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Nanoscale Probing of Surface Charges in Functional
Copper-Metal Organic Clusters by Kelvin Probe Force

Microscopy for Field-Effect Transistors

Rudra Kumar, Prachi Gupta, and Satinder K. Sharma*

Metal-organic frameworks (MOFs) have recently attracted a great deal

of attention especially as conceivable advanced gate dielectrics for next-
generation field-effect transistors (FETs) and memory device applications.
Dielectric surface charge retention mapping is essential for gauging the
leakage current and threshold voltage stability. Due to a dearth of system-
atic real-time surface charge probing of MOFs dielectrics, in this work, the
nanoscale Kelvin probe force microscopy (KPFM) technique is employed
for the contact potential difference (CPD) analysis of developed hybrid
copper—metal—organic clusters (Cu-MOCs)/Si systems. Films are synthe-
sized through the sol-gel process consisting of copper metal core linked
with organic ligands. With 3V positive and negative DC bias, charge injec-
tion offset between positive and negative bias is observed to be =190 mV,
indicating the intrinsic Fermi level alignment between KPFM tip and
sample surface charges. The high-resolution surface CPD mappings bring
forth the white (=98 mV) and black (=—91 mV) contrast profiles with hole
(5.09 x 10'2 cm~2) and electron (4.74 X 10'2 cm~?) charge densities. Also,
the 17 h time-lapse enables the holes and electrons CPD mapping diameter
shrinkage by =32% and 46%, respectively. In furtherance, a conductive fila-
ment model for host-guest proton-assisted conduction with charge hopping

piezoelectric,®! ferrorelectric,!® photonic, !

photovoltaic device applications. Indeed,
the next-generation electronic  device
applications require high-quality semicon-
ducting materials,"® ferroelectric mate-
rials,"” ferromagnetic materials,?”) and
compatible high-k dielectrics.'¥ In this
context, high-speed electronics and power-
efficient devices necessitate the advances in
semiconductor materials'? and replacing
conventional insulating interfaces with
novel high-k dielectrics.'!, MOFs based
high-« dielectric can prove to be essential
for various applications such as field-effect
transistor (FET),?2 charge and non-charge
storage memories,?!! and other electronic
device applications. FETs comprising
metal-insulator—metal, ' metal-insulator—
semiconductor (MIS)?¥ structures, MIS-
FETs,? tunnel FETs,?) organic-FETs,%0)
Fin-FETs,”) quantum tunnel junctions,
advanced sensing?®l electronic  device
applications. MIS capacitor is an indispen-

through fixed/mobile ions is proposed.

1. Introduction

The emerging landscape of metal-organic frameworks (MOFs)
toward a new class of functional materials for applications in
gas separation, energy storage, catalysis, sensing, etc.!™ has
attracted immense attention by the scientific community for
decades. However, MOFs are versatile materials because of their
physical, chemical, and structural tunability, excelling in chemical
applications. Conversely, MOFs also reveal prospective scope in
the futuristic electronic,*"3 ferromagnetic,™ electrolytic,™!
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sable part of MISFETs, which require high

capacitance, lower leakage currents, higher

charge retention, etc. On the other hand,

memory applications: NAND, NOR FLASH
and ferroelectric RAM (FeRAM), magnetic RAM, phase change
RAM and resistive RAM (ReRAM), etc.?*-32l Applications such
as NVM applications require much thicker dielectrics with much
longer charge storage properties at favorable trap sites. Hence,
MOSFETs are essentially potential applications for MOF-based
high-« dielectric materials. In advanced electronic devices, dielec-
trics are used as active device materials and as passive materials
such as interfacial layer engineering, electrical passivation in elec-
tronic devices, interlayer dielectric, and so on.?*3* Hence, novel
dielectrics, especially hybrid MOFs based high-x dielectrics, find
numerous applications in electronics, opto-electronics,?** photo-
voltaic®®l devices for next-generation technology nodes. Indeed,
cost-effective process and high-quality large surface area thin film
formation in MOFs dielectric materials promise to explore a new
arena as a possible alternate high-« dielectrics for hyper-scaled
silicon or analogous FETs technology.#!

Most of the existing MOFs in literature are known for
their dielectric nature depicting especially low-k, ultralow-x;
and also, on the other hand, high-x properties. For instance,
Usman et al.3¥ reviewed MOFs as new interlayer dielectrics,
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and Galli et al.*?! presented fluorous MOFs as a low-x dielec-
tric. It is accomplished that Zr-based MOFs are primarily iden-
tified as inherently insulating, even despite of electroactive
guests inclusion.** Pathak et al.'V! reported high-« dielectric
samarium-based MOF for gate applications. Usman et al.*!
also showcase high-x dielectric S-MOF with dielectric modu-
lation based on polar molecule confinement. For a while,
Engelbert Redel et al.l*®l demonstrated the dielectric and optical
properties of MOFs thin films.

Nevertheless, with the successive approach toward shrinking
technology nodes (down to a few nm) and the gate dielectric
thickness scaling down (<1 nm) to the nanoscale regime in
complementary metal-oxide—semiconductor (CMOS) tech-
nology, new concerns arose requiring victorious solutions for
MISFETs. Conventionally, the properties of a potential dielec-
tric material used for transistor application have typically been
investigated long ago by macroscopic probing techniques.**l
However, as the dimension of the next-generation FETS is con-
tinuously scaled-down, macroscopic probing results in being
insensitive to charge variations, especially at the nanoscale
regime. Hence, there is a need for more precise and robust
nano-scale probing solutions to characterize next-generation
devices such as quantum tunnel junctions.

