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ABSTRACT In this paper, we report on n-alkyl phosphonic acid (PA) self-assembled monolayer (SAM)/hafnium oxide (HfO,) hybrid
dielectrics utilizing the advantages of SAMs for control over the dielectric/semiconductor interface with those of high-k metal oxides
for low-voltage organic thin film transistors (OTFTs). By systematically varying the number of carbon atoms of the n-alkyl PA SAM
from six to eighteen on HfO, with stable and low leakage current density, we observe how the structural nature of the SAM affects the
thin-film crystal structure and morphology, and subsequent device performance of low-voltage pentacene based OTFTs. We find that
two primary structural factors of the SAM play a critical role in optimizing the device electrical characteristics, namely, the order/
disorder of the SAM and its physical thickness. High saturation-field-effect mobilities result at a balance between disordered SAMs to
promote large pentacene grains and thick SAMs to aid in physically buffering the charge carriers in pentacene from the adverse
effects of the underlying high-k oxide. Employing the appropriate n-alkyl PA SAM/HfO, hybrid dielectrics, pentacene-based OTFTs
operate under —2.0 V with low hysteresis, on-off current ratios above 1 x 10°, threshold voltages below —0.6 V, subthreshold slopes
as low as 100 mV dec™!, and field-effect mobilities as high as 1.8 cm? V! s™!.
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1. INTRODUCTION
rganic thin film transistors (OTFTs) based on z-con-

jugated materials are envisioned for use in ubiqui-
tous low-cost flexible electronic devices, such as
displays, sensors and electronic barcodes (1—5). A prereg-
uisite for realizing practical applications lies on the develop-
ment of stable gate dielectrics with low leakage current and
high capacitance that afford low-voltage OTFT operation
(6—8). In addition, for high-performance OTFTs, precise
control over the chemical, electrical, and morphological
properties at the organic semiconductor (OSC)/dielectric
interface is required because the first few layers of the
organic semiconductor in proximity to the gate dielectric are
responsible for passing the majority of the current between
source and drain electrodes (9—11). Therefore, studying the
OsCldielectric interface in low-voltage OTFTs is essential for
developing low-power integrated circuit applications.
Standard OTFTs based on 100—300 nm SiO, with a
dielectric constant (k) of 3.9 still require rather high operating
voltages, often exceeding 20 V. Typically, low-voltage de-
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vices are achieved through increasing the capacitance den-
sity of the gate dielectric (C) by either decreasing the
thickness (d) or increasing dielectric constant (k) (C; = &ok/
d). High-k inorganic dielectrics (12) such as TiO, (kR = 21—80)
(13), titanium silicide (R = 11—19) (14), zirconium oxide (k
= 16—25) (15), yitrium oxide (k = 15—20) (16), CeO, (R =~
26) (17), and barium strontium titanate (8 ~ 16) (18) to name
a few, have been commonly used to achieve low-voltage
OTFTs. However, these high-k materials adversely affect the
device performance from a combination of (1) charge carrier
surface trap sites associated with —OH groups (19), (2)
induced ionic polarization between charge carriers and the
high-k ionic lattice (20), and (3) surface roughness (21). To
mitigate these problems, the high-k oxide surface is typically
planarized with a polymer dielectric leaving a non-polar
low-k surface which is generally more compatible with
standard OSCs, however, with the addition of a thicker film,
the C;is reduced requiring higher driving voltages for OTFTs
(22, 23).

Another promising route for low-voltage OTFTs utilizes
hybrid gate dielectrics composed of self-assembled mono-
layers (SAMs) (24—34) or multilayers (35—37) on ultrathin
inorganic oxides. SAMs are molecular films that spontane-
ously form by the adsorption of an organic surfactant on a
solid substrate from the gas or solution phase (38—40). With
the addition of a SAM just a few nm in thickness, the leakage
current of a 3—4 nm thick inorganic oxide can be reduced
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FIGURE 1. (a) Chemical structures of n-alkyl PA SAMs used in this
study; n-hexylphosphonic acid (C6), n-octylphosphonic acid (C8),
n-decylphosphonic acid (C10), n-dodecylphosphonic acid (C12),
n-tetradecylphosphonic acid (C14), n-hexadecylphosphonic acid
(C16), n-octadecylphosphonic acid (C18). (b) Schematic view of top
contact OTFT using different n-alkyl PA SAM/hafnium oxide hybrid
gate dielectrics.

to ~1x 1078 A cm™2 while still providing high capacitances
above 500 nF cm™ for operating voltages below 2 V
(24—34). In addition, functional SAMs provide an effective
method for controlling the dielectric surface properties
including surface energy (24, 41, 42), chemical structure
(25, 43—406), order/disorder (47—49), and molecular dipole/
energy levels (50—52) that affect the thin film crystal struc-
ture and morphology, and electrical properties of the OSC
and subsequent OTFT device performance. However, it is
unclear whether SAMs can be used similarly as thin polymer
films to effectively passivate the adverse side effects that
high-k metal oxides have on the device performance of
OTEFTs. It is expected that with increased thickness, a SAM
should act as a physical barrier preventing polaron coupling
between the high-k ionic lattice and charge carriers in the
OSC. However, until now, there has not been a systematic
study on how the length dependence of simple alkyl chain
SAMs on high-k metal oxides affects OSC thin film growth
and OTFT device characteristics.

