ITHJAPPLIED MATERIALS

XINTERFACES

Subscriber access provided by Northwestern Univ. Library

Measuring Dipole Inversion in Self-
Assembled Nano-Dielectric Molecular Layers

Li Zeng, Riccardo Turrisi, Bo Fu, Jonathan D. Emery, Amanda Walker, Mark A.
Ratner, Mark C Hersam, Antonio Facchetti, Tobin J. Marks, and Michael J. Bedzyk

ACS Appl. Mater. Interfaces, Just Accepted Manuscript » DOI: 10.1021/acsami.7b16160 « Publication Date (Web): 29 Jan 2018
Downloaded from http://pubs.acs.org on February 5, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

ACS Applied Materials & Interfaces is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

N4 ACS Publications



Page 1 of 24 ACS Applied Materials & Interfaces

1
2
3
4
5
6
7 . . . .
3 Measuring Dipole Inversion in Self-Assembled Nano-
9 . .
10 Dielectric Molecular Layers
11
12
13
14 Li Zeng,l’2 Riccardo Turrisi,3 Bo Fu,4 Jonathan D. Emery,5 Amanda R. Walker,6 Mark A.
15 Ratner,z’s’6 Mark C. Hersam,1’2’5’6Ant0ni0 F. Facchetti,*’6 Tobin J. Marl<s,*’1’2’5’6 Michael J.
16 1,2,4,5
Bedzyk*
17
18
;g ' Applied Physics Program, Northwestern University, 2220 Campus Drive. Evanston, Illinois
2 60208, USA
22 ? Materials Research Science and Engineering Center, Northwestern University, Evanston,
23 Ilinois 60208, USA
24
25 3 Materials Science Department, University of Milano-Bicocca, Via R. Cozzi 53, 20126, Milan,
26 Italy
27

* Department of Physics and Astronomy, Northwestern University, 2145 Sheridan Road,
Evanston, Illinois 60208, USA

30 > Department of Materials Science and Engineering, Northwestern University, 2220 Campus
31 Drive. Evanston, Illinois 60208, USA

33 6 Department of Chemistry, Northwestern University, 2145 North Sheridan Road, Evanston,
34 Illinois 60208, USA

41 Corresponding Authors:

43 E-mail: bedzyk@northwestern.edu (M.J.B.)
E-mail: t-marks@northwestern.edu (T.J.M.)
46 E-mail: a-facchetti@northwestern.edu (A.F.F.)

60 ACS Paragon Pl:hs Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

ABSTRACT: A self-assembled nano-dielectric (SAND) is an ultra-thin film, typically with
periodic layer-pairs of high-k oxide and phosphonic acid-based m-electron (PAE) molecular
layers. IPAE, having a molecular structure similar to PAE but with an inverted dipole direction,
has recently been developed for use in thin-film transistors. Here we report that replacing PAE
with IPAE in SAND-based thin-film transistors induces sizeable threshold and turn-on voltage
shifts, indicating the flipping of the built-in SAND polarity. The bromide counteranion (Br’)
associated with the cationic stilbazolium portion of PAE or IPAE is of great importance because
its relative position strongly affects the electric dipole moment of the organic layer. Hence, a set
of X-ray synchrotron measurements were designed and performed to directly measure and
compare the Br~ distributions within the PAE and IPAE SANDs. Two trilayer SANDs, consisting
of a PAE or IPAE layer sandwiched between a HfO4 and a ZrOy layer, were deposited on the
Si0Oy surface of Si substrates or periodic Si/Mo multilayer substrates for X-ray reflectivity and X-
ray standing wave measurements, respectively. Along with complementary DFT simulations, the
spacings, elemental (Hf, Br, and Zr) distributions, molecular orientations, and Mulliken charge
distributions of the PAE and IPAE molecules within each of the SAND trilayers were determined

and correlated with the dipole inversion.

