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ABSTRACT: Improved organic field-effect transistor
(OFET) performance through a polymer-oligomer semi-
conductor blend approach is demonstrated. Incorporation of
2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]thiophene
(BTTT) into poly(3-hexylthiophene) (P3HT) thin films leads
to approximately a 5-fold increase in charge carrier mobility, a
10-fold increase in current on−off ratio, and concomitantly, a
decreased threshold voltage to as low as 1.7 V in comparison
to single component thin films. The blend approach required
no pre- and/or post treatments, and processing was conducted
under ambient conditions. The correlation of crystallinity,
surface morphology and photophysical properties of the blend thin films was systematically investigated via X-ray diffraction,
atomic force microscopy and optical absorption measurements respectively, as a function of blend composition. The dependence
of thin-film morphology on the blend composition is illustrated for the P3HT:BTTT system. The blend approach provides an
alternative avenue to combine the advantageous properties of conjugated polymers and oligomers for optimized semiconductor
performance.
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■ INTRODUCTION

Organic field-effect transistors (OFETs) have attracted
considerable attention because of their facile processability,
chemical tunability, potential for low-cost, high-throughput
fabrication over large-area flexible plastic substrates, and
compatibility with a wide range of optoelectronic devices,
such as flat-panel displays, disposable sensors, radio frequency
identification tags, and so forth.1−4 P3HT is a commercially
available and widely investigated hole transport conjugated
polymer, which lends itself to investigation of the correlation
between thin-film microstructure and charge-transport per-
formance. To date, many different processing methods have
been proposed, such as poor solvent addition,5 shear-
induction,6 and ultrasonication,7 with the aim of increasing
P3HT chain ordering and alignment, thus enhancing effective
charge carrier transport within the polymer films.
In addition, intrinsic molecular parameters such as molecular

weight (MW) and regioregularity (RR) play a crucial role in
conjugated polymer supramolecular assembly and resultant

charge-transport properties.8−12 For example, Kline et al.13

reported that the low MW samples with higher degree of
crystallinity have mobilities much lower than high MW P3HT
thin films with a relatively amorphous structure. The more
defined grain boundaries between rodlike crystals in the low
MW films were responsible for their low mobility. In contrast,
the longer chains associated with high MW polymer thin films
facilitated the connectivity between the ordered regions and
provided a pathway for effective charge transport. The longer
chains also increased opportunities for charge hopping to
neighboring chains, resulting in increased mobility.
Although conjugated polymer semiconductors can have

certain processing and morphological advantages over their
oligomer counterparts, polymers have their own issues. For
instance, chain entanglement, chain folding, and broad
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polydispersity, which lead to a decrease in crystallinity can
negatively impact charge carrier mobility.14,15 A straightforward
approach to address these problems is to blend oligomer and
polymer semiconducting materials to take advantage of the
attributes of both components, while concomitantly compen-
sating for the disadvantages. The resultant blend thin films are
expected to combine the high crystallinity of the oligomers with
the morphological features and interchain connectivity
associated with the polymer component.
The polymer−oligomer blend approach was first reported by

Russell et al.,16 who showed that P3HT thin-film mobility can
be enhanced almost 10-fold by incorporating the conjugated
oligomer, dihexyl-quarterthiophene (DH4T). These devices
exhibited a pronounced mobility enhancement as the DH4T
concentration increased from 20 to 35 wt %. The mobility
saturated (μFET = 0.01 cm2/(V s)) when P3HT was blended
with 50 wt % DH4T. The improved charge-transport
performance was ascribed to the formation of oligomer crystals
embedded in the polymer matrix, while effective charge-
transport percolation pathways formed. In another study, Orgiu
et al.17 demonstrated that charge carrier mobility of P3HT
increases when the semiconducting oligomer, 5,5′-bis(4-n-
hexylphenyl)-2,2′-bithiophene (dH-PTTP), is codeposited with

