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ABSTRACT: Ambient NO, adsorption onto copper(Il)
phthalocyanine (CuPc) monolayers is observed using ultrahigh
vacuum (UHV) scanning tunneling microscopy (STM) to
elucidate the molecular sensing mechanism in CuPc chemical
vapor sensors. For low doses (1 ppm for S min) of NO, at
ambient temperatures, isolated chemisorption sites on the
CuPc metal centers are observed in STM images. These
chemisorbates almost completely desorb from the CuPc

monolayer after annealing at 100 °C for 30 min. Conversely, for high NO, doses (10 ppm for S min), the NO, induces a
fracture of the CuPc domains. This domain fracture can only be reversed by annealing above 150 °C, which is consistent with
dissociative chemisorption into NO and atomic O accompanied by surface restructuring. This high stability implies that the
domain fracture results from tightly bound adsorbates, such as atomic O. Existence of atomic O on or under the CuPc layer,
which results in domain fracture, is revealed by XPS analysis and ozone-dosing experiments. The observed CuPc domain
fracturing is consistent with a mechanism for the dosimetric sensing of NO, and other reactive gases by CuPc organic thin film

transistors (OTFTs).

1. INTRODUCTION

Metal phthalocyanines (MPcs) have been used widely for
organic thin film transistor (OTFT) gas sensors.'~® The MPc
films can be deposited readily on inorganic substrates by
various techniques including vapor deposition, spin coating,
and spray coating. While other organic thin films may have
higher mobilities, MPcs are robust under ambient conditions
and possess high thermal stability, properties which make them
attractive sensor materials. For example, MPcs can maintain
their molecular structure at temperatures exceeding 400 °C,
and only a few strong acids and oxidizing agents are able to
decompose MPcs. The electronic properties of MPcs can be
modified by replacing the central metal atom or adding
functional groups to the phthalocyanine rings. Structural and
electronic properties of single MPc molecules and MPc
monolayers on solid surfaces have been investigated by a few
research groups.” ">

MPc molecules can act as electron donors due to their
delocalized m-electrons which are readily ionized, behave as p-
type semiconductors, and provide a basis for chemiresistive
sensing."”'*"> The low ionization energy of MPcs imparts low
activation energy for formation of charge transfer complexes
with oxidizing gases. The char;e distribution in the MPc
molecule is also not uniform.'®'” The nitrogen atoms around
the central metal atom have a relatively high electron density,
while the inner carbon atoms have an electron density lower
than that of the outer aromatic carbon atoms.*” Consequently,
charge transfer reactions of MPcs with electron-acceptor gases
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are strongly favored to occur on the central metal atom rather
than at other sites."

Detection of electron-accepting analytes by MPc OTFTs is
governed primarily by reaction between the metal center and
analytes that, in a simplified model, act as “dopants”:'®"® Pure
MPc films are insulating in vacuum, but they become p-type
semiconductors when exposed to dopant gases.”'**° The
induced p-type conductivity of MPc films has been modeled as
formation of charge transfer complexes on the metal centers
with oxidative dopants. Weak oxidative analytes (such as
0,)*" chemisorb weakly on MPc films as electron acceptors
and form superoxide adducts consisting of oxidized MPc* and
O’ species; holes are injected into the bulk solid from the
positively charged MPc". The injection of these holes moves
the valence band (HOMO) edge toward the Fermi level,
forming a p-type MPc film." Electron paramagnetic resonance
(EPR) and electron spin resonance (ESR) studies have shown
the presence of these superoxide adducts directly on MPc.>' >

Sensors based on MPcs have higher chemical sensitivities and
longer recovery times for strong-binding analytes (NO,, O;,
H,0,, and NO) than those for weak binding analytes.>**~>°
Weak binding analytes induce weak charge transfer reactions
and have fast reversible recovery times. For low doses, tight-
binding dopants also show reversible recovery, but for high
doses, tight-binding analytes (for example NO,”***'7>* or
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NO*>*°) have strong charge transfer reactions on MPc films,
and the recovery times are very slow or irreversible. In practical
sensing devices, weak-binding analytes cannot be ignored
because ambient air contains a high concentration of two such
analytes, O, and H,O. In order to adsorb on MPc, the strong
binder NO, must initially compete for reaction sites with
gaseous or bound O, and H,O that are present at much higher
concentrations. When MPc is dosed with NO,, it should bind
tightly to MPc.">** However, when NO, dosing ceases, the
high background of O, and H,0 will compete and cause the
NO, to desorb if it is reversibly bound. This competition model
is consistent with strong-binding analytes having reversible
binding to MPc for very low analyte doses. However, the
irreversible behavior observed for strong-binding gaseous
oxidants on MPc surfaces and their ability to induce charge
accumulation in the MPc film are not fully understood on the
molecular scale.*®

The present study uses molecular-scale imaging and chemical
spectroscopy to investigate the irreversible sensing response of
CuPc OTFTs exposed to NO, gas pulses at ambient
temperatures in air. Previously, it was shown that H,0, vapor
doses of high concentration induce an unrecoverable threshold
voltage shift which is consistent with an irreversible sensor
response.28 NO, is another strong-binding gaseous oxidant;
therefore, it is also expected to show an irreversible sensing
threshold voltage shift on the CuPc surface. In order to
investigate the sensing response, CuPc OTFT sensing
measurements are performed during exposures to a mixture
of NO, and synthetic air. To understand the NO, dosimetric
sensing behavior on a molecular level, scanning tunneling
microscopy (STM) has been employed to image physical
changes in the MPc surface that are induced by NO, binding.