KEYWORDS: organic thin film transistor, dipole moment, dipole inversion, X-ray standing
waves, DFT, self-assembled monolayer
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Introduction

Thin-film transistors (TFTs) based on both organic (OTFTs) and inorganic metal oxide
(MOTFTs) semiconductors are considered to be excellent candidates for next-generation thin
film electronics owing to their unique properties, such as low-cost, roll-to-roll fabrication by
solution/printing methodologies, mechanical flexibility, optical transparency and compatibility
with plastic substrates.'” These attractive features make OTFT/MOTFTs ideal components for

. . . . . . 4-
large-scale fabrication of several classes of unconventional devices such as flexible displays *”,

8-1 11-13

biocompatible circuits, *'° and chemical sensors . However, despite these advantageous
properties, there exist key limitations in this technology that remain to be solved, the foremost of
which is the large operating voltages of most common solution-processable organic gate
dielectrics used for OTFT fabrication and the high processing temperatures of those used for

MOTFTs. >

A typical TFT consists of a gate dielectric layer, a semiconductor layer, and three electrical
contacts, i.e., source, drain, and gate (Fig. 1a). The basic TFT working principle is that the
current between the source and drain contacts (Isp) in the saturation region (Fig. 1b) is a function,
for a given source-drain potential (Vsp), of the source-gate voltage Vs by the equation: Igp «
uC(V; — V)2, where Vry is the threshold voltage and p, is the semiconductor carrier mobility.
Typical TFT-based display technologies operate at < 20 V, and for portable/wearable electronic
devices as well as radio-frequency systems, much lower operating voltages are required. Hence,
for a given u, larger TFT currents can be achieved at lower voltages if the gate dielectric
capacitance (C) is sufficiently large. Since C is defined as C = kg, /d (where & is the vacuum

permittivity, k is the dielectric constant and d is the film thickness), the capacitance can be
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increased by using relatively high-k materials (kK > 10) and/or by reducing dielectric thickness.
Various high capacitance materials are developed for both OTFTs and MOTFTs, such as high-k

21 "and ultra-thin self-assembled monolayers®.

polymers'®'®, high-k metal oxide dielectrics
This Laboratory has developed a unique class of robust self-assembled nano-scale dielectrics
(SANDs) prepared by multi-layer coating/self-assembly. The previous generation of SANDs
were fabricated from a phosphonic acid-based m-electron molecular layer (PAE; & ~ 9)

23,24,25

sandwiched between two ultrathin high-k inorganic oxide layers. These organic-inorganic

hybrid dielectrics exhibit exceptionally large capacitance (400-1000 nF ¢cm™), good insulating

properties (10°-107 A cm™

at 2 V), device consistency, and the possibility of ambient
atmospheric fabrication while only a few nms in thickness. A representative bottom gate
staggered TFT structure is shown in Fig. 1a. The device is constructed with Zr-SAND as the gate
dielectric, pentacene as the ~30-nm-thick channel layer material, a highly conductive Si substrate
as the gate electrode, and thermally evaporated Au contracts as the source and drain electrodes.
Fig. 1b presents the corresponding transistor performance curves demonstrating the compatibility
of SAND with low mobility organic semiconducting materials.”® This device exhibits a field-
effect mobility of ~ 0.41 cm?/Vs, a current on-off ratio of ~ 10° and a threshold voltage of ~ -0.9
V as measure for the I-V characteristics and standard MOSFET equation.”” Hence, the hybrid
nature of SANDs exploits the distinct properties of both the organic and inorganic components

and have been incorporated into low-operating voltage flexible semiconductor-based

OTFT/MOTFTs with enhanced perforrnance.23

Here we quantitatively investigate the electrical behavior of SANDs in context of the chemical
and structural aspects of their molecular/inorganic components.”® The focus will be on

fundamental aspects of the dielectric behavior that remain unexplored, namely the built-in

4
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polarity effects of the PAE molecule and details of important geometrical parameters. This
investigation will also serve to clarify findings from previous reports on how the dipolar
character of a self-assembled monolayer (SAM) affects the OTFT device performance. 2*2
Typically, depositing a SAM on an oxide surface is known to decrease the leakage current and

reduce interfacial traps between the channel layer and dielectric layer. ****

In particular, a well-
ordered SAM forms a dipolar layer that can alter and modify transistor parameters, particularly
the threshold voltage (V7), and induce a gate potential shift by AV ~ NP, /eok, where N is the
surface packing density, k is the dielectric constant of the SAM, and P, is the molecular dipole
perpendicular to the substrate plane.”””> Therefore, controlling the magnitude and direction of

P, in a fabricated device is an important design criteria for next-generation electronics.”~’

