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The deposition and microstructure of nanoscale nitrogen containing carbon films produced by irradiating
adsorbed 1,2-diaminopropane (1,2-DAP) molecules with >40 eV electrons has been studied. The growth
rate of films deposited in the presence of a constant partial pressure of 1,2-DAP was directly proportional to
the flux of both precursor 1,2-DAP molecules and the incident electrons, consistent with an electron beam
induced deposition (EBID) process. Deposited films were highly textured and weakly adhered to the
polycrystalline Au substrate. Complementary information on the electron stimulated decomposition of the
precursor and the accompanying film growth was obtained from experiments performed under ultrahigh vacuum
(UHV) on nanometer scale thick films of 1,2-DAP. Results from these UHV studies were consistent with the
idea that decomposition was initiated by secondary electrons, produced by the interaction of the primary
electron beam with the adsorbate layer and the substrate. Reactions of these low energy secondary electrons
with adsorbed 1,2-DAP molecules were responsible for dehydrogenation as well as film growth. For prolonged
electron exposures nitrile species were produced, supporting the idea that changes in the film’s microstructure
and chemical composition were due to the effects of C—H and N—H, rather than C—C or C—N, bond cleavage.
Collectively, our results indicate that EBID initially leads to the formation of a hydrogenated carbon nitride
(a:C—N(H)) film. Further electron stimulated dehydrogenation ultimately yields an amorphous carbon—nitride

film (a:C—N).

I. Introduction

Amorphous carbon nitride (a:C—N) and hydrogenated carbon
nitride (a:C—N(H)) films are becoming an increasingly impor-
tant and widely used class of materials due to the beneficial
effects that nitrogen incorporation has on the wear resistance,' ™
biocompatibility, adhesion characteristics,* optical/electronic
properties,”” and thermal stability of amorphous carbon films.®
Indeed, nitrogen doped carbonaceous films are replacing car-
bonaceous films as nanometer scale (<10 nm), wear-resistant
hard disk coatings, and recorder heads in magnetic storage
devices.” Hydrogenated carbon nitride films also exhibit remark-
able field emission properties'®!! and are being considered as
cold cathode materials in vacuum microelectronics and flat panel
display technologies.'? It should be noted that in this manuscript
we use the term carbon nitride film to describe any carbon-
based film that also contains nitrogen atoms (and possibly
hydrogen).

The deposition of amorphous carbon nitride thin films is
typically accomplished in low pressure, plasma environments.'3~18
Under these conditions, growth is a consequence of complex
surface reactions involving an array of reactive species, includ-
ing ions, radicals, photons, and electrons, the later including
secondary electrons produced by the interaction of incident
photons and electrons with the substrate.!® To date, uncovering
the specific role that individual species, such as electrons, play
in controlling the deposition rate as well as the microstructure
of amorphous carbon nitride thin films has been hampered by
the complexity of the gas phase medium.?’~?> Thus, although
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the properties of carbon nitride films are known to be strongly
dependent upon macroscopic deposition parameters (input
power, gas phase composition),”*~2 only a few of the specific
surface processes involved in film growth have been identified.?’

The irradiation of solid substrates in the presence of back-
ground hydrocarbons by electrons has been identified as the
reason for the unwanted formation of amorphous carbonaceous
films on windows and lenses in electron microscopes.?* 3 This
same electron beam induced deposition (EBID) process has,
however, recently been exploited for the controlled deposition
of two and three-dimenisonal nanostructures,’ 4> where the
inherent flexibility and focusing capabilities of electrons allows
nanostructures to be patterned without resists. In the context of
amorphous carbon nitride thin films, EBID could represent a
new route for the controlled deposition of nanoscale protective
coatings and electron field emission nanotips. The growth rate,
composition, and structure of EBID materials are a function of
the incident beam energy, current density, and spot size as well
as the chemical composition and pressure of the gas phase
precursor.>>3%4374 However, attempts to improve existing
processes have to date been hindered by a lack of molecular-
level understanding regarding the electron-stimulated reactions
and chemical transformations that underpin EBID.

In the present study, we have investigated the electron-
induced deposition of amorphous carbon nitride films using 1,2-
diaminopropane (1,2-DAP) as a model precursor. The decision
to use 1,2-DAP was based on its desirable physical properties
(liquid at STP with a boiling point of 120 °C) and commercial
availability. The relatively high fraction of nitrogen atoms (N/C
= 2:3) in 1,2-DAP (CH;CH(NH,)CH,NH,) also facilitated a
determination of the concentration and distribution of nitrogen-
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containing species in the deposited films. In the presence of a
constant partial pressure of 1,2-DAP, the EBID growth kinetics,
structure, and chemical composition of amorphous carbon nitride
films deposited on a solid substrate were examined. To provide
complementary information on electron stimulated reaction
mechanisms, growth processes, and the influence of irradiation
time on the film’s structure, separate experiments were per-
formed under ultrahigh vacuum (UHV) on nanometer scale thick
1,2-DAP films. The value of this UHV experimental approach
to probe electron-mediated processes has been demonstrated in
recent studies relevant to atmospheric chemistry,*’*° astrochem-
istry,’*3! astrobiology,*? thin film modification,* >’ and radiation
damage to biologically relevant molecules.>>-%