the polymer. Mansouri and co-workers18 further investigated
the photosensing and electrical properties of organic thin-film
transistors based on the blend of TIPS-pentacene and P3HT
prepared by solution processing. Recent work by Gemayel et
al.19 proposed a new strategy to improve transistor performance
and showed the potential for P3HT:graphene nanoribbon
(GNR) blends.
Although the results reported to date showed that field-effect

mobilities can be improved through a polymer−oligomer blend
approach, a number of serious issues remain: a high threshold
voltage (Vth) (|Vth| > 10 V), or need for additional pre- or post-
treatments to avoid the compromising Vth and on−off current
ratio (Ion/Ioff) are representative examples. Low Vth is required
for devices to be compatible with the operating voltages of low
power consumption logic circuits and portable electronic
devices. However, control of Vth to a value close to zero
remains difficult.
Herein, the conjugated oligothiophene, BTTT (Figure 1b), is

incorporated into P3HT thin films with the aim of improving
overall semiconducting performance, not only as measured by
mobility, but also by Vth and Ion/Ioff ratio. BTTT was selected as
the oligomeric small molecule component due to its planar
symmetrical fused aromatic rigid frame, i.e., thieno[3,2-

Figure 1. (a) Normalized UV−vis absorption spectra of P3HT:BTTT blend solutions with varying P3HT:BTTT blend ratio. (b) Molecular
structures of P3HT and BTTT. (c) UV−vis absorption spectra and (d) normalized UV−vis absorption spectra of P3HT:BTTT blend thin films with
different blend percentages of BTTT with respect to P3HT. (The normalized absorption bands for 90 and 100% blend thin films are not provided
because the peaks at ca. 550 nm are too small or absent.)
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b]thiophene, which promotes the formation of highly ordered
crystalline domains. Also, relative to the thiophene ring
structure of P3HT, the thienothiophene is more stable with
regards to oxidation. Blended thin films were deposited in the
absence of electrode or dielectric treatment with self-assembled
monolayers or post-treatments such as thermal annealing. All
thin-film deposition processing was conducted under ambient
conditions using a volatile, low boiling point solvent. These
features are compatible with solution processing under
nonstringent fabrication conditions and high-throughput
processing.

■ RESULTS AND DISCUSSION
The optical absorption spectra obtained from P3HT:BTTT
solution and corresponding blend thin films were measured by
UV−vis spectroscopy as shown in Figure 1. In solution (Figure
1a), pristine P3HT (0% BTTT) exhibits a single absorption
maximum, λmax, associated with the π−π* intraband transition
at ca. 450 nm, consistent with previous reports.20−22 For the
100% BTTT oligomer solution, λmax appears at ca. 350 nm and
does not overlap with the pristine P3HT absorbance. Both
distinct absorption bands can be observed in the polymer-
oligomer blend solutions and the peak intensities vary with the
blend ratios. The P3HT absorption bands associated with
vibronic structure showing a 0−0 transition at ca. 605 nm and a
0−1 vibronic sideband at ca.550 nm are absent in the
solutions.22−24

In contrast to the solution results, P3HT:BTTT blend thin
films exhibit notably different UV−vis spectral features (Figure
1c). The absorption bands at ca. 550 nm and ca. 340 nm
represent the P3HT and BTTT π−π* intraband transitions,
respectively. The ratios of these bands are consistent with the
polymer:oligomer proportions. In addition, the P3HT
absorption peaks show an apparent red-shift (from ca. 450 to
ca. 550 nm) with respect to the corresponding solution state
spectra due to a higher degree of polymer chain planarization in
the solid state.25,26 To gain insight into the development of the
P3HT absorption bands, we normalized the bands at ca. 550
nm, as shown in Figure 1d. Unlike the identical solution state
P3HT spectral features with different blend ratios, the
absorption bands in the solid state display a bathochromic
shift as a function of additional oligomer concentration,

meanwhile the weak absorption band at ca. 605 nm becomes
progressively more pronounced. These features are both
ascribed to enhancement of cofacial π−π stacking and/or
planarization of the conjugated backbone.5,22,24