To this end, we recently designed and synthesized a new molecule, IPAE, which is similar to
PAE in structure but possesses an “inverted” bond connectivity (Fig. 1c).*® Note that the PAE

and IPAE molecules both consist of a positively charged m-conjugated stilbazolium unit

associated with a bromide (Br ) counteranion for neutrality. Replacing PAE with IPAE during

the self-assembly step of dielectric fabrication yields an inverted SAND (I-SAND) multilayer
structure with an inverted dipole moment caused by flipping the regiochemistry of the molecular
building block. We recently found that the 4-layer ISAND exhibits a 40% higher & value for the
organic layer (kppag ~ 13, whereas kpap ~ 9) and a 10% increased areal capacitance (Cysanp ~
503, whereas Csanp ~ 465 nF cm'z) in comparison to the typical 4-layer Zr-SAND. 2438 OTFTs
fabricated based on inverted Zr-SAND (IZr-SAND) with p-type and n-type semiconductors also
exhibit sizable shifted threshold (V7) and turn-on (V,,) voltages compared to those based on
conventional Zr-SAND.?® These significant changes were rationalized by the built-in polarity

changes created by switching the organic component from PAE in the SAND to IPAE in I-
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SAND. A deeper understanding on the origin of this “polarity switch” requires a
molecular/atomic-scale characterization that can structurally differentiate between the PAE- and
IPAE-based SANDs. In particular, the location of the halide counteranion associated with each
of these two building blocks is of great importance because it allows us to identify the negative
portion of each PAE/IPAE molecule, the molecular orientation and to understand the dipole
inversion and self-assembly deposition process. This information is essential to correlate changes
in charge transport with dipole-semiconductor interactions, which will ultimately lead to the

optimized design and engineering of future SAND-based devices.

To reduce the complexity that would arise from a typical 4-layer structure, we designed a direct
measurement to comprehensively analyze and compare the structure and halide counteranion
distribution in single layers of SAND and I-SAND. The characterization tools employed here are
a suite of X-ray techniques and complementary DFT simulations. We use X-ray reflectivity
(XRR) to probe the electron density profile of the trilayer, and extract the layer thicknesses,
densities, and interfacial sharpness.39 Next, we determine the areal atomic densities of the Hf, Zr
and Br present in the film using X-ray fluorescence (XRF). Finally, we utilize the long-period X-
ray standing wave (XSW) technique — a measurement that is sensitive to the positions of the
XRF-measureable atomic species within the film — to precisely and accurately measure the

distribution profiles of the Hf, Zr and Br atoms within the film.***

DFT-optimized molecular
structures are also used to help visualize and interpret results derived from the X-ray

measurements.
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Figure 1. (a) Structure of a typical bottom gate staggered TFT with Zr-SAND as the gate
dielectric. (b) A representative transistor curve of drain/source current Ips as a function of

drain/source voltage Vps at multiple gate voltages Vs (The TFT had pentacene as the

semiconducting channel layer, and Zr-SAND as the dielectric.) (c) Side-view depiction of
multilayer thin film structure with a HfO,/ PAE or IPAE / ZrO, SAND trilayer deposited on the
SiO, top-layer of a Si/Mo periodic multilayer. The grey arrow indicates the polarization

direction. The Br  counteranion layer height difference is indicated by Az.

Experimental Section

Sample preparation

A trilayer SAND or I-SAND design containing a single PAE or IPAE layer sandwiched between
a Zr oxide layer as the bottom prime layer and Hf oxide layer as the capping layer (as indicated

in Fig. 1c¢) is utilized to facilitate structural analysis. The SAND or I-SAND trilayer films (Fig.
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Ic) were grown on Si substrates for XRR analysis and on Si/Mo multilayer substrates for XSW
analysis. Both substrates possessed a native SiOy surface layer. The sputter deposited multilayer
substrate, which was designed to generate strong multilayer Bragg reflections, had 60 Si/Mo
bilayers (period d = 6.0 nm with Si: ~4.5 nm and Mo: ~1.5 nm) with Si as the topmost layer.**’
Additional details about the synthesis of the trilayer SAND/I-SAND and Si/Mo multilayer
substrate are described in the Supporting Information (SI). Dielectric films were grown with the
same procedure on Si and Si/Mo so that the XRR-determined electron density profile could be
directly compared to the XSW-determined Hf, Br and Zr atomic distribution profiles for the
same film. XRF measurements of the Hf, Br and Zr coverages were made on Si/Mo substrate
samples.