2. EXPERIMENTAL DETAILS

Bottom-gate, bottom-contact CuPc OTFTs were prepared by
photolithography. The source and drain electrodes were deposited
by electron beam evaporation onto SiO,/n*2Si(100) substrates
(Silicon Quest). The 100 nm thermally grown SiO, layer acts as a
gate oxide with C,, = 34.5 nF cm™ The channel width (W = 10° um)
and length (L = S ym) are constant for all OTFTs. Deposition of 5 nm
Ti was used as an adhesion layer for the 45 nm Au electrodes and
electrical contact pads. A four-monolayer CuPc film was deposited on
the OTFT substrate under ultrahigh vacuum with the use of molecular
beam deposition. The deposition rate was approximately 1 A s™%. The
devices were wire-bonded onto a ceramic, dual in-line package (DIP)
and mounted on a printed circuit board for NO, sensing. Current—
voltage (I—V) measurements were recorded in situ during NO, vapor
dosing. The I-V data for the OTFTs were analyzed every 60 s by a
gate voltage (V,) sweep from +10 to —10 V at 4 V s™! with the drain
voltage (V) held at —10 V. A National Instruments PXI-6259 M-
series multifunction DAQ controlled by a custom-designed LabVIEW
program was used for voltage sweeps and data acquisition. The
threshold voltage (V) and mobility (4) were calculated from a linear
fit to the equation for OTFT drain current in the saturation regime (eq

1).

WuC,,
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The Vy, and p calculations were performed in real time during
sensing and used a constant range of fit for the gate voltage (V) of
—10 V <V, < =7 V. All OTFT sensing experiments were performed
with zero grade air (Praxair, <2 ppm H,0, <0.02 ppm NO,) and a 10
ppm NO, mixture in dry air (Airgas).

Deposition of copper phthalocyanine (CuPc) was performed in a
multichamber Omicron ultrahigh vacuum (UHV) system with a base

pressure below 1 X 107'° Torr. The surface of single-crystal Au(111)
at 25 °C was cleaned by sputtering with a 1 keV Ar" ion beam (RBD
Instruments) with an Ar background pressure of 6 X 107° Torr. After
sputtering, the Au(111) sample was annealed at S00 °C for 30 min for
curing. Sputtering and annealing were repeated until STM imaging
verified an atomically flat Au(111) surface.

The CuPc was purchased from Sigma Aldrich and purified by
multiple sublimations. The sample was prepared by depositing thick
overlayers of CuPc on a clean Au(111) surface at 100 °C by organic
molecular beam epitaxy with use of a differentially pumped eftusion
cell (Eberl MBE-Komponenten), while the sample was in the UHV
preparation chamber. Subsequently, this multilayer was heated to 350
°C for 4 min, and a flat-lying monolayer of CuPc was formed on the
Au(111) surface because the CuPc/CuPc interaction in multilayers is
weaker than the CuPc/Au surface interaction.>® The monolayer
structure was confirmed by STM, which showed the characteristic
Au(111) herringbone reconstruction through the single-monolayer
CuPc films. The monolayer samples were transferred from the
preparation chamber via the load lock and introduced into the
atmosphere for NO, dosing.

High-concentration NO, dosing was performed with a 10 ppm NO,
in dry synthetic air mixture onto CuPc monolayers at atmospheric
pressure. These high-concentration dosing studies were performed in
an airtight container with a constant flow of the 10 ppm NO, mixture.
Low-concentration dosing (I ppm NO, in dry synthetic air) was
performed in an airtight, custom-designed flow system with constant
flow using mass-flow controllers. The 10 ppm NO,/air mixture was
diluted 10-fold in synthetic air (Praxair, <2 ppm H,O, <0.02 ppm
NO,) using a separate dilution line to create a 1 ppm NO, mixture in
synthetic air.

Dosed samples were returned to the UHV chamber through a load
lock. The pump down time was limited to 15 min in order to minimize
desorption of analytes. Once in UHV, the samples were transferred
immediately to the manipulator, which was maintained at —120 °C to
minimize analyte desorption. Finally, the —120 °C samples were
transferred to the analysis chamber sample stage at —180 °C; the
analysis chamber contained an Omicron VT AFM/STM with a base
pressure below 5 X 107" Torr. All STM images were acquired using
electrochemically etched W tips.

A monochromatic XPS (XM 1000 MKII/SPHERA, Omicron
Nanotechnology) was employed to examine the surface elements
and the ratio of their relative intensities. The XPS was operated in a
constant analyzer energy mode with the pass energy of 50 eV and the
line width of 0.1 eV, using an Al Ka source (1486.7 eV). The takeoff
angle was 30° from the sample surface with an acceptance angle of
+7°. The peak analysis process was performed using CASAXPS v2.3.
The relative XPS intensity of each core-level spectra (C 1s, N 1s, O 1s,
and Cu 2p;/,) was quantified by calculating the peak area divided by
the XPS sensitivity factor.

In order to identify adsorbates on the CuPc layer, flash desorption
mass spectrometry was performed by mass spectrometry (Max-LT300
with Axial Ionizer, Extrel) in the UHV chamber. The sample
temperature was raised from 25 to 300 °C by a pyrolytic boron
nitride heater (PBN heater), and the heating speed was 1—2 °C min™".
All signals from S5 m/z to 130 m/z were collected by the Merlin
Automation Data system. Note that this flash desorption mass
spectrometry is not temperature-programmed desorption, because the
heating speed was neither fast nor constant.

Both O3 and NO were dosed on the CuPc monolayer in the UHV
chamber at room temperature with the use of a pulsed supersonic
molecular beam source (General Valve series 1), which was triple
differentially pumped using a three-chamber source with turbo-
molecular pumps. The O; was produced from pure O, with the use of
an ozone generator (AZCO Industries Ltd.). The O generation and
persistence after transport through the supersonic beam source was
confirmed by mass spectrometry (Max-LT300 with Axial Ionizer,
Extrel). The NO analyte was diluted by He (He: 95%; NO: 5%). The
pulsed molecular beam operated at 30 Hz with a 100 ys opening time.
During dosing, the preparation chamber was pumped only with a
turbomolecular pump (TMP). Although beam frequency and dosing
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duration were identical in both NO and ozone dosing, there was a
pressure difference in the preparation chamber. The pressure was 2 X
107° Torr during ozone dosing, but was 2 X 1077 Torr during NO
dosing. This difference results from the He in the NO mixture which
causes back streaming in the TMP.