II. Experimental Section

EBID studies were conducted using two different types of
experiments.®’ In one approach, deposition was accomplished
at room temperature using a focused electron beam (radius ~
2 um) in the presence of a constant pressure of 1,2-DAP,
CH;CH(NH,)CH,NH,; (Sigma-Aldrich). The growth kinetics and
properties of these films were studied using a combination of
Auger electron spectroscopy (AES) and atomic force microscopy
(AFM). These studies were complemented by UHV experiments
performed on multilayer films of 1,2-DAP deposited at low
temperature (100 K) using a broad beam electron source. In
these studies, electron induced reactions were probed by
reflection absorption infrared spectroscopy (RAIRS) in one UHV
chamber*’*8 and X-ray photoelectron spectroscopy (XPS) and
mass spectrometry (MS) in a second UHV chamber.®~% Unless
noted, the incident electron energy was 1.5 keV. In all of the
experiments described, Au was used as the substrate. This
decision was based on the ease of obtaining clean Au surfaces
by Ar™ sputtering, the chemical inertness of Au toward adsorbed
1,2-DAP, and the high reflectivity of polished Au substrates.

Films Deposited in a Partial Pressure of 1,2-DAP. In these
experiments, amorphous carbon nitride films were deposited by
irradiating a Au substrate with 1.5 keV electrons generated from
a PHI 610 AES spectrometer® in the presence of a constant
partial pressure of 1,2-DAP. Experiments were performed in a
UHYV system (Pp,. <2 x 107° Torr), equipped with capabilities
for in situ scanning AES, secondary electron detection (SED)
and mass spectrometry (MS, Quadstar Prisma QMS 200), a PHI
04-303 ion gun for sample cleaning, and a UHV-compatible
leak valve for gas dosing. Film growth was performed on
polycrystalline Au substrates (~200 nm thick) that had been
grown on a Si(100) wafer by thermal evaporation, following
the deposition of a ~20 nm thick Cr seed layer. Prior to
deposition, the Au substrate was introduced into the UHV
chamber and sputter cleaned with 2 keV Ar" ions to remove
any residual carbon contamination, as verified by AES.

1,2-DAP was stored as a liquid in a sealed glass-to-metal
container attached to an external gas manifold, which was
frequently evacuated via an independent pump to remove
atmospheric impurities; gas purity was routinely verified by mass
spectrometry. During EBID, the background pressure of 1,2-
DAP in the UHV chamber was maintained at ~5 x 1077 Torr;
to enhance the local pressure of 1,2-DAP, a stainless steel tube
was used to direct the gas flow onto the Au surface. To induce
film growth in the presence of a partial pressure of 1,2-DAP,
1.5 keV electrons, generated from the LaBg filament used for
AES, were rastered over a known area of the Au substrate.
During deposition, the flux of electrons at the Au substrate was
monitored by recording the target current.

Film Characterization. The location and two-dimensional
shape of films deposited by electron irradiation were monitored
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using SED, while the film’s chemical composition and thickness
were quantified by AES. Morphological analysis of selected
films was also performed ex situ using AFM. In these experi-
ments, the substrate was removed from the vacuum chamber
and adhered to the AFM sample plate using double-sided carbon
tape. Au substrates used for AFM analysis were also scribed to
provide physical markers, which were used in conjunction with
SED images, to help locate the deposited film’s position with
the optical microscope attached to the AFM. Images acquired
by AFM were taken using a PicoSPM LE (Agilent Technolo-
gies) operating in magnetic tapping mode using Co—Cr tips
obtained from MikroMasch (NSC18). All image rendering and
height measurements were performed utilizing commercially
available software from Agilent Technologies.

Electron Stimulated Reactions in Nanometer-Scale Thick
1,2-DAP Films. The effect of electron irradiation on nanometer
scale thick films of 1,2-DAP was studied by XPS and MS in
an UHV chamber with a base pressure of ~3 x 107° Torr.® In
these experiments, the Au substrate was attached to a Ta sample
holder mounted at the end of a manipulator arm with capabilities
for XYZ translation and 360° rotation. Routine sample cleaning,
which included the removal of electron deposited material, was
performed by rastering the substrate with 4 keV Ar" ions until
XPS confirmed the substrate was >99% Au. A type K
thermocouple, adhered to the underside of the Ta holder, was
used to monitor the substrate temperature. The effect of electron
irradiation on the surface composition was monitored by XPS
using Mg Ka radiation (1253.6 eV). Ejected photoelectrons were
analyzed by a multichannel hemispherical analyzer operating
at a pass energy of 22.36 eV and a step size of 0.125 eV. All
XPS peak positions reported in this study have been referenced
to the Au(4f;,) peak at 83.8 eV. Mass spectra were obtained
using a QMS (Stanford Research; RGA 200: electron energy
70 eV) positioned ~12 cm from the substrate and in a direct
line-of-sight.