X-ray experimental details

All X-ray measurements were performed at the Advanced Photon Source (APS) station 33BM-
C, where a Si(111) monochromator was used to select an 18.5 keV incident X-ray beam energy,
suitable for exciting Br K, Hf L and Zr K XRF, while avoiding the strong Mo K XRF from the
multilayer. In the XSW measurements, XRF spectra were collected at each incident angle with a
Vortex silicon drift detector (SSD) (Fig. Sla). A typical XRF spectrum collected during XSW
(at #=10.25° and O = 0.82 nm™") measurement from the SAND on Si/Mo is shown in Fig. S1b.
The reflected X-rays for the XRR and XSW measurements were collected with a Pilatus 100K
area detector. The intensity of reflected X-rays and background diffuse scatterings were recorded
by setting region of interests (ROIs) on the area detector. The samples were kept in an inert,

flowing He gas atmosphere throughout the experiment (Fig. S1a).

The X-ray reflectivity data from the SAND or I-SAND trilayers on Si substrates are presented in

Fig. S2. The derived electron density profiles® are used as the initial input for the XSW fitting

ACS Paragon P%s Environment
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model of each trilayer type on the Si/Mo multilayer substrates. This trilayer/Si/Mo XRR analysis
used Parratt’s recursion formulation*® with an in-house developed least-squares fitting MATLAB
program.*' The absolute areal atomic density of three heavy elements are calculated from XRF
and listed in Table S1, indicating the overall similarity between SAND and [-SAND. The
electron densities and thicknesses of the HfOx and ZrOy layers from the XRR measurements of
SAND/ISAND on Si are consistent with the XRF determined Hf and Zr areal densities.

The Br counteranion layer mean heights (z) and height difference Az for the SAND and I-SAND
trilayer films (Fig. 1c) were determined by X-ray standing wave (XSW) measurements, **!#%
The XSW was generated by the interference between the incident and reflected X-ray plane
waves from the periodic Si/Mo multilayer (Fig. 1c). The interference fringe visibility increases
dramatically when the reflectivity (R) approaches unity, which occurs at the total external
reflection (TER) condition and the first-order Bragg peak from this multilayer. The XSW
nodal/antinodal planes are parallel to the multilayer interfaces. Neglecting refraction effects from
the trilayer film, the XSW period is D = 21 /Q, where Q = 4m sin 6 /A is the scattering vector,
A is the X-ray wavelength, and 0 is the incident angle. The TER condition and first-order
multilayer Bragg peak occur at relatively low values of Q, producing a variable period for the
XSW between 5 and 30 nm for this d = 6 nm multilayer. In addition to the XSW period
decreasing as Q (or 6) is advanced, the XSW phase, v, also decreases by m radians as the
incident angle 6 is scanned across the TER and Bragg reflection regions. This causes an inward
shift (along the z-axis) of the XSW FE-field intensity, which can be approximated with the 2-

beam interference function’! as:

1(Qz) =1+ R + 2VR cos(v — Q 2). (1)

9
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While the X-ray fluorescence (XRF) yield, from each XRF-selected elemental distribution

profile, p(z), is,

Y(Q = f 1Q.2) p(z)dz. @)

Eqs. 1 and 2 can be calculated by a modification*' to Parratt’s recursion formulation.*® A more
rigorous derivation, which we use for analyzing the data, takes into account refraction and
absorption affects within the trilayer film, and is described elsewhere.*’ Quantitative structural
information is derived by best-fits of p(z) model-based yields using Eq. 2 to the measured XSW
yields for Zr, Br and Hf. By comparing the atomic distribution profiles extracted from XSW, we
seek to locate Br™ counteranion positions relative to Zr and Hf in both SAND and I-SAND and

quantify dipolar inversion when switching from PAE to IPAE molecules.

DFT Simulations
Density functional theory (DFT) was employed to find the most probable configurations of PAE
and IPAE by minimizing the total energy E of each isolated molecule.”>** Since the Br position

is subjected to the molecular orientation and tilting, a Boltzmann probability distribution

_E_Emin

P = e[ kpT ] is defined to evaluate the chances of other molecular configurations, where E,,;,,

is the total energy of the optimized structure, kzis the Boltzmann constant and T is set at 300 K.
The degree of molecular tilting is characterized by zy+, which is defined as the distance between
the +1 quaternized nitrogen in the pyridine group and the bottom plane formed by the three
oxygen atoms of PAE or IPAE molecule discussed below. The Boltzmann probability Py =

E(ZN+)_Emin
kpT

e corresponding to different zy+ values is calculated from the total energy E(zy+)
variation. The full width at half maximum (FWHM) of the probability distribution is analyzed to

quantify the tilting of each molecule. Additional computational details are provided in the

0
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supplementary information (SI). Since Br is expected to be located near the quaternized nitrogen
(Fig. 1c¢), the probability distributions should be highly correlated to the Br™ distributions in PAE
and IPAE.