All DFT simulations were gerformed with the Vienna Ab-Initio
Simulation Package (VASP)*”?® using projector augmented-wave
(PAW) pseudopotentials (PP)**** and the PBE (Perdew—Burke—
Ernzerhof) exchange-correlation functional*** The choice of PBE
functional and PAW PP was validated by parametrization runs
demonstrating good agreement with experimental properties of bulk
Au and C, as well as N, and O, molecular properties. The atomic
charges for calculated systems were obtained by applying Bader charge
decomposition.**~* Note that Bader charge is a value reflecting the
number of excess valence electrons (total electrons less absolute value
of the nuclear charge) associated with particular atoms; therefore,
atoms with positive Bader charge have an absolute negative charge.

3. RESULTS

3.1. Dual Sensing Response of CuPc OTFT to NO, Gas
Pulses of Variable Duration. The sensing experiments are
presented prior to the STM experiments to show the
macroscopic evidence of irreversible NO, chemisorption via
dosimetric sensing. Figure 1 shows typical conductive OTFT
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Figure 1. Conductive sensing response of CuPc OTFTs to 100 ppb of
NO, gas pulses of variable duration. The pulses were 30 s, 2 min, §
min, and 10 min, resulting in integrated doses of 0.05—1 ppm min™".
Full I-V characterization was performed at each time point to extract
the threshold voltage and mobility. For low doses there is a reversible
change in mobility (green arrow), while for high doses there is an

irreversible shift in threshold voltage (red arrow).

sensing responses of CuPc to 100 ppb NO, gas pulses of
variable duration (30 s, 2 min, 5 min, and 10 min) at 25 °C.
During these experiments, high-purity dry air was used as both
the purge and the carrier gas. Full -V curves are measured at
each point in time so that the influence of the analyte on the
mobility and threshold voltage can be measured independently.
The NO, doses in these sensor measurements are smaller than
in the STM studies, since the -V characteristics are closer to
ideal for small doses, thereby enabling independent measure-
ment of the mobility and threshold voltage. Furthermore, a
fixed charge of less than 0.1% of a monolayer (10'*/cm?) is

readily detected by I—V measurement, which is well below the
limit of STM detection for almost any adsorbate. The CuPc
OTEFT has a nonlinear sensing response with increasing dosing
time. Analyte-induced changes in the carrier trap energy or
carrier density are typically reflected by changes in the mobility,
while analyte-induced changes in fixed charge are reflected by
changes in the threshold voltage.

For short analyte pulses (30 s and 2 min), large mobility
decreases and possibly small Vy, shifts are observed, but both
the mobility decreases and small Vy, shifts are reversed when
NO, dosing ceases during the dry air flow. However, for longer
doses (S and 10 min), large Vy, shifts occur, and these shifts are
irreversible and dosimetric (red arrow). This is consistent with
an analyte-induced change in fixed charge. Consequently, both
reversible and irreversible components of the sensing
mechanism are present. Note that the current (Ii(sat)),
which has negative values for p-type transistors, increases
with increasing dose of NO, because the current is proportional
to the square of the threshold voltage (Vy, increases — current
increases), as shown in eq 1. It is also noted that, as more NO,
is dosed on the CuPc layer, a larger hole carrier density can be
generated. The larger positive charge carrier density leads to a
source-drain current increase. This increase of charge carrier
density can result in domain boundaries, which traps charge
carriers being filled.*® Therefore, the positive charge carriers can
move through domain boundaries without being trapped. As a
result, an increase of charge carriers can result in an increase in
the mobility.

The DFT VASP plane wave calculations show that the
adsorption energies of NO and NO, on CuPc are very low:
(NO,/CuPc: 0.06 eV and NO/CuPc: 0.02 eV). This was
checked by calculating the adsorption energy of NO on a more
reactive MPc. For NO/CoPc, the DFT VASP plane wave
calculation gives a binding energy of 1.57 eV, which agrees well
with the binding energy of 1.55 eV calculated by Nguyen et
al.*¥” for the same system, which also used the VASP plane wave
code. It is noted that other computational methods give slightly
higher binding energies; atomic-orbital DMol simulations of
Lozzi et al. showed a binding energy of 0.40 eV for NO,/
CuPc.*® The very low adsorption energies of NO and NO, on
CuPc are consistent with another chemisorbate being the main
factor for irreversible changes in the fixed charge in the film.
Conversely, the DFT models of weakly bound molecular
chemisorption of NO, and NO on CuPc are consistent with
the observed low-dose reversible changes in mobility. The high
doses result in irreversible changes in the film electronic
properties, which are consistent with a strong binding reaction.
Thus, nondissociative NO, adsorption, which has a weak
interaction with the Cu metal center, cannot explain the
irreversible Vy, shifts. The data are instead consistent with a
secondary effect from NO, dosing being responsible for the
irreversible component of sensing.