RAIRS experiments were performed in a separate UHV (P,
= ~4 x 107 Torr) chamber fitted with differentially pumped
ZnSe windows. A mirrored polycrystalline Au substrate (~5.7
cm?) was mounted onto a manipulator arm capable of XYZ
translation and 360° rotation, using a Cu support. A type K
thermocouple was attached to the underside of the substrate to
monitor temperature. To acquire vibrational spectra, a Mattson
Infinity Series Fourier Transform infrared spectrometer was used
in conjunction with an external narrow band InSb detector
(1900—4000 cm™") operating at a resolution of 4 cm™".

Film Deposition. For XPS, MS, and RAIRS studies, nanom-
eter-scale thick 1,2-DAP films were deposited by molecularly
adsorbing 1,2-DAP onto a cooled Au substrate (~100 K). In
the XPS/MS chamber, 1,2-DAP was directionally dosed through
a stainless steel tube. In the RAIRS chamber, gas adsorption
onto the cooled substrate was accomplished by backfilling the
chamber with 8 x 1077 Torr of 1,2-DAP for a controlled
exposure time. Film thicknesses in the XPS and MS experiments
were determined by measuring the attenuation of the XPS signal
from the Au(4f) photoelectrons following 1,2-DAP adsorption.
In RAIRS experiments, the film thickness was not quantitatively
determined.

Electron Source. A commercial flood gun (Specs 15/40) was
used as a source of broad electron beam irradiation in XPS,
MS, and RAIRS experiments.®’ During irradiation, substrates
were positioned in a line of sight to the electron source at a
distance of ~6 cm. The flood gun produces an electron beam
with an ~1.0 cm full width at half-maximum at a distance of
2.0 cm, providing a reasonably uniform flux of electrons at the
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Figure 1. (top) Gold, carbon, and nitrogen AES maps of an amorphous
carbon nitride film deposited by electron irradiation (0.095 uA, 5 x
1077 Torr, 180 min) of 1,2-diaminopropane. (bottom) Line scan showing
the variation in gold, carbon, and nitrogen AES signals along the white
line indicated in the gold AES map.

surface. Unless noted, the incident electron energy was 1.5 keV.
The electron energy was calculated from the sum of the electron
energy generated by the flood gun and the positive bias applied
to the substrate. The target current was measured to ground via
a digital ammeter placed in series with an external voltage
source.

III. Results

Figure 1 shows the Au, C, and N Auger maps obtained after
an ~350 x 500 um area of an initially clean Au substrate was
rastered by 1.5 keV electrons in the presence of a constant partial
pressure of 1,2-DAP (5 x 1077 Torr) and fixed target current/
electron flux (0.095 uA) for 180 min. A measurable increase
in the C and N AES signals is observed within the irradiated
area, consistent with the electron-induced deposition of a carbon
nitride thin film. Conversely, the Au AES signal is attenuated
within the irradiated area due to the EBID overlayer. The
presence of C and N within the irradiated area is also supported
by the AES line scan results.

In Figure 2, separate AES experiments were performed to
investigate the influence of 1,2-DAP exposure time (Figure 2a)
and the target current/electron flux (Figure 2b) on the thickness
of the EBID deposit. In this analysis, we utilized the well-known
relationship between film thickness and the AES signal associ-
ated with the underlying substrate (Au)

film thickness o< In (Auy/Auy)

where Auy and Auy are the Au AES signal intensities before
and after film deposition, respectively.

In Figure 3, AFM was used to probe the surface structure of
an amorphous carbon nitride thin film that had been electron
beam deposited onto a Au substrate. To facilitate a direct
comparison of the film’s topography to that of the underlying
Au substrate, the AFM tip was used to physically remove a
small portion of the film and expose the underlying substrate.
This was accomplished by minimizing the tip oscillation and
increasing the applied load within a square region of the image,**
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as shown in Figure 3a. A higher magnification AFM image that
provides a more detailed comparison of the film’s morphology
to that of the substrate is shown in Figure 3b.

