacuum chamber where the metastable atoms were produced
was at ~ 107> Torr. Due to the skimmer’s small opening (3 mm), there was differential pumping
between the two vacuum chambers and the second chamber, where the sample was located, was
at ~ 10~ Torr. The atomic beam was generated by a supersonic pulsed nozzle fed with ground
state helium at a pressure of 400 psi. The nozzle operated at a 4 Hz repetition rate with 32.5 s
duration pulses. A pair of electrodes (discharge plates) in front of the nozzle created an electrical
discharge which excited a fraction of the helium atoms to the desired 2385] metastable state (He*).
The negative plate pulsed at —950V for 30 s, 60 us after the leading edge of the nozzle pulse
(the other plate was connected with the local ground). The 238, state has a lifetime of 7870,
which is far longer than the ~300 ps flight time to the sample, ~40cm from the nozzle. The
beam was collimated by a skimmer (Beam Dynamics, 3 mm diameter, 2.5° internal angle) placed
12 cm downstream of the nozzle. A fraction of the atoms were ionized by the discharge plates,
and these ions (He™) were removed from the atomic beam with two electrodes. The electrodes

were separated by 20 mm, and had a voltage difference of 219 V. The electric field between them
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Figure 3. The plots show typical FTIR spectra for the monolayers used in our experiments. The FTIR
spectrum of BrUDT is shown in the left panel and the spectrum of DDT is shown in the right panel. Due to
the absence of CHj in the BrUDT molecules, the peaks associated with CH3 (2965, 2879 cm™!) are absent

in the BrUDT spectrum.

diverted the trajectory of charged particles enough to prevent them from passing through a 3/16 in
diameter aperture in a ceramic plate.

The atomic beam was characterized by measuring the electrical current it generated at the
sample. Both He* and He™ generated a positive current to the sample upon impact.** The current
signal was filtered with a passive RC filter (2 s lifetime), then fed to a transimpedance amplifier
(FEMTO DLPCA-200, bandwidth = 400 kHz, gain = 10°) to produce a voltage output. A typical
voltage trace (fig. 5, panel (a) indicates a small initial current caused by UV photons created at the
discharge plates, and then a much larger peak caused by the He* and He™.

Given the voltage trace of the larger peak, V(¢), the number of electrons which had left the

sample, n, is given by

n:l/wdt, 3)

e gain
where e is the fundamental charge and the gain of the transimpedance amplifier is used. If
He*and He "removed electrons with unit efficiency, this would be equal to the He*and He " population
of the atomic beam. Thus, we can use this estimate as a lower bound. The current traces from

36,000 different nozzle pulses indicates that there were > 3.3(2) x 108 He* and Het in each pulse.
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Figure 4. Schematic of the experimental setup. Helium was released from a pulsed nozzle, then excited to

a metastable state (He") by a pair of discharge plates. The beam was collimated with a skimmer, and ions
were removed from the beam with another pair of electrodes and a ceramic plate with an on-axis aperture.
When He* atoms hit the sample, they ejected electrons, which were measured with an electron analyzer.

The samples were damaged by a custom-made electron gun.

Plotting the quantity n vs the ion elnoval voltage (fig. 5 , panel (b)) shows that the ion removal
electrodes reduced the fraction of the sample current caused by He™, and that the fraction was

small even when the ion removal was not in use (0 V).

MAES relies on measuring the energy of the electrons ejected by He* to characterize the SAM.
Ejected electrons were repelled from the SAM by biasing the sample at —50 V. Electrons with a
certain energy were selected for using a hemispherical electron analyzer (VSW HA 50) set with a
pass energy of 4.46 eV, resulting in an energy resolution of 0.27 eV. The population of electrons
in that energy class was then measured using a channel electron multiplier (CEM) (Scientific
Instrument Services, Detech 206-10). For every pulse of the supersonic nozzle, a different energy
class was measured, resulting in dlspectrum (e.g. fig. 6). The use of these spectra for diagnosing
SAM damage is[dibcussed in section IV.