This requires a high-resolution, non-destructive characteri-
zation technique that can proficiently inspect highly localized
charge retention, decay analysis, and retention ability about the
surface potential (CPD) of the dielectrics.**>? Furthermore,
understanding surface charges build-up and transport in the
dielectric are crucial and desirable for performance improvement
and reliability of the FETs such as MISFETS, tunnel FETs Fin-
FETs, and memories such as FeRAM, NVM, and ReRAM. The
charge retention ability of dielectrics is essential for establishing
the leakage current and threshold voltage instability in gate
dielectrics for MISFETS, charge storage memories, etc. Notwith-
standing, charge retention is greatly impacted by the gate dielec-
trics thickness and the presence of intrinsic traps/defects.l*’]

Recently, atomic force microscopy (AFM) is an imaging
technique increasingly used to map surface charges in thin die-
lectric films, such as SPM,PY EFM, and KPFM.5 Here, the less-
explored reign of dielectric is nanoscale probing through the facile
Kelvin probe force microscopy (KPFM).>>3¢ Although, there
are a large variety of samples and devices such as conducting
polymer, metals, semiconductor devices, Langmuir-Blodgett
films, nanoscale photovoltaic mapping,*” solar cells,*®! memory
devices,” electrical properties of the functional materials,® sur-
face potential of biomolecules,®! triboelectric nanogenerators, %%
direct determination of density of states,®® and so on have been
analyzed in recent past through KPFM, and established the cor-
responding contact potential analysis.*#%! As well, KPFM, also
has adequate strength for broad applications in investigating the
charge dynamics in ferroelectric and dielectric systems.!*°!

Indeed, KPFM is a non-destructive technique that can
measure metal’s local work function (¢S), the dopant concen-
tration in semiconductors, and fixed charges at the surface and
bulk of an insulator in non-contact mode along with high spa-
tial resolution.[”] Although, based on the Kelvin method, KPFM
records the nanoscale electrostatic-force interaction between
the highly sensitive atomically cantilever and the sample sur-
face instead of measuring AC flow. A Kelvin electrode is simply
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a conducting probe tip with DC bias and AC power supplies
to introduce alternating force components in the cantilever.
The characterization, especially with this advanced KPFM tech-
nique, helps to find out local electronic structural properties
and trap sites of ultra-thin dielectrics at the nanoscale regime
without any direct contact between electrode and sample sur-
face. Hence, the KPFM study is the best choice for the analysis
of fragile and soft hybrid MOFs systems.

In contrast to frequency-modulated KPFM, AM-KPFM pro-
vides much higher sensitivity, led by lower application volt-
ages. Also, AM-KPFM in lift mode is more benefited due to the
decoupling of its electrostatic responses from any other short-
ranged forces that act on the tip during tapping motion.[%8l
Hence, AM-KPFM is the best-suited technique for electrostatic
measurements for copper metal-organic clusters (Cu-MOCs)
thin-films/silicon systems. In the recent past, KPFM is also
used to measure the density of states to the organic semicon-
ductor channel on top of the dielectric layer to FETs systems.[®?]
Dumus and co-workers studied the charge injection and dif-
fusion behavior between silicon nanocrystals embedded SiO,
using the KPFM method.[®”) Xu and co-workers reported the
charge injection and transportation process in Si-nanocrystal-
based sandwiched structure using KPFM and conductive
AFM to quantify the charge density and decay mechanism.""!
Another work showed the use of KPFM for the charge trap-
ping in phosphorous doped Si-nanocrystals and charge transfer
between Si-nanocrystals and Si substrates.”"]

For the first time, copper-based MOCs dielectrics were syn-
thesized through the facile sol-gel process. The functional-
ized Cu-MOCs with good solubility in organic solvents and
excellent thin-film formation properties were used to form
Cu-MOCs/Si structures. The nanoscale localized mapping of
surface charges retention and decay analysis was conducted
on Cu-MOCs/Si structures through non-destructive KPFM
probing. In this investigation, the charges were injected on
top of functionalized Cu-MOCs thin films and then followed
by subsequent surface mapping in non-contact AFM mode
of Cu-MOCs/Si systems to analyze a reliable alternate gate
dielectric for CMOS technology-based advanced electronic
devices such as FETs.

2. Experimental Section

2.1. Materials

Copper acetate, triethylamine, and ethyl acetate were purchased
from SD Fine Chemicals. M-toluic acid was purchased from
Merck. Ethyl lactate was bought from TCI Chemicals. Silicon
wafers were purchased from the Wafer World.

2.2. Cu-MOCs Material Synthesis

Briefly, copper acetate was dispersed in ethyl acetate solution
to form solution A. After that 490 mg of M-toluic acid, 1.5 mL
of ethyl acetate, and 280 mg of triethylamine were mixed to
form solution B. Then, solution B was slowly added with con-
stant stirring into solution A at 65 °C constant temperature.

© 2021 Wiley-VCH GmbH
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Figure 1. Fabrication schematic flow and nano-probe KPFM setup for Cu-MOCs/Si structures. a) Solution-based synthesis of Cu-MOCs material.
b) A representative Cu-MOC structure comprising Cu, C, O, H, N atoms. ¢) Cu-MOCs spin-coating solution formulation. d) Spin coating of Cu-MOCs.
e) Cu-MOCs thin-film formation. f) As-fabricated resultant Cu-MOCs/Silicon structure. g) KPFM characterization setup for surface charge injection,

and retention analysis.