In this paper, we report on n-alkyl phosphonic acid (PA)
SAM/hafnium oxide (HfO,) hybrid dielectrics utilizing the
advantages of SAMs for control over the OSC/dielectric
interface with those of high-k metal oxides for low-voltage
OTFTs. Our previous work showed that vacuum-free PA
SAM/HFO, hybrid dielectrics posses low-leakage current, high
capacitance, and a compatible OSC/dielectric interface for
realizing low-voltage OTFTs (24, 25). Here, by systematically
varying the alkyl chain length of the n-alkyl PA SAM from
six to eighteen carbon atoms (Figure 1a), we observe how
the structural nature of the SAM affects the low-voltage OTFT
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device performance. Although n-alkyl chain length depend-
ent SAM studies on SiO, (47, 53) and AlO, (26) dielectric
surfaces have been demonstrated for OTFTs, SiO, is a low-k
dielectric and devices operate over 20 V (47, 53), whereas
possible secondary factors such as (1) the Al/AlO, oxide
roughness and (2) the thickness of the SAM and/or (3) the
thickness of the AlO, may introduce dependent OTFT elec-
trical characteristics such as reduced field effect mobilities
and on-off current ratios from high leakage currents through
the hybrid gate dielectric (26). Here, we use an ultra-smooth
sol—gel-processed HfO, with controlled thickness to provide
low leakage current densities independent of the choice of
the SAM. We find that two primary factors play a critical role
in optimizing the device electrical characteristics using
hybrid dielectrics based on SAM/high-k metal oxides, namely,
the order/disorder of the SAM and its physical thickness.
These findings give evidence that it is not only important to
control how the SAM affects the thin film crystal structure
and morphology of the adjacent OSC, but also how ef-
ficiently the SAM physically buffers the OSC from the
adverse interactions of the underlying high-& dielectric.

The bottom gate-top contact device architecture used in this
study is presented in Figure 1b. We use HfO, because of its
remarkable dielectric properties, including k of 16—29 and
wide band-gap of 5.8 eV, which is suitable for dielectrics with
high capacitance and low leakage current even using films
only a few nanometer in thickness (12). Seven different
n-alkyl molecules were used in this study for a systematic
comparison: n-Hexylphosphonic acid (C6), n-octylphospho-
nic acid (C8), n-decylphosphonic acid (C10), n-dodecylphos-
phonic acid (C12), n-tetradecylphosphonic acid (C14), n-
hexadecylphosphonic acid (C16), and n-octadecylphos-
phonic acid (C18). PA headgroups of n-alkyl molecules were
chosen since they readily chemisorb to metal oxides (54)
with high thermal stability (400—450 °C) (55) and have
several distinct advantages over their silane-based counter-
parts including; (1) better stability to moisture, (2) less
tendency for homocondensation between PAs, and (3) the
reaction between PA and the metal oxide is not limited by
the content of surface hydroxyl groups (56). Pentacene was
used as the organic semiconductor as it is a model com-
pound for organic electronics and has been widely and
intensively studied particularly for its use in OTFTs (57—59).
The various surfaces studied in this paper are identified as
follows: bare HfO, (BARE), HfO, terminated with an n-alkyl
PA SAM (C#) where the value for “#” corresponds to the
number of carbon atoms in the n-alkyl PA, pentacene on
Bare (PEN-BARE), and pentacene on C# (PEN-C#).

2. EXPERIMENTAL SECTION

2.1. Preparation of Hafnium Oxide and Phosphonic
Acid Self-Assembled Monolayers. Heavily doped p-type silicon
wafers (Montco Semiconductors) were diced and cleaned in
sulfuric acid:hydrogen peroxide (3:1 by volume) at 70 °C for
15 minutes, rinsed thoroughly with de-ionized (DI) water,
sonicated for 15 minutes in DI water:ammonium hydroxide:
hydrogen peroxide (5:1:1 by volume), rinsed and dried under
nitrogen, and used immediately.

Acton et al. Www.acsami.org



Hafnium oxide sol-gel was prepared by dissolving hafnium(IV)
chloride (HfCly) (98 % Aldrich) in ethanol (EtOH) under a dry
nitrogen atmosphere, followed by adding a mixture of nitric acid
(HNOs) and DI water in air (molar ratio of components HfCly:
EtOH:HNO5:H,O = 1:205:5:5). The solution was filtered using
a 0.2-um PTFE filter, and heated at 50 °C for 3 h to promote
hydrolysis and polymerization of HfO, sol—gel. Hafnium oxide
films were prepared by spin-coating the HfO, sol—gel onto
cleaned native oxide Si substrates at 6000 rpm for 30 s. After
being left to sit for 1 h, the films were crystallized in an oven at
600 °C for 30 min, and then removed and cooled to room
temperature (RT).