3.2. Morphology Changes in CuPc Monolayers
Induced by Dosing NO,. A CuPc monolayer dosed with
NO, was imaged in UHV-STM in order to observe the change
induced as a result of NO, dosing. Exposure of the CuPc
monolayer to small doses of NO, results in weakly bound
chemisorbates on the metal centers of the CuPc molecules. In
Figure 2a, bare CuPc molecules form a highly ordered
monolayer on Au (111) with four-fold symmetry. The inset
image shows individual CuPc molecules on the Au(111). A
schematic molecular structure of CuPc is also presented in
Figure 2b. The molecular structure is clearly defined in the inset
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Figure 2. Empty-state STM images (a—e: V, = 2.0 V, I, = 40 pA) of a
CuPc monolayer. (a) Clean CuPc surface. Inset image shows
individual CuPc molecules. (b) Schematic molecular structure of
CuPc (pink ball Cu; blue ball Nj; gray ball C; white ball H). (c) After
dosing 1 ppm NO, for 5 min at 25 °C, then annealed at 50 °C for 20
min. Green arrows indicate chemisorbates. (d) After dosing 1 ppm
NO,, then annealing at 100 °C for 30 min. (e) After dosing 10 ppm
NO, for 5 min at 25 °C, then annealing at 50 °C for 20 min. (f) Filled-
and empty-state STM images of site A in (e). (g) Filled- and empty-
state STM images of site B in (e). (fand g: V, = + 1.0 V, I, = 40 pA.)
Note dosing NO, of 1 ppm for S min is referred to as low dose (c and
d), while dosing NO, of 10 ppm for 5 min is referred to as high dose
(e, f, and g).

STM image; the holes or dark sites correspond to the Cu atom
in the center of each CuPc molecule, and aromatic rings are
visible as a bright four-leaf pattern.® After dosing NO, (1 ppm
for S min: low dose) and annealing at 50 °C to improve STM
imaging, the images reveal small NO,-induced chemisorption
sites dispersed on the CuPc layer (Figure 2c). Note that “NO,
chemisorption site” denotes the site formed by NO, dosing, as
shown in Figure S1 in the Supporting Information (SI). All
DFT models show that single gaseous molecules preferentially
bind to the metal centers of CuPcs, which is consistent with the
NO, low-dose STM images.*”**** STM experiments show that
these chemisorbates desorb from the CuPc monolayer after
annealing at 100 °C for 30 min in Figure 2d. It is noted that,
although there is a resolution difference between a and d of
Figure 2, CuPc molecules form a crystal structure which has
four-fold symmetry in both a and d of Figure 2 (red rectangle).
In addition, the Au(111) herringbone reconstruction (yellow
arrow) is observed through the single-monolayer CuPc films as
a strip in both a and d of Figure 2. It is also noted that the
orientation of herringbone reconstruction can be altered by the
Au atomic steps. These chemisorbates also are observed for
high coverage of NO, dosed onto the CuPc monolayer (10
ppm for S min). In Figure 2e, two different chemisorption sites
are shown, and each site has a distinct bias dependence (Figure

2f and g). It is noted that precipitates are observed on the
domain boundaries of the CuPc monolayer, which were shown
to be mostly carbon via XPS, as shown in Figure S2 in the SL
The precipitates could also be mixtures of carbon complex and
displaced CuPc molecules. It is hypothesized that these
precipitates originate from exposure to lab air. For site A, the
metal center is brighter than the aromatic ring in both the
empty- and filled-state images. However, for site B, the entire
CuPc molecule is darker than the ambient CuPc in the filled-
state image and is brighter in the empty-state image. However,
as explained below, for high NO, exposure there are subsurface
chemisorbate species which may influence the electronic
structure of the CuPc layer, and thereby create the diversity
of observed isolated chemisorption sites. It is noted that the
chemisorbates in Figure 2c are mostly isolated and dispersed on
CuPc monolayer. On the other hand, approximately only 27%
of the chemisorption sites B in Figure 2e exist as isolated sites.
Furthermore, chemisorbates in Figure 2c¢ do not have bias
dependence, while chemisorbates B in Figure 2e show distinct
bias dependence, as shown in Figure 2g.

Monolayer CuPcs can maintain their crystal structure in
ambient air. Before dosing NO, gas, CuPc molecules form
large, highly ordered domains on each Au(111) step as shown
in Figure 3a. Figure 3a shows CuPc molecules form monolayers

Figure 3. Empty-state STM images of a CuPc monolayer surface. Scale
bars are 20 nm. (a) Clean CuPc monolayer surface (V,=2.0V, I, = 10
pA). (b) CuPc mononolayer exposed to air for 30 min and annealed at
50 °C for 10 min (V, = 2.0 V, I, = 20 pA). (c) after dosing 10 ppm
NO, for 5 min and annealed at 50 °C for 10 min (V; = 2.0V, I, = 40
pA). (d) CuPc monolayer from (c) annealed at SO °C for an additional
10 min (V, = 2.0 V, I, = 40 pA). (e) CuPc monolayer from (d)
annealed at S0 °C for an additional 50 min (V, = 2.0 V, I, = 40 pA).
Image (e) is slightly distorted due to thermal drift. Yellow arrows
indicate the orientation of CuPc domains. Note dosing of 10 ppm
NO, for 10 min is referred to as high dose. (f) CuPc monolayer from
(e) annealed at 150 °C for further 6 h (V, = 2.0 V, I, = 40 pA).
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having large domain sizes. When the CuPc monolayer is
exposed to air for 30 min, reorganization of molecules and
fractured domains are not observed, even though some carbon-
rich adsorbates from ambient air are observed on the
monolayer CuPc surface (Figure 3b).

In order to determine the mechanism of the irreversible
dosimetric sensing response, higher concentrations of NO,
were dosed on the CuPc monolayer surface. After dosing with
10 ppm of NO, for 5 min on the CuPc monolayer surface,
reorientation of CuPc molecules and fractured domains are
observed. As shown in Figure 3¢ and d, after 10 ppm of NO, is
dosed at 25 °C for 5 min (high dose) and annealed in UHV at
50 °C, new domain boundaries are generated, and the domain
sizes become smaller. Predose domains are larger than 200 nm
in length and limited by terrace size, while postdose domains
are 50—80 nm in length, as shown in Table 1. Therefore, while
high dose NO, readily induces domain fracture, ambient
gaseous molecules do not induce domain fracture.