Figure 4a shows the MS fragmentation pattern of gas phase
1,2-DAP, measured under UHV. In contrast, Figure 4b shows
the volatile products produced when physisorbed 1,2-DAP
molecules are exposed to electron irradiation. For gas phase
1,2-DAP (Figure 4a), prominent peaks are observed at m/z =
44 and m/z = 30, corresponding to C,H¢NT and CHyNT
fragments, respectively; minor peaks at m/z = 2 (hydrogen) and
mlz = 74 (parent peak; C3H;oN,") are also observed. The spectra
shown in Figure 4a is consistent with the reported fragmentation
pattern of gas phase 1,2-DAP® and with the fragmentation
pattern expected for amines.* In contrast to Figure 4a, hydrogen
is the dominant volatile species produced when 1,2-DAP
multilayers are irradiated by 1.5 keV electrons (Figure 4b).
Because hydrogen is also produced from the electron source,
control experiments were performed to analyze the gas phase
species produced when the Au substrate was irradiated by
electrons in the presence and absence of adsorbed 1,2-DAP.
Results from these studies confirmed that the overwhelming
majority of the hydrogen signal observed in Figure 4b emanates
from electron stimulated reactions of adsorbed 1,2-DAP. It
should be noted that a detailed kinetic analysis of the hydrogen
signal observed during electron irradiation was precluded by
the relatively poor pumping speed of hydrogen by turbomo-
lecular pumps, coupled with the time-dependent hydrogen signal
produced by the flood gun. Minor peaks at m/z = 15—17
observed during electron irradiation of adsorbed 1,2-DAP
multilayers are ascribed to methane and ammonia, while the
peak at m/z = 28 could either be the result of nitrogen
production or a reflection of residual nitrogen or carbon
monoxide in the UHV chamber.

Figure 5 illustrates the changes that occur in the N—H and
C—H stretching regions of the IR spectrum when 1,2-DAP
multilayers are exposed to electron irradiation, measured for
different combinations of electron flux and incident electron
energy. Prior to electron irradiation, each deposited film
exhibited two vibrational bands characteristic of the N—H
(3400—3120 cm™!) and C—H (3000—2775 cm™!) stretching
modes of 1,2-DAP.%7 The initial thickness of the three films
(within 3%, as measured by the C—H and N—H IR peak areas)
is also comparable. For each 1,2-DAP multilayer, electron
irradiation produces a systematic decrease in intensity within
the N—H and C—H stretching bands (Figure 5), a broadening
of the spectral envelopes and a reduction in the resolution of
individual peaks within the IR bands. For sufficiently long
periods of electron irradiation, there is no evidence of any
residual C—H and N—H bonds within any of the films, as
measured by IR spectroscopy.

A comparison of Figure 5a, b, and c reveals that the rate of
loss of C—H and N—H bonds from the film is sensitive to both
the electron flux and the incident electron energy. For example,
a comparison of Figures 5a and 5b demonstrates that the loss
of IR intensity in the C—H and N—H stretching regions occurs
more rapidly when the target current is increased from 10 to
20 uA. Thus, in Figure 5b there is no observable intensity in
the C—H or N—H stretching regions after 600 min of irradiation,
while for the same exposure time spectral intensity in both
regions can be discerned in Figure 5a. A similar comparison
between Figures 5b and Sc indicates that when the incident
electron energy decreases from 1.5 keV to 200 eV the rate of
loss of IR intensity in the C—H and N—H stretching regions
increases for the same incident electron flux.
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Figure 2. Influence of growth conditions on the film thickness measured by the change in the gold AES signal before (Aug) and after (Auy)
deposition. Film thickness measured as a function of (a) 1,2-diaminopropane exposure time in the presence of a constant target current (~0.05 uA)
and (b) initial target current for a constant 1,2-diaminopropane exposure (20 min). In both (a) and (b), the partial pressure of 1,2-diaminopropane

was held constant (5 x 1077 Torr).

Figure 3. (a) AFM image showing the structure of an electron beam deposited amorphous carbon nitride film grown on a gold substrate. In the
center of the image the oscillation amplitude set point of the tip had been decreased to physically remove the deposit. (b) Rotated (90°) AFM image
of the region indicated by the white box, showing a more detailed view of the interface between the gold substrate (left) and the deposited film
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Figure 4. Mass spectra (0—80 a.m.u.) of (a) gas phase 1,2-diamino-
propane (70 eV impact energy) and (b) volatile species produced by
electron irradiation (1.5 keV; 25 uA) of 1,2-diaminopropane adsorbed
onto Au at ~100 K.

Figure 6 shows how the inverse of the irradiation time taken
for the C—H (closed triangles) and N—H (open squares) IR
bands to decrease to half of their initial values (1/¢,) varies as
a function of (a) the target current and (b) the incident electron
energy. Figure 6a reveals that for both C—H and N—H IR bands,
1/t is directly proportional to the incident electron flux. In

Figure 6b the variation in 1/, for both C—H and N—H IR
bands as a function of the electron’s incident kinetic energy
(plotted on a log scale) are shown. Analysis of Figure 6b reveals
that 1/¢,/, for both C—H and N—H IR bands vary smoothly with
the incident electron energy, exhibiting a maximum at ~200
eV.

Figure 7a shows a representative example of the how the IR
region between 2100—2200 c¢cm™! varies as a function of
irradiation time for 1,2-DAP multilayers exposed to 1.5 keV
electrons. For the as-deposited 1,2-DAP film and for compara-
tively short irradiation times there is no evidence of any spectral
intensity within this region. However, after 120 s of electron
irradiation evidence of a new vibrational band at ~2155 c¢cm™!
can be observed in Figure 7a. Based on the peak position, this
new spectral feature is assigned to the stretching band of a nitrile
(C=N) species.® 70 In Figure 7b, the integrated IR area of the
nitrile band has been plotted as a function of the irradiation
time. For each RAIRS experiment, the appearance of nitrile
species within the adsorbate layer was characterized by an
induction time (=100 s in Figure 7a), while for longer irradiation
times the concentration of these species increases with increasing
irradiation time before reaching a plateau.