Phosphonic acid self-assembled monolayers were immedi-
ately prepared following HfO, preparation by immersing sub-
strates into solutions of 1.0 mM of Cé, C8, C10, C12, C14, C16,
or C18 (PCI Synthesis) in EtOH at 70 °C. The substrates were
kept in solution at 70 °C for about 15 hours followed by rinsing
with EtOH, blown dry with nitrogen, and briefly baked on a hot
plate at 85 °C to remove residual solvent.

2.2. Device Fabrication and Testing. Pentacene (99.995 %
Aldrich) was deposited at 0.2—0.3 A s™' from a resistively
heated quartz crucible at 2 x 107° Torr, onto substrates
maintained at temperatures (Ts’s) of RT or 60 °C. Interdigitated
source (s) and drain (d) electrodes (W = 9000 um, L = 90 um,
W/L = 100) were defined on top of the pentacene by evaporat-
ing a 50-nm-thick gold film at 1.0 A s™' through a shadow mask
from a resistively heated W boatat 2 x 107° Torr. All OTFT and
dielectric characterization was performed under ambient condi-
tions using an Agilent 4155B semiconductor parameter ana-
lyzer. The saturation field-effect mobility (u) was calculated in
the saturation regime from the linear fit of (—Iqs)'? versus Vs
using the saturation current equation: Iys = (W/2L)Cu(Vgs — V)?
(60). The threshold voltage (V) was estimated as the x intercept
of the linear section of the plot of (—Iq)'” versus Vg. The
subthreshold swing (S) was calculated by taking the inverse of
the slope of —Iys versus Vg in the region of exponential current
increase. Reported electrical characteristics are an average of
15 devices from three different batches. An Agilent 4192
Impedance Meter was used for capacitance characterization for
frequencies from 100 Hz to 100 kHz. One-millimeter-diameter
circles of thermally evaporated gold were used as the top
electrode and the heavily doped silicon was used as the bottom
electrode. Capacitance values were taken at 10 kHz and are an
average of more than 9 devices.

2.3. Surface Characterization. Digital Instruments Multi-
mode Nanoscope Illa scanning probe microscope was used in
Atomic Force Microscopy (AFM) taping mode. X-ray reflectivity
(XRR) and X-ray diffraction (XRD) were measured using a
Siemens D5000 XRD with Cu—K,, radiation (A = 1.542 A). An
intensity versus 26 plot (Figure 2a) was used to analyze the
thickness of HfO, and underlying SiO, on Si substrates by fitting
the data using the Parratt algorithm (61). XRD samples for
determining the crystal structure of HfO, were prepared with
the same conditions detailed above except the HfCl, solution
used for spin-casting had a ratio of HfCl;;EtOH:HNO5:H,O =
1:70:5:5 to provide a thick enough film for XRD measurements.
Advancing contact angle values of water and diiodomethane
(DIM) were measured and surface energies were calculated
using the geometric-mean method (62). The reported advancing
contact angle values are an average of ten measurements from
two sets of samples prepared on different days with a standard
deviation of £3°. Polarized ATR-FTIR spectra were obtained
using a Bruker Tensor spectrometer (Ettlingen, Germany)
equipped with a nitrogen-cooled Harrick GATR single angle
reflection accessory (Ossining, NY) with a spot size of 3 mm in
diameter. Each spectrum was run with a minimum of 1056
scans at resolution of 4 cm™" while being purged with dry
nitrogen in between each data collection to eliminate water
vapor from the sample compartment.
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FIGURE 2. (a) Small-angle XRR of HfO,. The solid line is the fit to
the experimental data. The thickness was calculated as 8.0 nm on
2.5 nm Si0,. Inset shows AFM topology of bare HfO, with color range
from 0 (dark) to 5 nm (light). (b) 6—26 XRD of HfO, showing presence
of monoclinic crystalline structure.
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3. RESULTS AND DISCUSSION
3.1. Surface and Dielectric Characterization.
We use a simple sol—gel processing technique to achieve