SAMs were damaged by a low-energy electron beam (30eV) generated by a simple, custom-
built electron-gun. The electron source was a tungsten filament biased at —25V. The electrons
were accelerated towards the SAM by two electrodes, with the first electrode closest to the electron
source biased at —30 V and the second electrode biased at 0 V. For each exposure, the electron gun
operated for 30 minutes with MAES data taken between each exposure. The electron dosage deliv-

ered to the sample in each exposure, 1.91(5) Ccm™2, was measured via a picoammeter (Keithley,
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Figure 5. Panel (a) shows the oscilloscope trace for the current due to metastable helium atom (He*) impact
on our sample. The He* were produced 60 us after the triggering event and it took on average ~280 us
to reach the sample. During the electric discharge used to produce He*, we also created helium ions He™
and ultraviolet (UV) photons. We excluded the UV emitted electrons using the time difference between the
arrival of the UV photons and the He*. In order to remove the He™ we used a pair of two electrodes placed
before the sample and applied a potential difference between them. This created an electric field transverse
to the atomic beam which caused the He™ to be deflected out of the atomic beam. In panel (b), we show
the integrated signal at the sample as a function of the voltage difference applied on the two ion removal
electrodes. We can see that with a modest voltage of 50 V the integrated signal approaches an asymptote

indicating that most of the ions have been removed. The blue solid line is used as a guide to the eye.

Model 6485) connected between the sample and electrical ground. The average electron energy
was determined by measuring the energy of the small fraction of electrons which reflected off of

the SAM and into the electron analyzer.

IV. RESULTS

Our first task was to establish that the MAES spectra did not change after repeated probing.
This was important in order to ensure that the collected spectra did not significantly change from
run to run. This allowed us to average multiple spectra reducing the noise in the data. Moreover,
we wanted to validate that metastable atoms were not significantly damaging the sample during
the probing process. This was of concern since metastable atoms have been used for lithography

45,46

purposes.*>*6 However;in both references they were able to imprint patterns using continuous

beams of metastable atoms for several minutes in juxtaposition with our experiment in which we
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used a pulsed beam for the duration of 5 minutes.
In order to address the above concerns we recorded three MAES spectra of a BrUDT sample.

Als|can be seen in fig. 6 the data from each run are almost identical which allowed us to average
multiple runs. Furthermore, we confirmed that the samples were not damaged during the probing
process. The data points for each spectrum were averaged using a rolling average, where each
data point’s value was averaged using its closest three neighbors from each side. The first and
last three data points from each spectrum are excluded since these data points do not have three
neighbors on both of their sides. This intentional data removal does not impact our spectra for
two reasons. First, the count rate is virtually constant in those regions, thus we are not losing
important information by excluding those regions. Second, the regions excluded have an energy
range of 0.075 eV each, which is a negligible portion of the entire spectrum. As a result, we can be

confident that there is no significant damage imparted on the sample due to the metastable atoms

during the interrogation process.
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Figure 6. MAES spectra of a BrUDT self-assembled monolayer on a gold coated silicon wafer. Each run
lasted for 250 s and our metastable source produced 32.5 ps long pulses at 4 Hz repetition rate. Our sample
was biased at —50V in order to overcome ambient magnetic and electric field by establishing a strong
electric field between the sample and the tip of the electron analyzer which is grounded. We can see that the

data from each run as well as the average of the three runs overlap significantly giving us confidence that

the metastable atoms do not induce damage during the sample’s interrogation.