Additionally, 1.5 mL of ethyl acetate was added to this solution,
and the above temperature was maintained for 24 h. After the
completion of the reaction, the product was washed with eth-
anol and dried for 10 h in a vacuum oven at 60 °C constant
temperature. Also, single crystals of Cu-MOCs were grown
by dissolving 10 wt% of Cu-MOCs in acetonitrile solvent and
keeping the solution undisturbed for 7 days at room tempera-
ture. Cu-MOCs were synthesized through the facile sol-gel,
low-temperature, and cost-efficient synthesis method as shown
in Figure 1a and formulated into a facile paddle wheel structure
as depicted in Figure 1b.

2.3. Spin-Coating and Thin-Film Formation

2 wt% of synthesized single-crystals of Cu-MOCs were dis-
solved into ethyl lactate (organic solvent) to form a homog-
enous solution for spin-coating of thin film as depicted by
Figure lc. This solution was spin-coated on a p-type Si (100)
substrate to form uniform, large-area, Cu-MOCs thin films,
as shown in Figure 1d. Before spin coating, the silicon sub-
strates were cleaned using standard Radio Corporation of
America cleanings. Spin-coating was performed at 2100 rpm
for 35 s using spin-coater to form uniform thin-films and
baked at 95 °C for 1 min to form a thickness of =30 nm. The
prepared samples were annealed at 70 °C for 20 min to ensure
the samples to be free of adsorbate ions and condensed water
molecules. Next to this, Figure le presents the schematic of
large-area uniform Cu-MOCs thin-films deposited on silicon
substrates, as shown in Figure 1f. The thickness and dielectric
constant of Cu-MOCs thin films are measured through Accu-
rion EP4 Ellipsometer.
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2.4. KPFM Charge Injection and Measurements Procedure

AFM (Bruker instruments, model Dimension Icon, USA) was
used to characterize Cu-MOCs/Si thin-films surface roughness,
morphology, and surface potential, respectively, in the ambient
air conditions. To investigate the dielectric response of func-
tional Cu-MOCs thin-films using the KPFM nano-characteriza-
tion setup as shown in Figure 1g. The setup consisted of AFM
topography loop and KPFM feedback loop.” The main com-
ponents of the AFM topography setup included a conducting
metal-coated etched antimony-doped silicon probe (MESP) canti-
lever for probing, monitoring mechanical oscillations, incidence
and deflection of the signals through a laser beam and four-
quadrant photodetector. The conducting MESP-V2 AFM probe
(Bruker) with =75 kHz resonant frequency, spring constant
3 N m}, cantilever thickness =2.8 um, width =35 um, and length
~225 pum was utilized throughout KPFM investigations. The
AFM tip was cleaned using de-ionized water, ethanol, and IPA
solvents, followed by nitrogen blow-dry. The topography loop
controlled the tip/apex—sample surface distance while applying
AC voltage to keep the surface scanning oscillation constant,
which was converted to height units to form the surface topo-
graphy image. The KPFM feedback loop setup mainly consisted
of a lock-in amplifier (LIA). A cantilever deflection signal was fed,
connecting to a servo controller providing the most necessary
feedback loop for data channels. The second loop was mainly
used to measure surface potential in which the LIA cancels the
mechanical oscillation phase shift of the AC signal by changing
the DC tip bias. Each pixel was converted to a color-coded scale
to build the electric potential image by nullifying the electric field
between tip and sample with the applied DC voltage. For precise
measurements, the silicon substrates were grounded for 10 min
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Table 1. KPFM surface charge injection and measurement parameters
for Cu-MOCs/Si structures.

Nanoscale measurement Parameters Values
DC bias injection +3V
ac bias 500 mV

Probe radius MESP Co/Cr, =40 nm

Spring constant =3Nm™
Probe scan rate 0.99 Hz
Charge injection time 10 min
Line scan 500 nm
Lift Height =100 nm
Surface map area S5UmXx5um
Mapping interval 8 min
Measurement Error profile +5mV

for any charge saturation. Figure Sla—c, Supporting Information,
shows the tapping mode for surface morphology scan before
charge injection, KPFM charge injection in contact mode, and
KPFM surface potential measurement in non-contact mode with
a lift height. The functional Cu-MOCs thin films deposited on
silicon substrates showed the surface roughness =1.43 £ 0.3 nm,
using the surface topology mapping with the scan area of
10 pm x 10 um. To map the distribution of injected positive and
negative charges and monitor the charge retention capacity into
Cu-MOCs/Si thin film systems, non-contact 5 um X 5 um area
scans were conducted. Vicpp was caused by the work function
difference of MESP tip (¢y,) and the work function of the silicon
(@s;) substrate,® as shown in Figure S2, Supporting Informa-
tion. Thereby, the surface potential (CPD) maps are obtained
through KPFM measurements, which reflect variations in meas-
ured surface potentials with the corresponding charge injections
on the surface of Cu-MOCs/Si systems. Temporal evolution
charge retention was recorded with surface potential (CPD) scan
micrographs, captured at fixed time intervals of =8 min continu-
ously up to =136 min along with a single scan at =17 h, respec-
tively. Detailed procedure for KPFM characterization procedure
is described in Figure S1 and Section S1, Supporting Informa-
tion, and the corresponding parameters for KPFM measurement
process and operations have been listed in Table 1.