smooth (< 0.20 nm RMS measured by AFM shown in the
inset in Figure 2a) and pinhole-free HfO, films with easy
control over the thickness below 10 nm (25). Small-angle
XRR thickness measurements indicate 8.0 nm thick HfO,
on 2.5 nm thick SiO, (Figure 2a), whereas 6—260 XRD verifies
the presence of monoclinic crystalline HfO, (Figure 2b). After
HfO, film formation, SAMs were prepared in EtOH solutions
containing 1.0 mM of the given PA molecules at 70 °C for
16 h followed by rinsing in EtOH, drying with a stream of
nitrogen, and briefly baking on a hot plate at 85 °C. AFM
and ATR-FTIR were used to characterize the morphology and
assess the binding modes of the n-alkyl PA SAMs assembled
on HfO,, data for C18 is included as representative of all
studied n-alkyl PA SAMs. AFM images show that the smooth-
ness and uniformity of the dielectric surface does not have
a detectable change after SAM preparation with a smooth
surface of <0.20 nm RMS (inset of Figure 3). ATR-FTIR data
in the vP—O region shows the presence of a well-resolved
vP=0 stretch at ~1230 cm™' (Figure 3). Due to the lack of
evidence for other P—O region stretches, particularly those
for vP—O and vP—O—H, it can be inferred that the mode of
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FIGURE 3. Representative ATR-FTIR spectra of vP—O region for
n-alkyl PA SAMs showing dominant presence of vP=0 at ~1230
cm™! for C18 on HfO,. Inset shows AFM topology of C18 modified
HfO, with color range from 0 (dark) to 5 nm (light).

bonding is likely bidentate, whereas there is no evidence for
unbound PA headgroups or multilayers. Contact-angle go-
niometry using water and diiodomethane showed that
through n-alkyl PA SAM formation, the HfO, surface changed
from hydrophilic (<10°) and high surface energy (~73 m]
m~?) to hydrophobic (between 90 and 108°) and low surface
energy (between 30 and 26 m] m™?) (Table 1). The slight
decrease in water contact angle from 108° for C18 to 103°
for C8, may be a result of the exposure of methylene (CHy)
groups of the shorter alkyl chains to the substrate surface.
However, it is notable that the surface energies for PA SAMs
from C8 to C18 are very similar and within the measurement
error from contact angle goniometry (£3°). Therefore sur-
face energy is not a significant factor when comparing OTFT
device performance vide infra between different SAMs.
ATR-FTIR was used to study the organizational behavior
of the n-alkyl PA SAMs on HfO,. In the spectra of the SAM-
modified substrates (Figure 4), the C—H stretches of the CH,
group are used as the reference peaks for SAM organization
(63—65). The C—H stretch has two common vibrations: a
symmetric stretch, vs(CH,), corresponding to a peak at ~
2850 cm™! and an asymmetric stretch, v,(CH,), correspond-
ing to a peak at ~2920 cm™'. These two wavenumber values
will shift to higher or lower frequencies depending on the
alkyl chain conformation. When the wavenumber values
shift to higher values (v,(CH,) > 2920 cm™'), this indicates a
disordered monolayer with cis interactions in the alkyl chain.
When the wavenumber values shift to lower values, the
monolayer is considered ordered (v,(CH,) <2920 cm™') with

T T T
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——C12
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FIGURE 4. ATR-FTIR spectrum showing peak positions of symmetric
(vs) and asymmetric (v,) stretching modes of methylene (CH,) groups
of the corresponding n-alkyl PA SAM on HfO,. The slanted vertical
lines are used to help the reader’s eye.

all-trans C—C bonds. C18 has a ¥s(CH,) of 2850 cm™' and a
va(CH,) 2919 cm™! indicating a well ordered SAM, while C8,
C10, C12, and C14 have vs(CH,) and v,(CH,) shifted to higher
values, indicating SAMs with less order. The FTIR signal from
v5(CH») and v,4(CHy) for C6 is very weak and therefore cannot
be used to conclusively determine the structural order of this
SAM. However, a water contact angle of 89° and observed
smooth AFM image indicates functionalization of HfO, by
Cé. From ATR-FTIR characterization, there is a clear trend
that as the length of the alkyl chain increases from C6 to C18,
the order of the corresponding SAM shifts from disordered
to more ordered. This is expected, as the longer chains have
greater chain—chain interaction from the additive contribu-
tions of the van der Waals attractive force (~1.5 kcal/mol
per CH, group) resulting in more ordered self-assembly
(38, 39, 65). This trend is corroborated by other n-alkyl chain
length dependent studies of SAMs based on phosphonic
acids on TiO, (66) and AlO, (67), silanes on SiO, (47, 68),
and thiols on gold (69). It is important to note that the ATR-
FTIR data is averaged over a large area of the substrate (~7
mm?) and therefore does not by itself give information on
periodic chain—chain arrangements or the structure of
nanoscale heterogeneity of the corresponding SAMs. How-
ever, it is well-accepted that even highly ordered simple alky!