Results and Discussion

The XRR data for both SAND (red circles) and I-SAND (blue circles) on Si/Mo multilayers are
presented in Fig. 2. The reflectivity is plotted as a function of scattering vector magnitude Q and
compared to a model fit. Intensities for the first three Bragg peaks (1** to 31 orders) at 0 =1.17,

2.24 and 3.33 nm"' are measured to accurately calculate the multilayer period. The 1** order

1.0

Q
S’

Reflectivity

(*
~—

Reflectivity

2.0 3.0
Q (nm'1)
Figure 2. X-ray reflectivity data (open circles) and fits (solid black lines) for the (a) HfO,/ PAE
/ ZrOy and (b) HfO,/ IPAE / ZrO trilayers deposited on the SiOy top-layer of Si/Mo periodic

multilayer. The insets show the respective top several layers of electron density profile
determined from the XRR fits with the z-axis origin chosen to be located at the SiO,/ZrO;

interface.
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Bragg peak has a high reflected intensity of R,.,. = 85%, indicating well-ordered periodic
multilayers with sharp interfaces. The black solid lines are the best-fit results of data between QO
=0.4 and 3.5 nm™. In the low-Q region (O < 0.4 nm™), the X-ray beam footprint over-extends
the length of sample, which leads to the deviation of experimental data from the theory. The
insets in Fig. 2 show XRR-determined electron density p, profiles for SAND and I-SAND
trilayers on Si/Mo multilayers. The profile region from z = 0 to 6 nm corresponds to the trilayer
SAND or I-SAND, which are derived from XRR measurements of their counterparts on the Si
substrates. The alternating low and high e-density regions below z = 0 match closely to the

expected bulk values for SiO», Si and Mo of 0.70, 0.71 and 2.56 e/A°, respectively.

The XSW analysis is conducted in the Q-region for total external reflection (TER) (0th order
Bragg peak) and the 1% order Bragg peak. The 2" and 3" order reflections are omitted because
of their low reflectivity. These normalized fluorescence yields for the Hf La, Br Ka, and Zr Ka

from both the SAND and I-SAND samples are plotted in Fig. 3. Qualitatively, each elemental
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Figure 3. XSW induced normalized XRF yields of Hf (blue), Br (red) and Zr (green) (from the
top to bottom) for both HfO./ PAE / ZrO, (left) and HfO. / IPAE / ZrO, (right) trilayer
SAND/ISAND on Si/Mo multilayer substrates. These data were collected simultaneously with the
reflectivity data shown in Fig. 2. The solid lines are fits to the data based on the model described
in Fig. 4a.

normalized yield exhibits a strong, characteristic XSW-induced modulation across the 1* order
Bragg peak indicating distinctively different distributions for each atomic species. Note that,
from Egs. 1 and 2, a completely random distribution would exhibit a modulation that simply
follows 1 + R(Q), where the reflectivity R(Q) can be seen in Fig. 2. The distinctive asymmetric
shapes observable in Fig. 3 indicate that each of the atomic distribution profiles, as projected
onto the z-axis from an ensemble-averaged 8-mm” X-ray footprint, is confined to a well-defined
nm-scale distribution within the dielectric film. While the Zr XSW modulations at the Bragg
peak for both SAND and I-SAND are qualitatively similar, the Hf and Br modulations differ
substantially between the conventional and inverted structures. Note that the normalized Br
fluorescence yields for I-SAND film present an interesting atypical feature while the other
fluorescence yields show a typical XSW oscillation across the Bragg peak. This is related to the
broader Br elemental distribution profile (Fig. 4a) when modeled with a Gaussian function and

the DFT-optimized molecular structure that will be discussed below.