In Figure 8, the effect of electron irradiation on an ~3.3 nm
thick layer of adsorbed 1,2-DAP molecules, as measured by
XPS, is shown. Prior to irradiation, single well-defined peaks
at 286.8 and 400.2 eV are observed in the C(1s) and N(1s)
regions, respectively (Figure 8a), consistent with the XPS spectra
of amines.”! Furthermore, the ratio of nitrogen to carbon in the
film, measured by integrating the respective XPS peaks and
correcting for the relative sensitivity factors, is 2:3, consistent
with the molecular formula of 1,2-DAP. Following an electron
exposure sufficient to remove all of the N—H and C—H bonds
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from the adsorbate layer (as determined by RAIRS), the spectral
envelopes in both the C(1s) and N(1s) regions have broadened
considerably (compare Figures 8a and 8b). No attempt to fit
the C(1s) or N(1s) regions after irradiation has been made due
to the ambiguous fits that are obtained. This reflects the
significant differences in literature values for assigned peak
positions and full width half-maximum values for different CN
species.”>” 7 Despite the changes in the peak shapes, however,
both the C(1s) and N(1s) peak areas remain virtually unchanged
after irradiation (<1% difference compared to the native film),
although the substrate Au(4f) photoelectron signal increases
significantly after electron irradiation (compare Figures 8a and
8b). Following electron irradiation and subsequent XPS analysis,
the Au substrate was warmed to room temperature and the
adlayer reanalyzed with XPS. This annealing process did not
produce any measurable change in the C(1s) or N(1s) line shape
or integrated areas. In the absence of electron irradiation,

however, all of the C(1s) and N(1s) signal intensity was lost
upon annealing 1,2-DAP multilayers to room temperature.

IV. Discussion

The discussion is organized as follows: First, the growth
kinetics and structure of carbon nitride films deposited with a
focused electron beam in the presence of a constant partial
pressure of 1,2-DAP are discussed. Then, experiments performed
under UHV conditions on nanometer scale thick films of
condensed 1,2-DAP molecules exposed to broad beam electron
irradiation are described. Results from these UHV studies are
used as the basis to understand how adsorbed 1,2-DAP
molecules decompose under the influence of electron irradiation
as well as the reactions involved in the growth of the amorphous
carbon nitride films and the evolution of the film’s microstruc-
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ture. Implications of results obtained in the UHV studies as they
pertain to EBID of amorphous carbon nitride films are also
considered.

Film’s Deposited in the Presence of a Constant Partial
Pressure of 1,2-DAP. Collectively, the AES data, shown in
Figure 1 as well as the SED image shown in Figure 1 of the
Supporting Information, demonstrate that amorphous carbon
nitride films are deposited when Au substrates are irradiated
by 1.5 keV electrons in the presence of 1,2-DAP. Within the
deposit, the relative uniformity of the film’s chemical composi-
tion and thickness is highlighted by the nearly constant C, N,
and Au signals in the AES line scan (Figure 1b). Closer
inspection of the C and N AES maps shown in Figure 1a reveals
that within the irradiated area two vertical stripes can be
resolved. Both regions exhibit enhanced C and N AES signal
intensities (and a reduced signal intensity in the Au AES map),
consistent with the idea that these vertical regions were formed
because they were exposed to a higher dose of incident electrons
as the focused electron beam was rastered across the surface.

Figure 2 demonstrates that the growth rate of the amorphous
carbon nitride films was proportional to both the partial pressure
of 1,2-DAP molecules (P;,pap) and the flux of electrons, as
measured by the target current at the surface (e ). Thus, the
overall growth kinetics can be expressed as

growth rate o< Py, pap X € g

Such a relationship is typical for EBID, where film growth
is mediated by a one electron process that initiates the
decomposition of transiently adsorbed precursor molecules into
species that remain bound to the substrate.**’”> Because the
steady state concentration of adsorbed precursor molecules (6)
is <1, 6 will be directly proportional to P;,.pap. Structural
characterization of the films by AFM (Figure 3) reveals that
the deposits are highly textured and significantly rougher than
the Au substrate. The fact that the deposited films could be
removed by the AFM tip indicates a relatively weak adherence
to the Au substrate.

Electron-Induced Chemistry in Nanometer Thick 1,2-DAP
Films. In Figures 1—3, films were deposited using a focused
electron beam in the presence of a constant partial pressure of
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precursor molecules.*** Under these conditions the steady state

concentration of precursor molecules is low (0 << 0.1)*7¢ and
the size of the deposit is on the submillimeter length scale. These
facts preclude the use of most surface analytical techniques
capable of monitoring changes in the chemical bonding and
composition of the adsorbate layer in situ during electron
irradiation. The presence of a partial pressure associated with
the EBID precursor also limits the ability of mass spectrometry
to identify gas phase species evolved during deposition.