Table 1. Surface Properties of Different n-Alkyl PA SAM/HfO, Hybrid Dielectrics

SAM  adv. H,O contact angle (deg)  adv. DIM  surface energy (m] m™2) v, (CH,) (cm™") w5 (CHy) (cm™) ¢ (nFecm™)  thickness (A)
C18 108 66 26.2 2919 2850 452 21
Cl6 107 62 28.5 2921 2852 482 18
Cl4 107 67 25.3 2922 2852 504 16
Cl12 105 63 28.1 2922 2852 515 15
C10 104 64 27.9 2923 2853 580 10
C8 103 63 28.5 2924 2853 583 10
ceé 89 59 29.9 low signal low signal 616 8
HfO, <10 33 72.7 792 80
514 IPHAPPLIED MATERIALS VOL. 2 ¢ NO. 2« 511-520 2010 Acton et al. www.acsami.org
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FIGURE 5. Leakage current density vs (a) voltage and capacitance
density vs (b) frequency of different n-alkyl PA/HfO, hybrid dielectrics.

chain SAMs on oxide or polycrystalline metal surfaces are
composed of ordered nanoscale heterogeneous domains
connected by defect boundary areas with low coherence
(38, 70, 71).

The leakage current densities of the different n-alkyl PA
SAM/HfO, hybrid dielectrics are shown in Figure 5a. To
ensure the OTFT electrical characteristics were independent
of the adverse effects of leakage currents through the gate
dielectric which can reduce field effect mobilities and on-
off current ratios (26), a thick enough HfO, was chosen to
provide stable device operation independent of the choice
of the SAM. The leakage current for all the dielectrics at an
applied voltage of =2 Vis ~1x 1078 A cm™. For comparison,
a control thermal oxide SiO, grown during the crystallization
treatment of HfO, had a breakdown voltage of < 0.5 V.

The capacitance densities are shown in Figure 5b and
summarized in Table 1. The n-alkyl PA/HfO, dielectric can
be modeled as three capacitors in series (1/Ciora = 1/Csam +
1/Chron + 1/Csinz). The C; of the control thermal oxide SiO,
was measured as 1320 nF/cm? which is approximately what
is expected for a 2.5 nm thick SiO, (k = 3.9). The C; of the
HfO, was measured as 792 nF cm™2, giving a dielectric
constant of 17 for the 8.0 nm film measured by XRR. The C;
of n-alkyl PA SAM/HfO, hybrid dielectrics decreased mono-
tonically with increased length of the alkyl chain from 616
nF cm™ for C6 to 452 nF cm™? for C18. Assuming a
dielectric constant of 2.5 for the alkyl SAM (72), the ap-
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proximate thicknesses of each n-alkyl PA SAM was back
calculated and is included in Table 1. As expected, the
thickness of the SAM increases with increasing the length
of the alkyl chain from approximately 8 A for C6 to 21 A for
c18.

The combination of contact angle, AFM, FTIR, and ca-
pacitance data indicates that SAMs of n-alkyl PA molecules
on HfO, range from disordered to ordered and from 8 to 21
A in thickness as the number of carbon atoms is increased
from C6 to C18. Therefore, this system is suited for observ-
ing the order/disorder and thickness dependence of a SAM
on the thin film crystal structure and morphology and
subsequent device performance of low-voltage pentacene
OTFTs.

3.2. Pentacene Morphology and Structure. After
establishing the surface and dielectric properties, pentacene
films were vapor-deposited on the n-alkyl PA SAM/HfO,
dielectrics maintained Ts values of 60 °C and RT and were
then characterized by tapping-mode AFM and wide-angle
XRD. Figure 6 shows the AFM images of 50-nm-thick pen-
tacene films on different n-alkyl PA SAM/HIO, substrates. It
is observable that pentacene grain size and growth mode is
dependent on the order of the n-alkyl PA SAM. For all
dielectric surfaces with BARE and disordered SAMs (C6, C8,
C10, C12, C14), pentacene thin films show typical large
dendritic grain formation associated with layer-plus-island
growth mode (57, 58, 73). The average pentacene grain sizes
on these substrates at Ts values of 60 °C and RT are 2.7 to
3.0 um and ~1.0 um, respectively. In contrast, dielectric
surfaces with ordered SAMs (C16 and C18) have small
globular grains associated with island growth mode (74). The
average pentacene grain sizes on these substrates at Ts
values of 60 °C and RT are ~1.0 um and 100 to 150 nm,
respectively.

The grain size and growth mode dependence of penta-
cene as a function of the order of the SAM can be explained
by the growth kinetics of the first few layers of pentacene
on the dielectric. It is known that the nucleation density (N)
of ad-molecules is proportional to the ratio between the
deposition rate (F) and the diffusion constant (D) of the
molecules on the surface: N~ F/D ( 58, 73). Here, F is fixed
at 0.3 A/s so nucleation of pentacene grains is primarily
dependent on D. With greater pentacene D, N will be
suppressed, leading to larger stable nuclei and subsequently
larger grain sizes. As expected, by increasing the Ts value
from 25 to 60 °C, D is greater and therefore the pentacene
grain size is systematically larger on all surfaces. The appar-
ent larger D for pentacene on disordered shorter alkyl SAMs
versus ordered longer alkyl SAMs requires greater discussion
in detail.