The model by Spano enables a quantitative analysis of P3HT
absorption spectra with respect to the analysis of intra- and
intermolecular ordering of polymer chains.26−28 The film
absorption spectra are composed of a crystalline region because
of ordered chains and an amorphous higher energy region due
to disordered chains.28 Within the crystalline regions, interchain
coupling contributes to the formation of vibronic bands. The
magnitude of interchain coupling can be estimated from the
ratio of the 0−0 and 0−1 vibronic bands, which correlates with
the free exciton bandwidth (W) of the aggregates.24,28,29 A
decrease of W can be ascribed to an increase in conjugation
length and/or chain ordering. The values of W were calculated
by the following eq 1.
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I0−0 and I0−1 represent the intensities of the 0−0 and 0−1
transitions, respectively obtained from fits to the experimental
spectra (Figure S1a−e in the Supporting Information). Ep
denotes the vibrational energy of the symmetric vinyl stretch
at 0.18 eV.26,28,29 The W value of both pristine P3HT and
blend solutions could not be estimated since no aggregation
was observed in the solution state. However, W for pristine
P3HT thin film appears at 158.4 meV as shown in Figure S1f in
the Supporting Information. Notably, this value continuously
decreased to 93.35 meV with increased BTTT blend ratio up to
70%, suggesting that inclusion of the crystalline oligomer into
the P3HT matrix may promote intermolecular ordering with
increasing oligomer concentration.
Grazing incidence X-ray diffraction (GIXD) measurements

were performed to confirm P3HT:BTTT blend thin-film
microstructure as shown in Figure 2a. For pristine P3HT, the
diffractogram presents a relatively weak and broad (100) peak
associated with a lamellar packing structure of polymer
chains,30−32 and is indicative of either less ordering or an
amorphous morphology. In contrast to the polymer thin film
where crystallinity might be inhibited by chain entanglement,

Figure 2. (a) GIXD profiles of P3HT:BTTT blend thin films with varying additional oligomer concentrations. (b) fwhm of (100) peaks and
corresponding size of crystallites as a function of P3HT:BTTT blend ratio.
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chain folding, or polydispersity, oligomer or low-molecular-
weight polymers crystallize more readily during rapid thin-film
forming conditions such as spin coating.14 Thus, it can be
expected that addition of the oligomer led to an increase in
(100) peak intensity, which could be ascribed to either an
increase in individual crystal size, number of crystallites, or
both.23 Pure, drop-cast BTTT and P3HT thin films were also
measured by GIXD as shown in Figure S6 in the Supporting
Information. The results reveal that the pristine semiconductors
exhibit diffraction peaks at 2θ = 5.40° (d-spacing = 16.35 Å)
and 2θ = 5.43° (d-spacing =16.26 Å), respectively, which are in
close proximity to each other. Overlap between the XRD peaks
makes it difficult to evaluate the improvement of P3HT
crystallinity in blend thin films. Fortunately, the P3HT and
BTTT thin films show a distinct absorption band, which can
provide an alternative perspective to evaluate polymer chain
structural ordering in the two-component system. As discussed
above, UV−vis spectral analysis suggests that not only does the
crystalline BTTT contribute to the enhanced diffraction peaks
of blends but the enhancement can also partially be attributed
to improved P3HT ordering. The size of the crystalline
domains could be further estimated using the Scherrer

equation,33,34 where λ is the incident X-ray wavelength, K is a
crystallite-shape factor, θ is the Bragg angle, B is the full-width
at half-maximum (fwhm) obtained from the X-ray diffraction
peak in radians, and L represents the size of crystallites.