To overcome these experimental limitations, complementary
experiments were conducted on nanometer scale thick films of
1,2-DAP physisorbed onto Au substrates under UHV conditions.
Results from such studies can provide additional kinetic
information on the EBID process as well as new insights into
the molecular level events that accompany the electron induced
deposition of amorphous carbon nitride films. In these experi-
ments, the initial film thicknesses were ~3—10 nm, correspond-
ing to at least six molecular layers of adsorbed 1,2-DAP
molecules.

Dehydrogenation. Mass spectrometry results shown in Figure
4 reveal that electron irradiation of adsorbed 1,2-DAP produces
hydrogen as the dominant gas phase product without any
significant loss of volatile species containing nitrogen or carbon.
Thus, if electron stimulated desorption of the parent molecule
was a significant reaction pathway, peaks at m/z = 30 and 43
should be observed due to the NH,-CH," and NH,-CH-CH;"
ions characteristic of gas phase 1,2-DAP,% in contrast to our
experimental observations (Figure 4b). The absence of any
volatile carbon or nitrogen containing species produced during
electron irradiation of adsorbed 1,2-DAP is also consistent with
the XPS data shown in Figure 8, specifically the lack of change
in either the C(1s) and N(1s) XPS areas. Thus, XPS and MS
results collectively support the idea that dehydrogenation is the
major chemical transformation that accompanies electron
irradiation of molecularly adsorbed 1,2-DAP. Hydrogen has
also been observed as the dominant gas phase product when
surface bound amines’”’® and organic films, including alkanes™
and self-assembled monolayers,®~33 are irradiated by incident
electrons ranging in energies from 5 eV to 2 keV.

Reaction Kinetics. Because the changes in chemical com-
position within the adsorbate layer are dominated by the effects
of dehydrogenation, temporal changes in the C—H and N—H
IR intensities can in principle serve as the basis to probe the
electron stimulated reaction kinetics. However, the broadening
of the C(1s) and N(1s) XPS spectral envelopes upon irradiation
of adsorbed 1,2-DAP, coupled with the observation of nitrile
species at longer irradiation times (Figure 7), indicates that
dehydrogenation also produces significant changes in the
microstructure and local bonding environments within the
adsorbate layer. These changes in the film’s microstructure will
inevitably alter the C—H and N—H oscillator strengths, and as
a result, changes in IR band intensities would not provide a
reliable quantitative metric of the change in concentration of
C—H or N—H bonds during electron beam irradiation. As a
result, we have confined our kinetic studies to the effects that
external variables (target current and incident electron energy)
have on the reaction rate. In this approach, we have taken
advantage of the fact that as long as the reaction mechanism
remains invariant to changes in these external variables, then
for films of similar initial thickness (as determined by the initial
C—H and N—H absorbance values), the time required for the
C—H or N—H IR areas to decrease by a fixed fraction will be
inversely proportional to the rate of C—H or N—H bond
cleavage (kc—y or kn—p). This method of determining relative
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Figure 8. XP spectra of the N(1s), C(1s), and Au(4f) regions of (a) adsorbed 1,2-diaminopropane (3.3 nm thick film) prior to electron irradiation;
(b) the same adsorbate layer after electron irradiation (14.6 uA; 1.5 keV; 40 min). To directly compare the effect of electron irradiation the intensity
scale has been held constant for each element.

reaction rates does not require a detailed knowledge of the DAP, the importance of reactions involving low energy second-
elementary reaction steps and is independent of changes that ary as opposed to primary electrons is responsible for the
may occur in the N—H or C—H oscillator strengths. In our pronounced differences in the volatile fragments produced when
analysis, we have chosen the irradiation time required for the gas phase and adsorbed 1,2-DAP molecules are exposed to
C—H and N—H IR areas to decrease to half of their initial values electrons with incident energies >50 eV (see Figure 4).
((C—H);1p and (N—H),1). Thus, (C—H),1/, o< kc—y and kn—pg o< Hydrogen Production. Based on detailed discussions de-
(N—H),15. scribed in previous studies,’*$!%3 we believe that hydrogen
Figure 6a shows that kc_y and kx—y are directly proportional production from adsorbed 1,2-DAP will occur principally from
to the target current/electron flux. This indicates that the rate electronically excited anionic species formed by the interaction
determining step in the loss of C—H and N—H bonds involves of secondary electrons (e ) With the parent molecule
a one electron process, consistent with EBID processes. As a
function of incident electron energy, Figure 6b reveals that kc—y CH;CH(NH,)CH,NH, + €, — [CH;CH(NH,)CH,NH,]|*"

and kn—y both reach a maximum at ~ 200 eV. Furthermore,
analysis of Figures 6a and 6b reveals that the kc—y/kn—p ratio
remains constant, both as a function of incident electron energy
and flux.