Table 1. Quantitative Analysis of Domain Size of Mono-, Bi-,
and Multilayer CuPcs Dosed with 10 ppm of NO, for $ min,
As a Function of Annealing Conditions

average domain  standard
sample size” (nm) error
monolayer  clean surface 332 16
dosed and annealed at 50 °C, 46.8 6
for 10 min
dosed and annealed at 50 °C, 75.6 11
for 20 min
dosed and annealed at 50 °C, 54.7 4
for 1 h 10 min
bilayer clean surface 357 17
dosed and annealed at 50 °C, 38 4
for1h
multilayer  clean surface 279 29
dosed and annealed at 50 °C, 51 4
for 1 h

“The average grain size was calculated using the linear intercept
method. Once the mean linear intercept was calculated, the result
represents the grain-boundary area per unit volume, which was then
multiplied by 1.5 in order to approximate the average spherical grain
size.

The NO,-induced domain fracture is not reversible at 25 °C.
As shown in Figure 3e, after additional annealing of sample
from Figure 3d at 50 °C for over 1 h, the extent of fracture is
unchanged, consistent with the domain fracture involving a
tightly bound adsorbate. This domain fracture can be recovered
by annealing above 150 °C (Figure 3f). In Figure 3f, additional
annealing of the sample from Figure 3e at 150 °C induces a
larger area of domain, which results from merging with the
fractured domain. As shown by the yellow arrows in Figure 3c,
d, and e, each fracture domain has a different symmetry
direction, which is consistent with nearly all the CuPc having
realigned instead of simple decomposition along domain
boundaries. This domain fracture in the CuPc monolayers is
nearly irreversible at room temperature, which is consistent
with the Vi, shifts observed in the OTFT sensor data at high
dosing.

3.3. Domain Fracture-Induced Atomic O on Bilayers
and Multilayers of CuPc. A similar domain fracture is
observed on bilayer and multilayer CuPc films, after exposure
to high NO, doses. On clean bilayer surfaces, CuPc molecules
form a highly ordered second layer which has an average

domain size of 357 #+ 17 nm, as shown in Figure 4a and Table
1. After NO, is dosed, new domain boundaries are induced on
the first and second layer (Figure 4b). However, the second-
layer domains are more disordered than the monolayer
domains after equivalent NO, doses. Note that “disordered”
indicates that some defect sites are observed as vacancies. On
CuPc monolayers dosed by NO,, although NO, dosing induces
domain fracture, CuPc molecules still form a close-packed
crystal structure in Figure 3d. However, on a bilayer dosed by
NO,, larger amounts of vacancies are observed. On the NO,-
dosed CuPc bilayers, fractured domains in the first layer are
also clearly shown through vacancies in the second layer
(Figure 4b and c). The enlarged STM image, Figure 4c, shows
that the direction of CuPc molecules arranged in the first layer
exactly corresponds with the symmetry of the second layer
(symmetry of first layer - green arrow; symmetry of second
layer - blue arrow), consistent with the domains having vertical
order since the domain fracture is induced at the CuPc/
Au(111) interface. It is hypothesized that dissociative
chemisorption product atoms, which result from the interaction
of NO, on the CuPc/Au surface, penetrate the CuPc bilayer
and chemisorb on the Au(111). These byproduct atoms at the
CuPc/Au(111) interface reorient the first CuPc layer (the
CuPc/Au(111) interface), which also results in reorientation of
the second CuPc layer while keeping the relative positions of
CuPc in layers one and two.

Subsurface reactions also induce reconstruction of domain
structure on multilayers. Before NO, is dosed, CuPc molecules
form smooth and large domain structures on clean multilayer
surfaces (Figure 4d), and the herringbone structure of Au(111)
can be observed clearly. However, when NO, is dosed at 10
ppm for S min, small domains appear (Figure 4e). Although the
NO,-dosed multilayer CuPc domains have a high defect
density, the CuPc molecules form polycrystalline domain
structures similar to the ones observed on the NO,-dosed CuPc
bilayer surface. The average domain size on the NO,-dosed
CuPc multilayer film is 51 + 4 nm as shown in Table 1. Each
domain has a different symmetry of molecular arrangement as
shown by the yellow arrow in Figure 4e.

3.4. Chemical Mechanism for Irreversible Behavior.
The formation of fractured domains after high NO, dosing is
consistent with formation of a tightly bound adsorbate which
changes the unit cell size of the MPc monolayer.’" It is
hypothesized that this arises from dissociative chemisorption of
NO, into weakly bound NO and tightly bound atomic O. To
identify weakly bound adsorbates, flash desorption mass
spectrometry was performed. Figure Sa shows mass spectra of
molecules which desorb from a CuPc monolayer dosed with 10
ppm of NO, for S min as the surface is heated rapidly. The
times in Figure 5 indicate the duration of heating prior to
recording the spectra at the temperatures denoted. Note that
the 18, 28, and 44 m/z peaks correspond with background
H,0%, CO", and CO,", whose parent molecules are always
present in the UHV chamber. A 30 m/z peak starts to be
detected above 70 °C, and its intensity increases as the surface
temperature increases. In nearly all published mass spectra,
NO, and NO both exhibit 30 m/z peaks, but only NO, has a 46
m/z mass component.>>>> However, in Figure Sb, there is no
detectable peak at 46 m/z. Other research groups also report
that NO was detected on NO,-dosed MPc films by IR
spectroscopy.”® The observation of NO by flash desorption
mass spectrometry is consistent with NO, dissociating to NO
and atomic O on the CuPc monolayer and is similar to multiple
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Figure 4. Empty-state STM images of bi- and multilayer CuPc surfaces. Scale bars are 10 nm. (a) Clean CuPc bilayer (V, = 2.0 V, I, = 10 pA). (b)
CuPc bilayer dosed with 10 ppm NO, for 5 min and annealed at 50 °C for 1 h (V, = 2.0 V, I, = 20 pA). (c) Expanded STM image from red rectangle
in (b). The first layer is shown through the vacancies of the second layer (V, = 2.0 V, I, = 20 pA). (d) Clean CuPc multilayer (V= 2.0V, I, = 10 pA).
(e) CuPc multilayer dosed with 10 ppm NO, for § min and annealed at 50 °C for 1 h (V, = 2.0V, I, = 40 pA). Yellow arrows indicate the orientation