2.5. Material Characterizations

The grown single crystals of synthesized Cu-MOCs formula-
tion were characterized using single-crystal X-ray diffraction
spectroscopy (SC-XRD, Model-Supernova, Rigaku) as shown
in Figure 2a. Here, the shown molecular crystal structure con-
tains a paddle wheel-like structure. The dimeric copper was
connected with the cluster’s four corresponding M-Toluic acid
ligands and acetonitrile guest molecule. The Cu-MOCs have a
triclinic crystal system, P-1 space group, with the molecular for-
mula of CgH;yCuNOs, Cu—Cu distance of =2.611 A, and the
cluster size of =1.6 nm, that formed a 3D intersecting structure.

Figure 2b shows the top view Field-emission scanning electron
microscope (FESEM, Zeiss Gemini 500) image (scale 5 pm) along
with Figure 2b-inset, magnified image (scale 10 nm) of Cu-MOCs/
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Si large-area uniform thin films, and confirms the formation of
defect-free uniform thin films. Electron dispersive X-ray spectros-
copy was performed using the EDAX, FESEM, Zeiss Gemini 500.
The micrograph of EDX measurement confirms the presence
of C, O, and Cu constituting elements in Cu-MOCs formulation
without any impurities, as shown in Figure 2c. Figure 2c-inset
presents tabular data showing the elemental composition and
weight percentage of C, O, Cu elements in synthesized Cu-MOCs
material. Fourier-transform-infrared-spectroscopy (FTIR) was per-
formed using Agilent Technologies, model-Cary 600 instruments
in absorption mode. Figure 2d shows the FTIR spectra of Cu-
MOCs to define material properties in the wavenumber ranging
from 400 to 4000 cm™! and analyze its surface functional groups.
The stretching vibration of the Cu—O bond were recognized at
481.1 cm™ while the C—H bending of the aromatic ring was rec-
ognized between 670 and 750 cm™. The —C=C bending vibration
was observed at 790-920 cm™. The peaks observed at 13877, 15575,
and 1633.5 cm™, indicating aromatic C—H stretching, aromatic
C=C bending, and —C=C stretching in a cyclic alkene, respec-
tively. The =10 pm x 10 um 2D and 3D tapping mode surface
topology AFM micrographs of Cu-MOCs/Si thin-film are shown
in Figure 2ef, respectively, measuring very low surface roughness
of =143 £ 0.3 nm for Cu-MOCs/Si systems, revealing the pres-
ence of highly uniform and smooth thin film formation. The top
view lateral section MESP-V2 tip FESEM image (scale 30 um)
along with magnified (scale 3 pum) presenting the cantilever and
the apex are shown in Figure 2g,i, respectively. The cross-sectional
view of the MESP tip reveals a sharp apex, tip radius of =40 nm,
and the tip height of =15 um, is as shown in Figure 2h, respec-
tively. Hence, by using a sharp apex MESP tip, high-resolution
and high-sensitivity AFM images have been successfully demon-
strated in the surface potential micrographs of Cu-MOCs/Si struc-
tures. The electrostatic response of functional Cu-MOCs dielectric
thin film has been successfully shown with high-resolution KPFM
measurements along with corresponding (SC-XRD, FESEM,
EDX, FTIR, AFM) material characterizations, respectively.

3. Results and Discussion

Figure 3a,b presents the surface potential pattern (CPD) micro-
graphs maps/scans performed by scanning KPFM tip over
the Cu-MOCs/Si sample surface. CPD scans closely resemble
charge distribution pertaining to distance on the Cu-MOCs/Si
sample surface. Due to applied positive (+ve) and negative (—ve)
charges, the change in surface potential of Cu-MOCs is also
positive (+ve) and negative (—ve), respectively. This indicates in
situ transfer of charges to Cu-MOCs rather than the polariza-
tion of the dielectric material. Polarization of dielectric causes
the polarization charges (+/-) to be opposite in sign than the
tip’s applied voltage (—/+).}! Here, the holes and electrons
retention/decay in Cu-MOCs is confirmed by the appearance of
broad white (bright) contrast spot and wide black (dark) con-
trast spot on CPD maps, respectively. The positive and nega-
tive charges induced Coulomb force on the KPFM cantilever
tip to deflect/attract through the trapped holes/electrons in
Cu-MOCs/Si surface. It engenders the corresponding elevation
and depth contrast profiles watermarked by white and black
spots, respectively.

© 2021 Wiley-VCH GmbH
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Figure 2. Material characterizations of the synthesized Cu-MOCs crystal structure. a) SC-XRD molecular structure. b) Top view FESEM image of Cu-
MOCs/Si thin films at scale 5 um and (inset) scale 10 nm. c) EDX graph (inset) elemental composition of Cu-MOCs thin-film. d) FTIR spectrum.
e) AFM surface topology micrographs obtained from 10 um x 10 um surface area in 2D, f) 3D scans with a height profile g) top view FESEM image
MESP tip, scale 30 um, h) side view FESEM image MESP tip, and i) top view FESEM image of MESP tip, scale 3 um.