Recently, it has been shown that more ordered n-octa-
decylsilane (OTS) SAMs on SiO, provide larger lateral crystal-
line SAM domains compared to disordered OTS SAMs (49).
The interaction energy between ad-molecules of pentacene
and ordered crystalline OTS is suggested to be responsible
for the high observed N in the initial pentacene layers with
the OTS crystalline domain size playing an important role
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FIGURE 6. Tapping mode AFM height images of thermally evapo-
rated 50 nm thick pentacene on substrates held at (a—h) 60 °C and
(i—p) RT of (a, i) bare HfO, and n-alkyl PA SAMs of (b, j) C6, (c, k)
C8, (d, 1) C10, (e, m) C12, (f, n) C14, (g, o) C16, and (h, p) C18 on
HfO,. All images are 6 um x 6 um in size and the height ranges from
0 (dark) to 50 nm (light).

in 2D island growth (49). Quasi-epitaxial growth has been
hypothesized for pentacene deposited on crystalline OTS
were even though there is an absence of short range order

between the pentacene thin film phase and crystalline OTS
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surface, long-range order can exist that may dictate the initial
2D pentacene island nucleation (48). In n-alkyl PA SAMs on
HfO,, we qualitatively hypothesize that the interaction
energy between pentacene and more disordered shorter
alkyl chains is lower than that between pentacene and more
ordered longer alkyl chains. The lower interaction energy
may arise from the disordered gauche defective alkyl chains
providing an amorphous liquid like surface that has low
interaction with pentacene versus the ordered trans-confor-
mational alkyl chains with periodically spaced CHs termini
providing a crystalline like surface for pentacene to find
quasi-epitaxial registry on. The lower interaction energy
would allow greater pentacene D and lower N, resulting in
larger grain sizes on disordered shorter SAM surfaces. In
addition, the more disordered shorter chain SAMs may have
more amorphous domain boundaries and therefore a more
amorphous homogeneous surface overall compared to highly
ordered longer chain SAMs that may possess more abrupt
coherency loss between crystalline domains at domain
boundaries and therefore a more heterogeneous surface.
The defect areas at domain boundaries in more ordered
longer chain SAMs may act as greater physical energetic
traps for pentacene molecules compared to the more uni-
form and amorphous domain boundaries of more disor-
dered shorter chain SAMs. Therefore, the smaller pentacene
grain size seen on C16 and C18 may arise from smaller
pentacene D from a combination of quasi-epitaxy growth
and nanoscale heterogeneity on these ordered SAMs while
the larger pentacene grain sizes on C6 to C14 may arise from
greater D across a more amorphous and homogeneous
disordered surface.

0—20 XRD scans of 50 nm thick pentacene films depos-
ited onto n-alkyl PA SAM/HfO, substrates held at Ts values
of 60 °C and RT are presented in panels a and b in Figure 7,
respectively. These XRD data give only information of
intermolecular order perpendicular to the substrate. Two
distinct crystalline polymorphs are identified in the observed
pentacene thin films; the “thin film phase”, (000), and “bulk
phase”, (00])*, with d spacing of 15.4 and 14.4 A, respec-
tively (75—77). The coexistence of both polymorphs in
pentacene is known to adversely affect the u because
structural defects between the boundaries of the two phases,
such as voids, will act as scattering centers or trap sites
(57, 78, 79). Theoretical calculations predict that the “thin
film phase” has higher u than the “bulk phase” because of a
smaller carrier effective mass for the “thin film phase”
(57, 80, 81). Typically, on bare oxide substrates with Ts =
RT, only the presence of the “thin film phase” is observed
using 6—260 XRD for films below 100 nm, while with an
increased Ts, the appearance of the “bulk phase” is expected
(82, 83). It is important to note that the 6—26 XRD data does
not give information on the vertical distribution of the “thin
film” and “bulk” phases in the studied pentacene films,
however, from recent findings using grazing incidence XRD,
the bulk phase is expected to be present even at the first few
molecular layers of the film (78).
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FIGURE 7. XRD data of thermally evaporated 50 nm thick pentacene
on different n-alkyl PA SAM/HfO, substrates at Ts’s of (a) 60 °C and
(b) RT. The 001 and 001* peaks are present at 20 angles of ~5.7
and ~6.1° but are convoluted with periodic peaks between 4 and
10° corresponding to reflections from the underlying n-alkyl PA/

HfO, dielectric.