The variation in kc—y and kx—g as a function of the incident
electron energy (Figure 6b), with a peak at primary electron
energies of &~ 200 eV, is similar to the variation in the secondary [CH;CH(NH,)CH,NH,|* - — [CH;CH(NH,))CH=NH]* + H,% + (¢)
electron yield that is observed when solid surfaces are exposed
to electron irradiation.*~%¢ This suggests that it is the low energy
(primarily <20 eV) secondary electrons that are responsible for
the electron stimulated reactions observed in the present study.
Similar conclusions have also been reached from measurements
of deposition yields as a function of incident electron energy .
in related studies involving the electron induced deposition of CH,CH(NH,)CHNH, + H
amorphous carbon films from gas phase benzene,” tungsten [CH,CH(NH,)CH,NH,|* -
from W(CO)s*"8 and platinum from trimethyl (methyl cyclo-
pentadienyl) platinum(IV) (MeCpPt(IV)Me3).% In addition,

These highly reactive species can produce hydrogen via a
direct intramolecular elimination process,?*8!%3 where the excess
charge (e”) may or may not remain in the film

As has been shown in previous studies, an alternative pathway
involves the H™ ejection when the excited anionic species
decomposes to form a radical.”'

\CH3CH(1§1H)CH,NH2 + H

experiments performed on the electron-induced decomposition The H™ species can then either escape into vacuum or
of MeCpPt(IV)Mes adsorbed onto Au substrates have revealed generate hydrogen via hydrogen or proton abstraction reactions
that the decomposition/deposition rate exhibits a similar func- with other adsorbates.’%%3

tional dependence on the incident electron energy to the one Based on this sequence of basic steps, the reactions of
observed for 1,2-DAP, with a maximum 2200 eV.%° Given secondary electrons with an adsorbate layer consisting of 1,2-
the significant differences in the molecular structure of 1,2-DAP DAP molecules will lead to dehydrogenation and the formation
and MeCpPt(IV)Me;, this observation suggests that for both of carbon and nitrogen centered radicals. Consistent with our
adsorbates decomposition is not initiated by the primary beam, experimental results, this reaction sequence predicts that the loss
but by the secondary electrons whose yield is maximized when of both C—H and N—H bonds from the film should be
the incident electron energy is ~200 eV. The idea that low proportional to the incident electron flux, while the ratio of kc—p/
energy secondary electrons are principally responsible for the kn—p remains independent of the electron flux and incident
decomposition of adsorbed 1,2-DAP is also consistent with the electron energy.

fact that molecular hydrogen has previously been detected as Formation of Amorphous Carbon Nitride Films. Once
the dominant gas product produced when organic films are formed, the carbon- and nitrogen-centered radicals can partici-

irradiated by low energy electrons.®*#!%3 For surface-bound 1,2- pate in cross-linking reactions, forming new C—C and C—N
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bonds as an amorphous carbon nitride film develops under the
influence of electron irradiation. For example,

(C-N Bond Formation)

4
Hz/\( . NHZ/\(
(ads) (ads) (ads)

Such a process is analogous to the reactions believed to be
responsible for the formation of amorphous carbonaceous films
when alkanes and hydrocarbon films are electron irradiated.$>%*

The idea that a carbon nitride film forms in our UHV studies
is supported by the fact that the C(1s) and N(1s) XPS areas
remain unchanged upon heating the film to room temperature,
under conditions where any lower weight molecular species
(including residual 1,2-DAP molecules) would have molecularly
desorbed. The ability of 1,2-DAP to act as a precursor for
amorphous carbon nitride film formation under the influence
of electron irradiation is also consistent with the results presented
in Figures 1-3, where films were deposited in the presence of a
constant partial pressure of 1,2-DAP.

Another consequence of the cross-linking reactions and the
loss of hydrogen is that the film will increase in density under
the influence of electron irradiation, with a concomitant decrease
in film thickness. Experimentally, this is observed by the
increase in intensity of the substrate Au(4f) photoelectrons. For
example, in Figure 8, an initially 3.3 nm thick film of adsorbed
1,2-DAP decreases in average thickness by 0.8 nm as a result
of electron irradiation, while there is no change in the C(1s) or
N(1s) XPS areas.”

Formation of Nitrile Species. In parallel with film formation,
electron stimulated dehydrogenation continues, leading to the
formation of new local bonding environments within the film,
as illustrated below:?

HHN{_,_,_, H{t

(ads) (ads)

Experimentally, changes in the local bonding environments
within the film are consistent with the evolution of both the
C(1s) and N(1s) lineshapes. However, the clearest evidence of
the film’s evolution under the influence of electron irradiation
is provided by the appearance of nitrile (C=N) groups (Figure
7). These new species are observed only after prolonged periods
of irradiation when a significant fraction of the initial C—H and
N—H bonds have been lost. We postulate that these nitrile
species form as a result of dehydrogenation reactions, such as
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/" M
%C\ +e—>% _V‘E—C—N +Hzt+(e)
H

With respect to plasma processes used to deposit amorphous
carbon nitride thin films, our results indicate that electron
induced reactions at the surface of the growing film could
contribute to the formation of chain terminating carbon atoms.
Indeed, CN triple bonds have been produced in amorphous
carbon nitride films exposed to UV irradiation where low energy
electrons would be generated by the interactions of photons with
the film.”” The presence of these terminal carbon atoms in
amorphous carbon nitride films have important consequences
for materials properties because they disrupt the continuity of
the C—N—C bonding network and decrease the film’s hardness
and wear resistance.”’