For the CPD mapping shown in Figure 3a,b, their corre-
sponding CPD line profiles are obtained through the horizon-
tally scanning of the 2D surface potential map. Figure 3c,d
shows the measured holes and electrons CPD values cor-
responding to the position on the potential map. Estima-
tion of trap charge density (N,) with the amount of meas-
ured CPD can be considered a simple and efficient method
of the KPFM technique. This method includes the effects
of variation of lift height on the measured CPD values of
samples,® thickness, and dielectric constant of the dielec-
tric films. It also supports the conducting filament forma-
tion hypothesis, which is discussed later in detail. This
technique investigates stored charges in the trap sites of Cu-
MOCs/Si systems, where total stored charges (Qg, units:
C cm™) in trap sites is given by Qs = C,(Vepp).**® Here,
Ceq is the equivalent capacitance between the MESP tip and
surface of the substrate as shown by (Figure Slc, Supporting
Information) and given by relation in (Section S1, Supporting
Information). As presented by Figure 3c,d Vcpp is the meas-
ured contact potential difference (CPD) between the MESP tip
and Cu-MOCs/Si structures using the AM-KPFM technique,
respectively. The total charge density (N, units: traps cm™)
stored in trap sites of Cu-MOCs/Si structures can be computed
by definition of Qg and C,, the following relation># (1):

e | o
CuMOCs

b
e| 4+
K air
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where, Vcpp is measured CPD potential between the MESP tip
and the Cu-MOCs/Si structures, e is the electronic charge, g is
lift height of MESP tip from the sample, tcovocs is thickness of
Cu-MOCs thin films onto silicon,” &, is dielectric constant of air
and Kgumocs 18 dielectric constant of the high-« dielectric on to sil-
icon, respectively. Figure 4a shows holes and electrons CPD versus
time decay plot for the Cu-MOCs/Si structures. This plot is derived
from Figure 3 and helps understand overall charge retention/
decay statistics in Cu-MOCs/Si structures. Figure 4b shows the
plot for computed charge density (N,) versus time plot to estimate
charges density in Cu-MOCs/Si structures. Figure 5 represents
the charge conduction hypothesis through conducting filament
model. Figure 6 shows a comparative analysis of Cu-MOCs dielec-
tric formulations with conventional/high-x dielectrics.

3.1. Nanoscale Surface Charge Analysis

Figure 3a,b shows surface potential maps for positive and
negative charge injection, starting at ~8 min with a fixed time
interval of =16 min, respectively. Surface potential maps were
recorded continuously up to =136 min, and single surface
potential maps were recorded at =17 h. Figure 3a.1-10,b.1-10
depicts the holes and electrons injection with +3 and =3 V DC
bias through the MESP tip for 10 min duration, respectively.
With the injection (holes or electrons) of charges, white and
black contrast spots are observed onto the surface of Cu-MOCs
in successively recorded CPD micrographs. It confirms the

© 2021 Wiley-VCH GmbH



ADVANCED ADVANCED
MATERIALS
e INTERFACES

www.advmatinterfaces.de

8 min 72 min

198 mV 194 mv 192mv 187 mV
184 mV ~18.0 mV ATSmV -17. |?2|rnV
00 Potenial  10.0 ym 00 Potential 100 pm
16.7 mV 16.1 mV 18.0mv 162 mV
183 my 166 mv 165 my 166 my
00 Potential  10.0 pm 00 Powntal  10.0ym Polontl 100 ym
120 min 136 min ~17 hours
18.6 mV 183 mVv 184 mV 183 mv 16.8 mv
AT.0mV ATAmV 169 mV ATOmV - =161 mV
Potential Potential 10,0 pm
158 mv 16.0 mv 16.0 my 16.1 mV 132mv
A6SmV 463 mv Rt 65 mY AB5 my ; A32myv

00 Potential  10.0 um 00 Potential 0.0 ym

Hole Trapping in Cu-MOC (c)

Vertical Decay § 1}

80 . —o— 8 min e = b
; 60 T : +;g m:: E Lateral Spreading —o— 8 min
—o— 40 min
E | ——104min | = -40 - W e
o 40 ™, ; —— :gshmin 0 e : _v_‘_ 484 ks
Posrts WBoem i
0. 2 Latoral Sproading ours | Q. o ——136 min
Q F ST o ! —b— 17 hours

(d)

0 1 2 3 4 5 6 7 8 9 10 0o 1 2 3 4 5 6 7 8 9 10
Position (um) Position (um)

Figure 3. a.1-10,b.1-10) Surface potential holes and electrons CPD scan maps of Cu-MOCs/Si at fixed time intervals (=32 min) starting =8 min up to
=120 min and a potential scan at 17 h each showing holes and electrons retention and successive decay in CPD by diminishing white and black spots,
respectively (c) and (d) holes and electrons CPD retention/decay versus position plot in Cu-MOCs thin film, respectively.

injection/retention (holes and electrons) of charge in the Cu- Figure 3a.1,b.1 shows the maximum CPD contrast spot diam-
MOCs/Si system. Successive micrographs reveal a decrease in  eter of =1.52 and =1.68 um for holes and electrons, upright CPD
corresponding white and black contrast spot diameter with the  recorded at 8 min. Continually, Figure 3a.2-8,b.2-8 shows a fur-
lapse of time. ther decrease in holes and electrons contact potential contrast
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Figure 4. a) Hole and electron CPD decay versus time plot (a-inset) CPD spot diameter versus time plot. b) Total charge (hole and electron) density
versus time plot estimated using relation (1), (b-inset) CPD line profile (hole and electron) FWHM versus time plot.