For pentacene films deposited at Ts = 60 °C, as the
number of carbon atoms of the SAM increases from C6 to
C18, the intensity of the (00))* diffraction peaks increases
relative to that of the (000) peaks, with an abrupt change
between C14 to C16 (Figure 7a and graphically represented
in Figure 9¢). PEN-BARE deposited at Ts 60 °C has similar
intensities of both (00]) and (00)*. Rocking curves of (001)
and (00)* peaks indicate that the degree of orientation of
the “thin film” and “bulk” phases do not change with the
number of carbon atoms in the SAM. Therefore, we have
interpreted changes in relative intensity of diffraction peaks
to be indicative of changes in relative concentration of the
two phases. In addition, pentacene films deposited at Ts =
RT on BARE and C6 to C14 exhibit far greater intensity of
the (000) diffraction peaks compared to those deposited on
C16 and C18 (Figure 7b). That we see the presence of the
“bulk phase” at Ts=RT on (C10, C12, C14, Cl6, C18)
suggested that as the SAM becomes more ordered the
growth of the “bulk phase” is promoted. For both Ts = 60
°C and Ts = RT, the higher concentration of the “bulk phase”
seen on more ordered SAMs (C16 and C18) versus that on
more disordered SAMs (C6—C14) is concomitant with the
results from AFM of island growth of small grain sizes on
ordered SAMs (C16 and C18) versus layer-by-island growth
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FIGURE 8. Electrical characteristics of OTFT using C8/HfO, hybrid
dielectric and pentacene deposited at 60 °C. (a) Output character-
istics (Iss Vs Vas). (b) Transfer curve [—Iy Vs Vg, (—Iss)'? vs V] at a
constant V4, of —2.0 V for C8/HfO, hybrid dielectric (solid lines) and
bare HfO, (dashed lines) (channel length = 90 um; channel width
= 9000 um).

of large grain sizes on more disordered SAMs (C6—C14).
Similar to the above hypothesis from AFM morphology
results, we believe that the formation of the “bulk phase” in
pentacene films on more ordered longer chain SAMs results
from a decreased D due to quasi-epitaxial pentacene growth
and/or increased nanoscale heterogeneity of the corre-
sponding SAM. The presence of abrupt domain boundaries
in ordered longer chain SAMs may not only promote island
growth but also the formation of the “bulk phase” in the
corresponding thin film.

3.3. Low-Voltage OTFT Characterization. Low-
voltage top contact OTFTs were fabricated by sequentially
thermally evaporating pentacene and gold through shadow
masks onto hybrid dielectrics. As can be seen from output
and transfer curve characteristics of PEN-C8 on HfO, at Ts
= 60 °C in Figure 8, high-quality devices with low hysteresis
and operating voltages under —2.0 V are achieved by
employing the n-alkyl SAM/HfO, hybrid dielectrics. For PEN-
C8, device performance include, average saturation-field-
effect mobilities (u) of 1.57 cm? V7' s7! (tmax = 1.8 cm? V!
s, on-off current ratios (Io/lox) greater than 1 x 109,
threshold voltages (V) of —0.58 V, and low subthreshold
swings (S) of 110 mV dec™'. These are comparable to the
best reported device performances for low-voltage penta-
cene OTFTs to date (14, 15, 28, 30, 35, 84, 85). The
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Table 2. Pentacene OTFT Data for Different n-Alkyl
PA SAMs on HfO,*

1 (60 °C) « (RT)

SAM  (cm?V7's™) (em?V'sTh V.(V) SmVdec) Lo/l
C18 0.87 £ 0.09 0.25 £ 0.08 —1.06 110 1 x 10°
Cl6 1.11 £0.05 0.30 £ 0.03 —0.88 110 1 x 10°
Cl4 1.50£0.12 0.82 £ 0.03 —0.86 110 1 x 10°
C12 1.51 £0.16 1.09 £0.02 —0.69 100 1 x 10°
C10 1.50 £ 0.08 0.84£0.13 —0.59 100 1 x 10°
C8 1.57 £0.23 0.74 £ 0.03 —0.58 110 1 x 10°
Cc6 1.09 &+ 0.56 £ 0.04 —0.56 120 1 x 10°
BARE 0.28 +£0.02 0.29 £0.02 —1.18 150 1 x 10°

“Values for V,, S, and I/l are for OTFTs with Ts = 60 °C.

systematic improvements in the device performance when
comparing PEN-C8 to PEN-BARE (Table 2 and Figure 8b)
affirms that the presence of the SAM improves the quality
of the OSC/dielectric interface through interfacial modifica-
tion. Lower V,, lower S, and significantly higher u, observed
for most n-alkyl PA SAMs versus BARE is consistent with
reducing the adverse effects of the high-k dielectric surface
on device performance by (1) the binding of PA headgroups
to —OH trap sites on the surface and (2) the physical
thickness of the SAM acting to mitigate the induced ionic
polarization between charge carriers and the high-k ionic
lattice. However, when comparing OTFT results between
different n-alkyl PA SAMs, there are variable differences
particularly in u that requires discussion in detail.