λ
θ

=L
K

Bcos (2)

In the case of pristine P3HT thin films, the value of L could
not be calculated because of the amorphous morphology. With
an increase in BTTT weight percent, the (100) peak fwhm
decreased. Thus, the calculated crystallite size grew from about
70 to roughly 180 Å as shown in Figure 2b.
P3HT:BTTT blend thin-film surface morphologies were

investigated by tapping mode Atomic Force Microscopy
(AFM). Phase and height images (2 × 2 μm) of the blends
are presented in Figure 3 and Figure S2 in the Supporting
Information, respectively. For pristine P3HT or blend thin films
with low levels of BTTT, the topographic images appear
featureless and lack texture, consistent with the amorphous
structure observed through XRD analysis. However, islandlike
features begins to appear and increase in size as the BTTT
weight ratio rose over 30%. Concomitantly, surface roughness

Figure 3. Tapping mode AFM phase images (upper) and corresponding 3D height images (lower) of P3HT:BTTT blend thin films, fabricating with
a range of BTTT weight percentage in blend films (a) 0%, pristine P3HT, (b) 10%, (c) 30%, (d) 50%, (e) 70%, (f) 90%, (g) 100%, pristine BTTT.
The scan area of all images was 2 × 2 μm.
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increased from 0.6 to 9.7 nm as shown in Figure S3 in the
Supporting Information, in further support of increased thin-
film crystallinity and molecular ordering. The images suggest
that the polymer:oligomer blend thin films are comprised of
crystals separated by an amorphous matrix. Increasing the
oligomer fraction further, the crystal size became larger and
then near 100%, evolved into a terracelike film structure with
decreased surface roughness (9.7 to 3.9 nm). It is worth noting
that although pristine BTTT shows a highly ordered structure
compared to pristine P3HT or blended thin films, the crystal
size is not sufficient to fully cover the active channel (50 μm).
Thus, charge transport between source and drain electrodes
may be limited because of the large number of grain
boundaries, and lack of interconnectivity between domains.
The charge-carrier transport properties of P3HT:BTTT

blend thin films were investigated by spin coating respective
blend solutions onto bottom-gate bottom-contact field-effect
transistor substrates. The channel length and width between
source and drain gold electrodes was 50 μm and 2 mm,
respectively. Figure 4a, c, d depicts the transfer and output
curves for devices fabricated with P3HT:BTTT blends, and the

resulting average mobilities, as a function of the BTTT weight
percent, are presented in Figure 4b. The average mobility was
calculated in the saturation regime at −80 V drain voltage.
As shown in Figure 4b, the pristine P3HT thin film exhibited

a mobility (9.37 ± 1.00 × 10−3 cm2/(V s)) and large threshold
voltage (40.0 ± 5.0 V). All devices were fabricated under
ambient conditions with no electrode/dielectric surface treat-
ment or postdeposition processing such as thermal annealing
were employed. Hence, residual doping and/or acceptor-like
traps at the P3HT-oxide interface are inevitable and are likely
responsible for the high threshold voltage.35,36 In other words, a
decrease in carrier trap density is favorable for decreasing the
threshold voltage. However, P3HT is very susceptible to
atmospheric oxygen due to its relatively low ionization potential
(IP).37−39 Thus, some oxygen is expected to diffuse into the
P3HT thin films generating a P3HT-O2 complex, which can act
as a charge carrier trap and lead to a positive shift in threshold
voltage.40−44

The semiconducting performance did not show any
improvement upon addition of a small quantity of BTTT
(10%). However, the charge carrier mobility was enhanced