Quantitative analysis of the XSW data allows us to determine the atomic distributions
pur(z), per(2), and pz.(z) and to create an elementally sensitive thin film profile. Due the
footprint effect discussed above, the XSW analysis focuses on the O > 0.4 nm™ data range. We
model both pyr and pg, as Gaussian distributions with two fitting parameters: mean positions zy,
and widths oy,. For the thicker ZrOy layer, pz, is modeled with a rectangular function convoluted

with a Gaussian, with free parameters for the thickness t;,. and the interfacial width oz,.. Each

3
ACS Paragon P][us Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

distribution also includes an extended uniform distribution pg,, (2) to account for the atoms that
are not contained within the modeled distributions. This could result from minor
inhomogeneities across the solution-processed film (X-ray probing area ~8 mm’), and
fluorescence signals generated by incoherent diffuse scattered X-rays.***’ The range is set from z
=0 to 10 nm to account for a minority-disordered fraction of atoms that are randomly distributed
within the film. The final model distribution is therefore p(z) = C py(2) + (1 — C) pg,,(2),
where C is the ordered fraction and py(z) is the distribution profile for M = Hf, Br, or Zr. From
the above model for each element and the calculated E-field intensities, 1(Q,z), the best-fit
results of normalized fluorescence yields are generated and plotted in Fig. 3 with solid black
lines. The TER region has a continually decreasing XSW period from infinity to 2m/Q. ~ 14 nm,
which helps constrain the dimensions of the thick ZrO, primer layer.*” As for the other two

elemental distributions, the first Bragg peak is the primary sensitive fitting range. The XSW

Table 1. Model parameters obtained from the fits for the XSW results in Fig. 3. The ZrOy layer is
modeled with a layer thickness tzr and interfacial width 7. The Hf (Br) elemental distribution is
modeled by a Gaussian profile with mean position zur (zsr) and width ouf (oBr). An ordered

fraction C is also defined in the distribution model for all three elements.

Page 14 of 24

tz, Ozr Cy Zgr OBr Cs Zyf OHf Cur

(nm) (nm) r (nm) (nm) r (nm) (nm)
PAE 3.2 04 0.9 43 0.6 0.9 53 0.6 1.0
IPAE 3.6 0.6 1.0 4.6 1.5 0.8 53 1.2 0.9

model fit determined atomic distributions with z = 0 at the Si10,/ZrOy interface are shown in Fig.
4a. The three elements show up in the expected sequence within each trilayer. The vertical green

dash line denotes the top surface of ZrOy layer, and the red and blue dash lines denote the peak

4
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positions for the Br and Hf atomic distributions for both the SAND and I-SAND cases. The Hf

and Zr results yield reasonable fits in Fig. 3 indicating the accuracy of this XSW measurement.

oNOYTULT D WN =

The best-fit results are summarized in Table 1. As indicated by the arrows in Fig. 4a, when
10 replacing PAE with IPAE in the trilayer SANDs, the Br peak position shifts outward by 0.2 nm
from the top ZrOy surface and the Br peak moves 0.5 nm closer to the HfOy peak. A slightly
15 wider elemental distribution of [-SAND compared to SAND is observed. This may partially be
17 due to the elemental distributions being averaged across the mm? area illuminated by the incident

X-ray beam. However, the peak position remains valid since it shows the most probable location.

5
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Figure 4. (a) XSW-determined elemental distribution profiles from Eq. 2 and Fig. 3 for Zr
(green line), Br (red line) and Hf (blue line) for both HfO,/ PAE / ZrOy (upper) and HfO,/IPAE /
ZrO, (down) trilayer SAND on Si/Mo multilayer substrates. (b) The DFT-calculated Boltzmann
probability distribution Py for PAE (red circles) and IPAE (blue circles) along with Gaussian-
fits. The DFT-optimized molecular structures of PAE (c) and IPAE (d). The height zy+ of
quaternized nitrogen (N') is defined by the purple arrow. Green dash lines represent the planes
formed by the three oxygens at each phosphonic acid end. Net charges from Mulliken analysis
are labeled for each moiety selected with grey solid lines. The bottom unselected parts of PAE
and IPAE have net charges close to 0.