spot diameter. Figure 3a.9,b.9 measured the spot diameters to be
~1.17 and =1.13 um after 136 min. The slight decrement in holes
(=23%) and electrons (=32%) spot diameter endorses exceed-
ingly relaxed decay of charge process for Cu-MOCs thin-films.
It also indicates holes retention is more favorable than electrons
in Cu-MOCs thin films. After that, in Figure 3a.10,b.10, white
(=1.02 um) and black (=0.9 um) contrast spots are observed with
resultant (=68%) and (=54%) spot diameter after 17 h elapsed,
respectively. Nevertheless, even after 17 h of time-lapse, a con-
siderable volume of CPD mapping is still visualized in the Cu-
MOCs/Si systems. These contrast spots confirm the gradual
decay of retained holes and electrons conduction through Cu-
MOCsy/silicon interface. Henceforth, the above observations
confirm the high charge retention term (more than 17 h) for
holes and electrons with a relaxed charge decay process in the
Cu-MOCs functional thin films. It justifies the high charge
retention ability of functional Cu-MOCs dielectric formulations
for reliable gate dielectric in silicon compatible CMOS tech-
nology for advanced electronic devices such as MISFETS, tunnel
FETs, Fin-FETS, FeRAM, organic-FETs, and sensors.

? Conductive Tip
Conductive Path

(a) Positive charge conduction

3.2. Real-Time Surface Charge Probing

Figure 3c,d shows the CPD (mV) line profiles versus position
(um) for the hole and electron injection/retention, respectively.
From the CPD mappings, their corresponding CPD line profiles
are obtained through horizontal scanning of the 2D surface
potential map in non-contact KPFM mode. Figure 3c,d shows
that each CPD scan is represented after a fixed time interval of
8 min, 40 min, 72 min, 104 min, 136 min, and a single line pro-
file at 17 h analyze the complete charge decay process. The plots
show a proportional decay in hole and electron retention with
time for functional Cu-MOCs/Si thin films. Figure 3c-inset,d-
inset shows white and black spots surface potential maps cor-
responding to CPD line profiles at 8 min, respectively.
Primarily after =8 min, the maximum CPD is measured to
be =98 and =-91 mV for injected holes and electrons, respec-
tively. Maximum values and sharp contrast line profile of CPD
are obtained at (=4.8 um) position in Cu-MOCs/Si systems. In
Figure 3c,d, past =40 min, a marginal decline is observed in the
contact potentials =77 and =—62 mV for holes and electrons,

DOE ~ Conductive Tip

Conductive Path

(b) Negative charge conduction

Figure 5. a,b) Positive and negative charge transport through the Cu-MOCs/Si system with conductive filament formation assisted with guest molecule

and charge hopping.
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Figure 6. Comparison of conventional dielectrics with Cu-MOCs dielec-
tric formulation for KPFM Charge injection and retention properties.

respectively. CPD line profiles are dignified with largely residual
(78%) and (68%) of holes and electrons CPD at 40 min, respec-
tively. Consecutively, 57% and 44% holes and electrons CPD is
retained past 72 min time interval, with an outstanding =66
and =—40 mV holes and electrons CPD contrast line profiles,
respectively. Continually after 136 min lapse, CPD contrast line
profile peak height declined to =56% for electrons and =~42%
for holes, respectively. Moreover, to analyze time for an exten-
sive charge decay, again holes and electrons CPD line profiles
are recorded after 17 h, yet to find substantial residual values
of contact potential =16 and =—7 mV, respectively. Therefore
simply 84% and 92% of total charge (holes and electrons) decay
after 17 h, indicate a retention time of more than 17 h required
to decay the injected charges in Cu-MOCs thin films entirely.
It demonstrates that holes injection and holes retention are
favorable compared to electrons in the functional Cu-MOCs/
Si system. Henceforth, the above observations indicate a high
charge retention ability of more than 17 h in Cu-MOCs/Si sys-
tems for holes and electrons-based majority carrier electronics.

3.3. Positive versus Negative Surface Charges Study

Figure 4a shows |[CPD| (mV) versus decay time (s) plot for the
injected hole and electron charge carriers in the Cu-MOC/Si
system. The absolute values of |CPD| for holes and electrons
charge carriers decay exponentially with time-varying from 480
to 8160 s at a fixed interval of 480 s, respectively. Maximum
magnitudes of |CPD]| obtained at (=4.8 um) position in surface
potential maps are used in all calculations. With the positive
and negative charges retention mechanisms assumed to be
similar, an injection offset and Fermi level alignment between
positive and negative charges are observed to be =190 mV. It
is noticed that the |CPD| values of the holes (red curve) and
electrons (blue curve) decrease swiftly with time. In Figure 4a,
after 1440 s, almost 87% and 74% of holes and electrons CPD is
effectively retained in Cu-MOCs/Si systems. Correspondingly,
71% and 48% of holes and electrons charges are retained after
3360 s of CPD measurements. It is observed that 62% positive
and 50% negative charges are retained over the first 4000 s.
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After the first 4000 s, the charge decay process becomes further
relaxed and loses the residual charges moderately by the end
of 8160 s. After that, 57% of positive charges and 38% of nega-
tive charges are retained after 8160 s. Noteworthy, the retention
time of holes is longer than that of electrons, as discussed in
Section 3.2. It is noticed that with the application of the same
magnitude (3 V) of positive and negative DC potential, the
CPD peak magnitude for injected positive charges are slightly
(=7 mV) higher than that of the injected negative charges in Cu-
MOGCs. This directs that the holes injection quantity is higher
and favorable than electrons. The more considerable potential
barrier height of Cu-MOCs/Si system than its potential well
depth may cause the longer retention of holes than that of elec-
trons.”Yl Henceforth, holes retention is favorable, enlightened
through the asymmetric conductance and valance band offset at
the Cu-MOC;/Si interface.l”!