of CuPc grains.
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Figure S. Flash desorption mass spectrometry and XPS analysis of the
NO,/CuPc/Au(111) surface. (a) Flash desorption mass spectrum of
gaseous molecules from a CuPc layer dosed with 10 ppm of NO, at 25
°C for S min. The times indicate the duration of heating prior to
recording the spectra at the temperatures denoted in the figure. (b)
Expanded spectrum from (a) between 42.5 and 48 m/z. (c) Coverage
of N and O estimated from the relative XPS intensities. Surface
concentrations are calculated from the XPS ratios relative to the
Cu2ps, intensity.

reports of NO, dissociation to NO + O on various
surfaces.*> ™’

A high concentration of O species on CuPc/Au dosed by
NO, is established by XPS analysis. To obtain the total
concentration of O and N species, the XPS peaks for O and N

were integrated and normalized to the Cu signal (see below).
Figure Sc shows a large increase of the relative ratio of O to Cu
on the CuPc monolayer/Au surface after NO, is dosed at 10
ppm for 5 min compared with an air-exposed CuPc/Au
monolayer surface. On CuPc/Au surfaces dosed with 10 ppm
of NO, for 5 min and annealed, the relative coverage of O is
still 4 times larger than on an air-exposed CuPc/Au monolayer,
and the coverage of O decreases with annealing.

Conversely, the integrated nitrogen XPS peak is nearly
independent of NO, dose; however, since each CuPc contains
eight nitrogen atoms, detection of adsorbed nitrogen requires
XPS peak shape analysis. In order to identify the chemical
binding status of N species, chemical fitting analysis was
performed with XPS data which are measured from the CuPc
monolayer/Au surface. The XPS N 1s spectra of the CuPc
monolayer measured before and after dosing with 10 ppm of
NO, for S min are presented in a and b, respectively, of Figure
6. In Figure 6a, three components are detected on CuPc/Au
exposed to only air; 398.1 eV is assigned to the N—Cu bond
and 398.6 €V is assigned to the N—C bond.*® Note the very
wide and small peak (400.0 eV) is generated by shake up
transitions. It is also noted there is difference in the binding
energies between the above data and the reference data,
because the above binding energies are measured from a
monolayer of CuPc on Au, while the reference data are
measured from thick layers of CuPc on Si3N, substrates. After
dosing with NO,, a new component is observed at 398.9 eV,
and this component is consistent with the presence of NO,. It
is noted that this NO, may be bound to precipitates or
displaced CuPc molecules instead of the CuPc monolayer.

By XPS chemical fitting analysis, the presence of O atoms
was clarified as shown in ¢ and d of Figure 6. Parts ¢ and d of
Figure 6 show the XPS O 1s spectra for the CuPc monolayer
measured before and after dosing with 10 ppm of NO, for §
min. CuPc/Au exposed only to air for 10 min shows a weak,
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Figure 6. XPS chemical fitting analysis of NO,/CuPc/Au(111). (a) N
1s spectra taken from CuPc/Au(111) exposed to air for 10 min, (b) N
1s spectra taken from the NO,/CuPc/Au(111) is dosed with 10 ppm
of NO, for § min and subsequently annealed at 50 °C for 20 min. (c)
O 1s spectra taken from CuPc/Au(111) exposed to air for 10 min, (d)
O 1s spectra taken from the NO,/CuPc/Au(111) dosed with 10 ppm
of NO, for S min and subsequently annealed at 50 °C for 20 min.

broad peak from 531.5 to 533.5 eV. This broad peak can result
from different oxygen states, for example, O, and H,O.
However, after the NO, dosing, the main peak is at 532 eV, and
a new feature is observed as a shoulder (green arrow). The
presence of this shoulder indicates that the dosing with NO,
induces formation of new O binding states in CuPc/Au. Using
peak-fitting procedures, three components were identified
(532.0, 531.2, and 530.3 eV) in the O Is spectra. The largest
component (532.0 eV) can be assigned to the oxygen atoms
which form as NO, anneals on CuPc/Au,58 and this is also
shown in N 1s spectra. Although NO, dosing results in low
binding energy states of O in CuPc/Au associated with
dissociation products, the majority of O still remains with a
binding energy consistent with adsorbed molecular NO,. The
second peak (531.2 eV) is consistent with the presence of the
O,, which can be introduced from air during NO, dosing or
produced during dissociative chemisorption of NO,.* Lastly,
the third peak is detected at 530.3 eV; this peak dominates the
shoulder of O 1s spectra. The binding energy (530.3 eV) is
consistent with atomic O on Au;*° there is a small difference in
the binding energy between 530.3 eV and published data (530
and 530.1 eV) consistent with the atomic oxygen having
interactions with both the Au surface and overlying CuPc
molecules. As a result of XPS analysis, it is hypothesized that
some of NO, dosed on CuPc/Au dissociates to atomic oxygen.
It is noted that the difference in calculated binding energy
between O/Au and CuPc/O/Au is only 0.1 eV. Furthermore,
the calculated difference in Bader charge is only 0.09 between
O/Au and CuPc/O/Au (O/Au: 6.69 lel, CuPc/O/Au 6.78 lel).
This small difference in Bader charge may be too small to
induce a difference in binding energy in XPS spectra.