Complementary DFT simulations explored the molecular configurations of individual anchored
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PAE and IPAE moieties, and provide additional insight into the measured elemental distribution
profiles. The optimized structures are shown in Figs 4c and d. Assuming the ZrOy top surface is
terminated with the plane formed by three oxygens of the phosphonic ends (green dash lines in
Figs. 4c and 4d)), the long molecular axes of both individual molecules are significantly tilted
with respect to the surface normal direction (7). These simulations predict the thickness of the
molecular layer are ~1.39 nm for PAE and ~1.25 nm for IPAE. Note that the DFT-calculated
molecular heights, which do not include the neighboring molecular interactions, agree with the
XRR-determined thickness of the organic layer thickness: 1.15 nm for PAE and 1.0 nm for
IPAE. The smaller height of IPAE vs PAE is also in consistent with XSW measurement which
finds a 1.6 nm distance between the ZrOy surface and the peak position of the pys profile for the
PAE compared to 1.4 nm for the IPAE. DFT also predicts the optimum position of Br™ in IPAE is
higher than that in PAE (0.92 nm vs. 0.76 nm), and closer to the bottom of the capping HfOy
layer (0.33 vs 0.66 nm). This is in accord with the XSW-derived Br peak positions, and the
relative distances to the oxide layers shown in Fig. 4a. The XSW-derived Br elemental
distribution in the IPAE molecule presents a larger distribution width (1.5 nm) than that in PAE
(0.6 nm). Possible causes for this result are elucidated by the DFT-computed probability
distribution Py and Mulliken charge analysis. The Br is considered to be vertically co-located
with the quaternized nitrogen (N") atom of the pyridinium ring for PAE or IPAE shown in Figs.
4¢ and 4d. Therefore, the distribution of Br is strongly influenced by the magnitude of the tilting
of the long molecular. This effect is expected to be more profound in the IPAE molecule because
its pyridine group and Br are positioned near the free end of the molecule. For the IPAE
molecule, the part highlighted by a blue circle in Fig. 4d, consists of one nitrogen atom and one

carbon atom. The sp’-hybridized bonds of these two adjacent atoms allow freedom of rotation

7
ACS Paragon P][us Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

(Fig. S5a), which leads to the variation of the N* height zy+ and subsequently the Br position.
Pg, shown in Fig. 4b indicates the motion of N" has ~0.66 nm vertical height distribution.
Similarly, the z,+ distribution for the PAE molecule yields a much narrower width (~ 0.02 nm).
This is due to the relatively rigid sp> bond angle of the carbon atom, highlighted inside the red
circle (Fig. 4c). Hence, an additional ~0.64 nm difference leads Br™ to have a broader distribution

in IPAE than in PAE.

Another reason for the broader distribution of Br within I-SAND may be explained by the
Mulliken charge analysis presented in Figs. 4c and d, which probes the majority positive charges
of the cations of both molecules. As indicated by the net charge distribution, the cation in PAE
has a more localized positive charge compared to that in IPAE. Therefore, the Br counteranion
associated with PAE distributes more locally around the N* due to the stronger electrostatic
attractive force, and a narrower Br™ distribution is expected. This result suggests that the DFT
simulation results are in a reasonable agreement with the XSW experimental findings regarding
the molecular configuration and Br™ anion distributions. The dipole moments of PAE and IPAE
were also computed from the Mulliken charge analysis and are compiled in Table S4. The
projected magnitude along the surface normal direction P, are 3.04 and -0.70 D for the
optimized PAE and IPAE structures, respectively. The negative sign indicates the inversion of
dipole direction as shown by the arrows in Figs. 4c and 4d. Note that the experimental results
show that when replacing PAE with IPAE molecular layer in SAND-based device, an additional
negative shift in threshold voltage AV; was observed.® This is consistent with the relationship,
AVy ~ NP, Jegk. These results show that, through design and control of the dipole inversion,
characterized by XSW measurements and DFT simulations, and demonstrated with OTFTs

device performances, provide more flexibility in operating more complex devices.
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Conclusions

A direct comparison of counteranion distributions within two self-assembled nano-dielectrics
(SANDs) has been characterized and systematically studied by X-ray technique (XRR, XRF, and
XSW) and complementary DFT simulation. The two SANDs share the same trilayer structures: a
self-assembled high-k molecular layer of inverting dipole, and each sandwiched between a
capping HfOy layer and a bottom ZrOy layer. The organic layer spacing from X-ray measurement
is in a good agreement with DFT-optimized molecular height, indicating both molecules are
tilted with respect the surface normal direction. The Br counteranions of PAE molecules are
found to locate closer to the bottom ZrOy layer and have a narrower distribution compared to that
in IPAE. This result is in reasonable agreement with DFT simulations of the degree of molecular
tilting, and with the results of Mulliken charge analysis. The experimental and computational
results reveal how PAE and IPAE self-assemble and orient within SAND and I-SAND, and
correlated the dipole inversion to the controlled voltage shifts when using IPAE as a polarizable

layer in devices.
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