Furthermore, Figure 4a-inset shows CPD spot diameter
versus time plot for Cu-MOCs/Si structures. The plot is pre-
sented at fixed intervals 8, 40, 72, 104, 136, 1020 min. A
decrease in the diameter of white and black contrast spots is
observed from (1.52 £ 0.04, 1.17 £ 0.07 to 1.02 £ 0.06 um) and
(1.68 £ 0.03, 1.13 + 0.08 to 0.09 + 0.06 um) at 8, 136, and
1020 min, respectively. The reduction in spot size is slight, con-
firming long-term charge retention and relaxed charge decay in
Cu-MOCs/Si structures. Reduction in spot size also confirms
the presence of lateral dispersion of charges in Cu-MOCs/Si
systems.”’] Additionally, the decrease =0.55 um in CPD contrast
spot diameter of electrons is greater than that of hole CPD spot
diameter ~0.35 um. This evidence attributes that the positive
charge retention into the Cu-MOCs/Si system is much higher
than negative charges. It rationalizes the potential candidacy
of Cu-MOCs/Si systems for its long-term charge retention and
relaxed charge decay for the futuristic high-performance dielec-
tric applications in next-generation FETs technology.

3.4. Surface Charge Density Calculations

Figure 4b shows the plot of trapped charge density (N,) as a
function of time (=8000 s) for both charges (red curve for holes)
and (blue curve for electrons) for the Cu-MOCs/Si systems.
The value of trapped (holes) charge density, N}, and (elec-
trons) charge density, N,, are calculated using the Equation (1)
as stated in Section 3. Ny, and N, values are computed from
480 to 8160 s, with the fixed time interval of 480 s, respectively.
Maximum |CPD| magnitudes at (=4.8 pum) position of the
surface potential map are used in all calculations. Ny, and
N are calculated as =5.09 x 10! and =4.44 x 10' traps cm™%;
=2.95 X 102 and =4.74 x 102 traps cm™%; =3.42 x 10 and
=2.07 x 10" traps cm™ at 480, 1440, and 8160 s, respectively.
As evident from Figure 4b, the holes trapped charge density
decays slowly compared to electrons, in line with the discussion
in Section 3.3. This indicates holes retention is favorable than
electrons in Cu-MOCs/Si systems. Moreover, the high remnant
trapped charge density of holes and electrons after =8000 s of
CPD measurements indicates long-term charge retention and
relaxed charges decay in Cu-MOCs/Si thin-film.

Figure 4b-inset shows the FWHM of CPD line profile (hole
and electron) versus time plot for Cu-MOCs/Si systems. The
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plot is presented at fixed intervals 8, 40, 72, 104, 136, 1020 min.
The plot shows an increase in FWHM of surface potential
CPD line profile with the progress of time. Holes and electrons
FWHM of CPD line profile at 8, 136, 1020 min is (0.67 £ 0.04,
0.71£0.01, 0.81 + 0.04) and (0.62 + 0.05, 0.73 £ 0.01, 0.76 £ 0.04),
respectively. This slow increase in FWHM indicates a highly
relaxed decay of charges in Cu-MOCs/Si systems. Also, an
increase in FWHM of electrons CPD is more prominent than
that of holes. It indicates holes retention is favorable than elec-
trons in Cu-MOCs thin films. In Figure 4a-inset,b-inset, the
decrease in holes and electrons CPD spot diameter (=23%)
and (=32%) is more significant than their increase in FWHM
(=6%) and (=16%), respectively as per discussion in Section 3.3.
It authorizes that the charge decay is predominantly relaxed in
both downward/vertical and sideways/lateral charge transport
directions in Cu-MOCs/Si systems.”! Thus, the Cu-MOCs/Si
structures depict long-term charge retention ability with relaxed
multi-directional decay mechanisms, proving their potential
candidature as an alternate, high-x dielectric for future FETs
applications.