The proposed mechanism for the electron-stimulated forma-
tion of amorphous carbon nitride thin films from adsorbed 1,2-
DAP is shown in Scheme 1. The overall process is dominated
by the effects of C—H and N—H bond cleavage, mediated by
reactions of secondary electrons with the adsorbate layer. During
the initial stages of the reaction, dehydrogenation is accompanied
by the formation of new C—N and C—C bonds as a hydroge-
nated amorphous carbon nitride (a:C—N(H)) thin film develops.
As the electron dose increases, further dehydrogenation leads
to the formation of unsaturated NC(sp?) and NC(sp®) bonds.
We believe that an analogous reaction sequence would also
describe the EBID of amorphous carbon nitride films from other
volatile nitrogen containing organics. In this context, our results
also have implications for the formation of amorphous carbon
nitride films known as tholins postulated to form in the
atmosphere of Titan as a result of the reactions of amines with
reactive species, including electrons.”®

Implications of UHV Studies to Films Deposited in a Partial
Pressure of 1,2-DAP. From a practical standpoint, optimal
growth rates of amorphous carbon nitride films will require
incident electrons with energies close to 200 eV (Figure 6b),
due to the optimal yield of secondary electrons. However, it is
experimentally difficult to operate a standard focused electron
beam below 1 keV. Our UHV studies also suggest that
deposition will occur as a result of reactions between carbon-
and nitrogen-centered radicals produced by the electron-
stimulated decomposition of transiently adsorbed precursor
molecules, while the dominant chemical transformation that
accompanies film growth is dehydrogenation. Thus, the second-
ary electrons generated by the primary beam serve not only as
the means to initiate film growth, but also to moderate the film’s
microstructure as a consequence of dehydrogenation. Conse-
quently, we expect that the microstructure of a film deposited
under typical EBID conditions will be determined by the partial
pressure of the precursor as well as the fluence of secondary

SCHEME 1: Proposed Mechanism for the Production of an Amorphous Carbon Nitride Film from the Electron

Beam-Induced Decomposition of 1,2-Diaminopropane
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electrons. For example, films deposited using a relatively high
incident electron flux will be extensively dehydrogenated with
higher concentrations of nitrile species. This will have important
consequences for the film’s material properties.

Results from our UHV studies indicate that the film’s ultimate
N/C ratio is a reflection of the precursor’s chemical composition.
However, AES analysis of the amorphous carbon nitride films
deposited in Figure 1 indicates that the N/C ratio is less than
that of the precursor (Supporting Information, Figure 2). This
difference is probably a reflection of the fact that the electron
flux in the high-pressure deposition studies (Figures 1—3) is
~20 times greater than the electron fluxes in the UHV studies
(Figures 4—38). In this regard, recent studies on metal deposits
formed by electron deposition of organometallic precursors, such
as trimethyl (methyl cyclopentadienyl) platinum(IV) (MeCpP-
t(IV)Me;), have shown that the metal content in the deposited
films is influenced by the incident electron flux,'® underscoring
the complexity of the reaction processes responsible for EBID.
Thus, it appears the N/C ratio of electron deposited amorphous
carbon nitride films will be influenced by both the precursor’s
chemical composition and the electron fluence. This has
important implications for controlling the properties of a:C—N
and a:C—N(H) films, which are sensitive to the film’s N/C
ratio.>10!

V. Conclusions

For incident electron energies >40 eV, the decomposition of
adsorbed 1,2-DAP molecules is initiated by secondary electrons
produced by the interaction of the primary beam with the
adsorbate layer and the substrate. The reactions of these low
energy secondary electrons with adsorbed 1,2-DAP molecules
lead to the evolution of molecular hydrogen and the formation
of radicals that cross-link to form a hydrogenated amorphous
carbon nitride (a:C—N(H)) thin film. For prolonged periods of
electron irradiation, the sustained loss of C—H and N—H bonds
continues to change the film’s microstructure, including the
formation of nitrile groups, as an amorphous carbon nitride (a:
C—N) thin film develops. Electron stimulated reaction rates,
measured by the loss of C—H and N—H bonds from the
adsorbate layer in UHV studies and the increase in film thickness
in higher pressure deposition studies are both directly propor-
tional to the incident electron flux, consistent with EBID
processes. Experimental evidence suggests that the chemical
composition and microstructure of amorphous carbon nitride
films deposited by EBID will be influenced by both the chemical
composition of the precursor and the electron flux.
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