Domain fracture induced by atomic O was also confirmed by
O; dosing experiments, since Oj dissociatively chemisorbs into
0, and atomic 0.%' STM images were recorded after O, dosing
on a CuPc monolayer for 10 min at 25 °C with a supersonic
molecular beam source (MBS) (Figure 7a). As a control, NO

Figure 7. Empty-state STM images of a CuPc monolayer dosed with a
supersonic MBS (molecular beam source). Scale bars are 20 nm. (a)
CuPc monolayer dosed with ozone (O;) for 10 min at 25 °C (V, = 2.0
V, I, = 20 pA, fMBS = 30 Hz). Red arrows indicate subsurface crack
sites. (b) CuPc monolayer dosed with NO for 10 min at 25 °C (V, =
20 V, I, = 20 pA, MBS = 30 Hz). Yellow arrows indicate the
orientation of CuPc domains.

diluted in He was dosed on a CuPc monolayer by supersonic
MBS for 10 min at 25 °C (Figure 7b), since it does not
dissociatively chemisorb. In contrast to the results from
ambient dosing with NO,, dosing O; and NO with MBS
results in a very low density of carbon-rich adsorbates so that
more detail is observed. As shown in Figure 7a, dosing of O; on
a CuPc monolayer generates new domains which are only 15—
20 nm, which is consistent with subsurface O sites similar to the
ones generated by NO, dissociative chemisorption. In addition,
O; on CuPc induces the formation of crack sites as indicated by
the red arrows that may imply a new subsurface chemisorption
site. Conversely, the CuPc monolayer dosed with NO shows
neither domain fracture nor crack sites.

DFT calculations were performed to determine the
energetics of O transfer from CuPc to Au(111), as shown in
Figure 8a—c. The reference state was gaseous atomic O. Note
that the plane wave VASP technique was employed to
determine the bonding of NO, to CuPg; it was found that
NO, bonding through O is slightly more favorable than
through N by 0.02 eV, but the binding is so weak that accurate
calculations on the transition state would require the use of a
hybrid function which is challenging for modeling large
systems. However, it is known that NO is able to dissociate
on Cu(111) and (100),°*** and NO, can dissociate on both Cu
surfaces and CuPc layers,"***”%* consistent with NO, bond
activation having only a modest activation energy barrier. When
O atoms bond with the Au surface, there is a high binding
energy (Eyng = 4.60 eV); this binding energy was calculated by
subtracting atomic O and relaxed Au slab total energies from
the energy of the relaxed O/Au system. When O bonds to the
CuPc on Au(111), the binding energy is modest (Ey;,q = 1.66
eV). When the O atom is bonded between the CuPc and
Au(111), the binding energy is calculated to be highest (Ey;,q =
4.76 V) which is slightly greater than the binding energy of O
on clean Au(111). It is noted that the reference states
employed in Figure 8 use atomic O in the gas phase O(g),
Au(111)(s), and CuPc/Au(111)(s) to calculate the binding
energies. The binding energy of O in the O/CuPc/Au and
CuPc/O/Au systems was calculated by subtracting the total
energies of atomic O and the relaxed CuPc/Au system from the
total energy of the relaxed O/CuPc/Au or CuPc/O/Au
systems, respectively. The total energies are —819.754 eV,
(adsorbed O, i.e O/CuPc/Au) and —822.855 eV. (subsurface
O, CuPc/O/Au); therefore, the 3.1 eV difference represents
the increased binding of oxygen migrating from the surface site
on CuPc to the site between CuPc and Au. Therefore, any O
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Figure 8. DFT models of CuPc/Au(111) with atomic O adsorbed on Au and CuPc layers. (a) Atomic O adsorbed on Au(111). (b) O—CuPc/
Au(111) with O on top of the CuPc. (c) CuPc/O—Au(111) with O between CuPc and Au(111), i.e. subsurface adsorbate. (d) Suggested schematic

diagram for domain fracture induced by NO, dosing.

atoms would be expected to migrate readily to sub-CuPc layer
sites bound to Au or just to the Au(111) surface sites.

An analysis of the Bader charges in the DFT calculations is
consistent with the higher binding energy of the O electrons in
dissociation products observed in XPS. The O/CuPc/Au(111)
Bader charge is 6.53 lel, and on transfer to the gold surface the
O atoms gains about a quarter of an electron; the O/Au(111)
Bader charge is 6.69 lel, and the CuPc/O/Au charge is 6.78 lel.
This gain in electrons would induce a lower electron binding
energy. The DFT calculations are consistent with a large
thermodynamic driving force for O atoms dissociating from
NO, on CuPc/Au(111) to diffuse to the Au(111) surface.
These subsurface O binding sites should have very high thermal
stability after their formation.

The high binding energy of O/Au(111) is consistent with
the high thermal stability of the fractured islands and O only
recombinatively desorbing from Au(111) above 200 °C.°" This
desorption temperature is similar to the annealing temperature
where recovery of domain fracture occurs in Figure 3f (T, =
150 °C). The CuPc/O/Au sites are not directly observed by
STM, because it is likely that subsurface O atoms do not
significantly change the CuPc topography. This hypothesis is
supported by DFT models of CuPc/O/Au which show that the
heights of both the metal center and the rings change by less
than 0.2 A when the O atom is bound subsurface. However,
even if O were chemisorbed between the CuPc molecules, this
would be nearly impossible to detect since adsorbates on
Au(111) cause only small corrugation in STM images, while
the CuPc has a height of 1.7 A on Au(111).®