Having established the fact that our beam did not induce significant damage on our samples

we then tested our ability to differentiate between self-assembled monolayers made using two
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Figure 7. MAES spectra of DDT self-assembled monolayer on gold-coated silicon wafer. We used the
same experimental parameters to collect this data with the only difference being that we biased the sample
at —10V for these spectra. We can again see that there was minimal variation from run to run and most
importantly these spectra do not resembl¢ at all the ones in fig. 6. In these spectra, we again see a prominent

narrow peak at ~1eV and a much broader peak at ~5¢eV.

different molecules. For this purpose, we compared samples used in our experiments made with
BrUDT molecules against samples made using DDT molecules (fig. 7). Both samples have the
same length of carbon chain, namely twelve, as well as the same docking group, the thiolate group.
Their only difference is the functional group located at the tail of the chain which is referred to as
the tail group. The BrUDT has a bromine tail group (Br) whereas the DDT has a methyl tail group
(CH3). In fig. 7 we show the MAES spectrum for a DDT monolayer. As we can see, the MAES
spectra of BrUDT (fig] 6) and DDT (fig. 7) are significantly different with the main difference
being the peak located at ~9.5eV present in the BrUDT spectrum which is absent in the DDT
spectrum. Since the only difference between the two molecules is the tail group we attribute this

peak to the bromine group. This result confirms that MAES can be used to discriminate between

SAMs with different tail groups.

In figs. 6 and 7 we demonstrated that metastable atoms did not degrade the material during
the probing process and MAES was able to distinguish different samples. The last and most
important part of our project was to expose our sample to an electron beam and monitor the gradual
damage of the monolayer. As was mentioned in section III, we exposed the sample 5 times and

we delivered ~1.91 Ccm™ in each exposure. After each exposure we used MAES to record the
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Figure 8. Self-assembled monolayer of BrUDT on gold-coated silicon. This sample was exposed five
times to a 30 eV electron beam. Each exposure lasted 30 minutes and delivered ~ — 1.91 Ccm™2 charge.
We can see that after the first exposure the peak located at ~9.5eV had significantly diminished with its
amplitude reducing after each exposure. The same effect was observed for the peak located at ~4eV. The
broad shoulder before 0 eV had completely vanished after the first exposure and a smaller peak appeared at

~11eV.

electron spectrum of the damaged sample and the spectra hfe presented in fig. 8. Since MAES
is a surface sensitive technique any change in the electron spectra did not have any contribution
from the underlying substrate and reflected changes taking place[dt the SAM. In fig. 8 we can
clearly see that the prominent peak at ~9.5 eV diminished significantly after the first exposure and
was completely erased by the end of our experiment. Furthermore, the amplitude of the peak at
~4 eV decreased with every subsequent electron beam exposure. Lastly we can notice a smaller
peak at ~11eV was growing with every subsequent exposure. Given our results we conclude
that the bromine group was definitely removed from the monolayer since our spectrum after a
series of exposures to the electron beam lost its prominent feature at ~9.5 eV which was the major
difference between the BrUDT and the DDT spectra. Intuitively speaking the bromine group is
the tail group of the BrUDT molecule making it the most vulnerable to the incoming electrons.
However, this is not the only change that happened to the organic monolayer. Due to the other
features of the spectrum being modified, we come to believe that other phenomena also took place

14,25,27

besides the bromine bond breaking. Based on references, we suspect that the other features

modification are due to cross-linking and chain fragmentation.
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V. CONCLUSIONS

In this paper we have presented the use of MAES to monitor damage induced on organic ma-
terials in real time. We showed that metastable atoms did not alter our sample during the interro-
gation process and were able to distinguish two different samples of self-assembled monolayers.
The main advantages of using MAES over other techniques are the minimal amount of damage
induced on the sample and its ability to probe the surface-most layer of a sample. As a result,
using MAES can give us accurate results of what damage was caused on a sample’s surface ex-
clusively due to the damaging agent. In our experiment, we were able to clearly see a change
in the MAES spectra after an exposure to a low energy electron beam. The MAES spectra of
the BrUDT samples lost a prominent peak at ~9.5eV and were getting broader as the electron
exposure increased. Since the peak at ~9.5eV was absent from the DDT spectra we attributed
that peak to the bromine tail group of the BrUDT. For this reason, we believe that during each
electron exposure there was a bond breaking event between the bromine tail group and the rest of
the molecule. Besides the bromine bond breaking, we see a general change in our MAES spectra

which we attribute to cross-linking and chain fragmentation.
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