For Ts = RT, there are two systematic trends that are
observable for u when comparing different n-alkyl PA SAM/
HfO, hybrid dielectrics (Table 2 and Figure 9a). These trends
are as follows: (1) by increasing number of carbon atoms of
the SAM from C6 to C12 there is a clear improvement in u
from 0.56 to 1.09 cm? V™! s7!, respectively, and (2) as the
number of carbon atoms in the SAM is increased further
from C12 to C18 there is a precipitous reduction in u back
down to below that of BARE at 0.25 cm? V™! s! for PEN-
C18. For Ts = 60 °C, trend 1 holds for increasing the length
of the SAM from C6 to C8, however, increasing the length
from C8 to C14 the value for u is relatively constant at 1.5
cm? V™! s7! Upon increasing the length of the SAM further
from C14 to C18 for Ts = 60 °C, trend 2 is maintained with
the observed drop in u back down to 0.87 cm? V™! s™! for
PEN-C18.

Of these two trends, only 2 is predictable from pentacene
grain size and XRD results (Figure 9b,c). It is expected that
a decrease in 4 would accompany a decrease in grain size
and increased relative presence of the “bulk phase” (57). The
observed decrease in u for PEN-C16 and PEN-C18 coincides
with the increased order of the SAM as seen by FTIR (Figure
9d) and is corroborated by small pentacene grain size and
the significantly reduced relative amount of the “thin film
phase” polymorph. Our findings for trend 2 are in agreement
with recent findings of pentacene deposited on ordered/
disordered n-alkyl silane SAMs on SiO, (47). However,
contrary to disordered short chain SAMs on SiO, showing
the highest u (47), here more disordered SAMs on high-k
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FIGURE 9. Variation in the (a) field-effect mobility in low-voltage
OTFTs, (b) pentacene grain size, (c) relative fraction of (001) versus
(00)* polymorph, (d) asymmetric [v,(CH;)] and symmetric
[vs(CH3)] stretch, and (e) thickness of the SAM as a function of
the number of carbon atoms in the n-alkyl phosphonic acid SAM
on HfO,. Data show results for pentacene deposited at Ts of 60
°C (circles) and 25 °C (squares). In c, relative fraction (R) of the
(001) polymorph is calculated from the average intensities (I) of
the corresponding (001) and (00l)* peaks found in Figure 7 using
the equation R = Igop/[I 001 1+ I00p+]. In d, data for v,(CH,) and v4(CH>)
are used to qualitatively show how the SAMs order increases with
increased number of carbon atoms.
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HfO, do not necessarily result in the highest u, as evident
from trend 1.

Trend 1 is concomitant with an increase in the observed
thickness of the SAMs from capacitance frequency measure-
ments (Figure 9e). We hypothesize that, although the disor-
dered nature of all SAMs from C6 to C14 promote large
pentacene grain sizes, in order to achieve high 4, SAMs must
also maintain a thickness above 10 A to aid in physically
buffering the highly polarizable ionic lattice of HfO, from
forming polarons with the charge carriers in pentacene.
From PEN-C6 to PEN-C12, whereas the observed increase
in relative presence of the “bulk phase” should act to reduce
u, and the similar pentacene grain size between films is
expected to result in similar u, the data shows u increasing,
further corroborating the SAMSs critical role as a physical
buffer. That u of PEN-C8, PEN-C10, PEN-C12, and PEN-C14
at Ts = 60 °C is not significantly different may result from a
greater disorder of the SAM at 60 °C. It is well known that
for simple alkyl SAMs, with increased temperature, more
conformational disorder from gauche defects in the SAM is
observed (86—88). Therefore, a greater disorder of the
n-alkyl PA SAMs at Ts = 60 °C may account for the large
pentacene grain size formation for PEN-C6 through PEN-
C14, in turn overriding the advantageous effect of the SAMs
thickness observed at Ts = RT. However, as inferred from
the improvement in 4 comparing PEN-BARE, PEN-C6, and
PEN-C8 at Ts = 60 °C, the presence of a disordered SAM
still requires a physical thickness to block the adverse affects
of the high-k metal oxide.

4. CONCLUSIONS
In conclusion, we have demonstrated high-perfor-

mance OTFTs based on n-alkyl PA SAM/HfO, hybrid
dielectrics utilizing the combined advantages of SAMs for
control over the OSC/dielectric interface and high-k metal
oxides for low-voltage operation. Employing these SAM/
HfO, hybrid dielectrics, pentacene based OTFTs operate
under —2.0 V with low hysteresis, on-off current ratios
above 1 x 10°, threshold voltages below —0.6 V, sub-
threshold slopes as low as 100 mV dec™!, and field effect
mobilities as high as 1.8 cm? V™! s™'. Furthermore, we
have shown that by systematically varying the number
of carbon atoms from C6 to C18 the OSC/dielectric
interface can be controlled to tailor the low-voltage OTFT
device performance. We find that high field-effect mobility
comes at balance between disordered SAMs to promote
large pentacene grains and a thick enough SAM to acting
as a physical buffer to mitigate the adverse effects of the
underlying high-k surface. These results provide insights
for choosing suitable functional SAMs for interfacial modi-
fication in OTFTs, especially the SAMs used in low-voltage
OTFTs employing SAM/ultrathin oxide hybrid dielectrics.
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