4. DISCUSSION

A simplified model is proposed (Figure 8d) which is consistent
with the sensing data, the STM data, and the DFT calculations.
First, NO, molecules reversibly and molecularly chemisorb to
the CuPc metal center and dissociate by an activated process
into O and NO. It is noted that a surface bimolecular reaction is
also possible (2 NO, - NO + NO; — NO + NO, + O) since
the experiments were performed at high concentration and not
just high dose,65 however, the net result of both the
unimolecular and bimolecular reactions is chemisorption of O
atoms. Subsequently, the atomic O diffuses to the Au(111)

surface, which allows binding of more NO,. The substrate-
bound O atoms act as coadsorbates and induce a change in the
CuPc domain structure, such as domain fracture and rearrange-
ment of molecules. The molecular rearrangement and domain
fracture likely occur because of the increased distance between
adjacent CuPc molecules after O coadsorption. The eventual
high density of O atoms per CuPc molecule could lower the
barrier for lifting the CuPc from the Au surface and induce
domain fracture or rearrangement. However, it also possible
NO, molecules diftuse into the CuPc layer and are dissociated
on the Au(111) surface with water in air, as shown in Figure S3
in the SL.°**” As shown in Figure 2a, there are gaps between
CuPc molecules; therefore, the CuPc monolayer may not be
able to block diffusion of the small NO, molecules. However,
even though there is another channel generating atomic
oxygen, this reinforces that atomic oxygen can be generated
in CuPc/Au(111) and induce domain fracture.

The DFT calculations and XPS data are consistent with
dissociating NO, to generate O atoms which adsorb on bare Au
or insert into subsurface sites between CuPc molecules and
Au(111). Also, the adsorption of atomic O between CuPc and
the surface would probably induce a change in the CuPc
spacing, which is typical of coadsorbates. 5% Due to this
adsorption, the spacing between CuPc molecules increases or
the MPc molecules rotate. These spacing changes between
molecules induced by subsurface O adsorbates generate
reorganization of CuPc molecules and the lattice mismatch
shown in Figure 9. In Figure 9, lines are drawn along the rows
of CuPc (green arrow). On clean surfaces, the molecules form
perfect linear arrays (Figure 9a). However, on the NO,-dosed
CuPc monolayer, the molecules are aligned along only one
direction (green arrow), while the CuPc molecules shift 1/2
unit cell almost every two molecules along the perpendicular
direction (red line) in Figure 9b.

The NO,-induced domain fracturing of CuPc layers (mono-,
bi-, and multilayer) is consistent with the irreversible sensing
response with CuPc chemFETs.**> Charge carriers have their
highest mobility inside the domains since they are nearly
perfect single crystals, while the domain boundaries act as
barriers to charge transport. 70=77 The NO, dosing increases the
density of domain boundaries by domain fracture to further
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Figure 9. Empty-state STM images of a CuPc monolayer surface. Scale
bars are S nm. (a) Clean CuPc monolayer (V, =2.0V, I, = 80 pA). (b)
CuPc monolayer dosed with 10 ppm of NO, for S min at 25 °C and
annealed at S0 °C for 20 min (V, = 2.0 V, I, = 40 pA). Lines are drawn
along the rows of CuPc (green arrow). On clean surfaces, the
molecules form perfect linear arrays. However, on the NO,-dosed
CuPc monolayer, the molecules are aligned along only one direction
(green arrow), while the CuPc molecules shift 1/2 unit cell almost
every two molecules along the perpendicular direction (red line).

isolate domains. Charge carriers require high energy to cross
domain boundaries.”"”* Since NO,-induced domain fracture
originates at the CuPc/Au interface, it is proposed the NO,-
induced domain fraction also degrades the CuPc/Au electrical
contacts. It is well-known that the performance of OTFTs
depends strongly on the interface between the organic layer
and metal contacts.”*”®' In CuPc OTFTs exposed to high NO,
doses, the increased density of domain boundaries would act to
trap carriers near the contacts and induce positive uncompen-
sated charge, which is consistent with the increased threshold
voltage observed on NO, dosing.

5. CONCLUSION

Scanning tunneling microscopy (STM) was used to study
ambient adsorption of NO, on CuPc monolayers and elucidate
a molecular scale mechanism of NO, sensing for CuPc OTFT
sensors. For low NO, exposures, isolated chemisorbates are
observed on the CuPc metal centers. These chemisorbates are
removed by annealing at 100 °C. However, for high NO,
exposures, domain fractures appear in the CuPc film due to
NO,-induced reorganization. The NO,-induced reorganization
and domain fractures in CuPc are stable at 25 °C and can only
be reversed by annealing above 150 °C. Such high stability
indicates that the driving force for domain fracture originates
from strongly bound adsorbates. The existence of atomic O on
Au(111) after exposure to NO, is confirmed by XPS analysis.
Therefore, the STM and XPS data are consistent with a
dissociation of NO, and generation of an O—CuPc complex. As
shown by DFT calculations, O binds stronger with subsurface
sites on the Au(111) surface than with top of CuPc molecules.
It is proposed that the migrated O atoms bound in between
CuPc and Au induce domain fracture. The dissociation of NO,
generates atomic O which adsorbs at the CuPc/Au interface.
This mechanism is supported by studies of O; dissociative
chemisorption on CuPc monolayers, as well as NO, dosing of
bilayer and multilayer CuPc/Au(111), both of which show
similar NO,-induced domain fracture. These NO,-induced
reconstructions of domains on bilayers and multilayers are
consistent with domain fracture being one important source for
the irreversible Vy, shifts observed in CuPc OTFTs. The types
of mechanisms that lead to dosimetric sensing in the present
instance (i.e., secondary surface reactions of analytes and sensor
surface reconstruction) may serve as a model for the dosimetric

sensing behavior in other OTFT chemical sensors, especially
those which use metal phthalocyanines.
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