3.5. Charge Conduction Mechanism

Meanwhile, for the case of Cu-MOCs adsorbing small mole-
cules through host-guest interactions, trapping, retention, and
decay performance can be chemically modulated. It exhibits its
potential to overcome the gap between chemical information
and electrical properties. The phenomenon of charge injection,
retention, and decay is further explained by the transport of pos-
itive and negative charges through the vertical conduction/decay
with the formation of conductive least resistance paths. These
conductive paths are majorly assisted by the presence of guest
molecules in the Cu-MOCs clusters along with the aid of fixed
and mobile ions charges. All intrinsic charges are assumed to
be uniformly distributed in the sample before charge injection.
Hence, the presence of intrinsic charges is irrelevant to that of
injected charges and can be eliminated in the CPD measure-
ments.?2l Cu-MOCs being intrinsically nano-porous, presence
of nanocrystalline domains, discrete structures, charges may be
trapped/retained between the two or more discontinuous clus-
ters.”>78 A single Cu-MOCs cluster unit is shown in (Figure S3,
Supporting Information) consisting of acetonitrile (CH;CN) sol-
vent group as a guest molecule attached with adjacent clusters.
Due to the presence of polar covalent bond of C-N in CH;CN
guest molecule, weak partial negative and positive charges exist
on the N and C atoms, respectively. Similarly, polar covalent
O-H bond, partial negative and positive charge exists on O
and H atoms, respectively. Also, the discrete Cu-MOCs clus-
ters are attached to each other through weak H-H (hydrogen)
bonds. In this support, a vertical conductive filament model is
proposed, as shown in Figure 5a,b. In Figure 5a, positive bias
is applied on Cu-MOCs/Si system, and holes are injected on
the surface of Cu-MOCs at the air/Cu-MOCs interface. Con-
sequently, the injected positive charges are initially accumu-
lated and retained at the surface of Cu-MOCs. Next, temporal
evolution positive charges are attracted to the partial negative
charges present on the N atom in CH3;CN solvent group and
also attracted to the closely lying partially negative O atoms of
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O—H bond in the Cu-MOCs cluster as shown in (Figure S3,
Supporting Information). Continually, the positive charges may
jump/hop from one cluster to adjacent cluster through charge
hopping via the negatively charged mobile ions present in the
Cu-MOCs/Si systems. Moreover, the positive charges may
escort from one cluster to adjacent cluster through the weak
H—H proton conduction through lateral dispersion.’”:3%) Hence,
the above mechanisms provide much longer pathways for the
positive charges to approach Si substrate, justifying favorable
holes retention compared to electrons, as in line with the dis-
cussion in Section 3.3. Conclusively, a single conductive path’s
branching leads to multiple exits for surface charges to approach
the underlying silicon substrate.

Similar behavior occurs when the negative bias is applied
through the AFM tip, and electrons are injected on Cu-MOCs/
Si system, as shown in Figure 5b. The injected negative charge
is mainly transported through the presence of partial positive
charges on the C atom in C—N bonds and through H atoms
in O—H bonds. The negative charge may be conducted later-
ally by the charge hopping process with fixed positive oxide
charges present in the Cu-MOCs/Si systems.””78l Hence, the
charge decay mechanism in Cu-MOCs/Si system is well-under-
stood with the conductive path filament mechanism. The cor-
responding band-bending diagram of Cu-MOCs/Si system with
+3 and -3 V charge injection is shown in Figure S4a,b, Sup-
porting Information, respectively.

Comparative measurement parameters for holes and elec-
trons charge retention/decay obtained from KPFM mapping
onto Cu-MOCs/Si structures are listed in Table 2.

Figure 6 compares conventional dielectrics, or a combina-
tion of dielectrics with Cu-MOCs dielectric formulation for
KPFM charge injection and retention properties.[30:37377.78 81-83]
Figure 6 shows a positive CPD (mV) versus decay time (min) plot
for Cu-MOCs, SiO,,”3! Er,053,3% Al,0,,82 HfO,,”l polystyrene/
C60,81 Alg3,”¥ Ge islands,®3] combination of dielectrics,”®! etc.
Cu-MOCs show that with a low CPD injection =98 mV, high
charge retention =1020 min is observed. However, high-x die-
lectrics such as HfO,, Al,03; even with high CPD injections,
show much lower retention times. Whereas, SiO,, Er,0;, and
Ge islands having comparably low CPD injections show lower
retention times consequently. Hence, Cu-MOCs having low
charge injections show the best retention time among dielec-
trics listed above. Therefore, Cu-MOCs prove their competency
toward high-« dielectrics for next-generation FETS.

Table 2. List of conclusive KPFM measurements of this work (Cu-
MOCs/Si) structures.

This work Parameter Values
Cu-MOCs/Si structures Holes Electrons
CPD (@ 8 min) ~98 mV ~-91 mV
CPD spot diameter @8 min =1.52 um =1.68 um
Charge density 5.09 x 102 cm? 4.74%x10'? cm™2
% Charge decay after 17 h 84% 92%
Cu-MOCs Surface roughness =1.43£0.3 nm

Cu-MOCs Dielectric Thickness =30 nm

Unit Cluster size =1.6 nm
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4, Conclusions

A novel Cu-MOCs nanostructures formulation is developed
using the sol-gel method. It dissolves homogeneously in
organic solvents to make uniform thin films on the Si sub-
strates. Nanoscale investigations of surface charges retention/
decay and electronic properties are probed for Cu-MOCs/Si
systems by non-destructive AM-KPFM. Cu-MOCs are suitable
for futuristic electronic applications such as MISFETSs, FeRAM,
NVM, tunnel FETs, organic-FETS, Fin-FETs, and sensor devices.
Consecutively, holes and electrons charges are injected on
Cu-MOCs/Si systems through positive and negative poten-
tial DC biases, respectively. The presence of white and black
contrast profiles spots confirms the charge injection, reten-
tion, and subsequent decay of CPD. The surface charge study
demonstrates long-term hole and electron charge retention in
Cu-MOCs/Si systems and the relaxed decay of corresponding
charges through the underlying silicon substrate, as elucidated
through a conductive filament model of Cu-MOCs/Si systems.
Hence, KPFM based CPD investigations on novel synthesized
Cu-MOCs/Si structures paving the way toward a better under-
standing of organic—inorganic materials for the futuristic sil-
icon compatible CMOS electronic, optoelectronic, photovoltaic
devices for next-generation technology nodes.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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