Figure 4. (a) Transfer characteristics of P3HT:BTTT blend OFET devices with different blend percentages of BTTT with respect to P3HT (VD =
−80 V). (b) Average field-effect mobility and threshold voltage obtained from P3HT:BTTT blend OFET devices as a function of oligomer
concentrations. Output characteristics of (c) pristine P3HT and (d) 50% P3HT:BTTT blend thin film measured from different gate voltage (VG = 0
to −80 V).
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approximately 5-fold with a BTTT weight ratio up to 50%.
Significantly, the threshold voltage decreased from 40.0 ± 5.0 V
to 1.7 ± 4.3 V, whereas the current on/off ratio improved from
1 × 104 to 1 × 105 as shown in Figure 4a-b. Additionally, the
output characteristics of the 1:1 P3HT:BTTT blend thin film
presents apparently different features with respect to pristine
P3HT, which showed only partial saturation. An ideal OFET
should enter the saturation region when VD ≥ (VG − VT). In
other words, further increases in VD should yield no additional
drain current. As shown in Figure 4c, pristine P3HT devices
exhibit much higher drain currents with no applied gate voltage
(VG = 0 V), suggesting a significant parasitic bulk
conductivity.42 Horowitz et al.44 revealed that this “ohmic”
current behavior in pristine P3HT devices can be ascribed to p-
doping of the mobile impurities in polythiophene, particularly
since all device fabrication was carried out under ambient
conditions. These mobile dopants are likely to migrate in the
electric field, resulting in nonsaturated drain current. In
contrast, the issues associated with p-doping were markedly
diminished when 50% BTTT was incorporated into the P3HT
thin film and afforded saturated output characteristics as shown
in Figure 4d.
The device characterization results are consistent with UV−

vis and XRD data demonstrating increased molecular ordering
upon incorporation of the crystalline oligomer BTTT into
P3HT thin films leading to more effective charge carrier
transport pathways. Also, because a larger fraction of oxygen
sensitive P3HT was substituted with the air-stable crystalline
oligomers having relatively deep highest occupied molecular
orbitals (HOMO), the blend thin films acquired greater
resistance against oxidative doping, resulting in a substantial
decrease in threshold voltage and increase in on/off ratio.
In order to further confirm the above assumption, the

intrinsic work function (ϕ) and IP of the parent semi-
conductors and their respective blends were determined by
ultraviolet photoelectron spectroscopy (UPS). The UPS
spectra and corresponding IP for the blend thin films are
provided in Figure S4 in the Supporting Information and
Figure 5, respectively. The pristine P3HT thin film exhibited a
relatively low IP at 4.57 ± 0.07 eV, in agreement with

previously reported results.45,46 In contrast, the IP for BTTT is
at about 5.20 ± 0.02 eV, approximately 0.6 eV higher than the
conjugated polymer, suggesting greater environmental stability.
For the blends, the UPS spectra for the onset of the secondary
electron cut off energy, shift to a lower binding energy as the
BTTT weight ratio increased (Figure S4 in the Supporting
Information). This shift is indicative of a deeper HOMO energy
level and concomitant reduction in the impact of unintentional
oxidative doping, which could severely deteriorate device
charge-transport performance.
Device performance peaks at a 1:1 blend ratio, followed by

an abrupt decrease in thin-film mobility upon further increases
in the fraction of BTTT. From XRD analysis, the highest
crystallinity of the blend thin films was observed when the
oligomer concentration exceeded 90%. Nevertheless, the 90%
blend exhibited inferior charge-transport performance, and no
macroscopic mobility could be measured from solution
processed, pristine BTTT thin films. Zheng et al.47

demonstrated that a pristine BTTT thin film exhibits charge-
transport properties when the high boiling point solvent,
chlorobenzene (bp = 131 °C) was used for device fabrication.
However, the mobility was limited by rapid solvent evaporation
during solution processing. The deterioration of OFET
performance when the oligomer became the majority
component of the blend thin film will be further discussed
below.
Scheme 1 presents a schematic illustration of the evolution of

thin-film morphology for P3HT:BTTT blends as the oligomer
weight ratio increases. UV−vis, XRD, and AFM results suggest
that the molecular ordering of a pristine P3HT thin film is
inhibited by intrinsic polymer properties such as long-chain
entanglement during the kinetically limited spin coating process
which results in poor charge-transport performance. As an
appropriate amount of BTTT is incorporated into the P3HT
thin films, island-like crystal domains appear, and are embedded
in an amorphous matrix. Meanwhile, the long polymer chains
can serve as interconnection pathways between crystalline
domains, which are isolated by disordered regions. The
interconnecting polymer chains minimize the possibility that
charge carriers will be trapped at grain boundaries. Above the
optimum blend ratio, further increase in the proportion of
BTTT leads to a negative impact on charge transport. The
deterioration in semiconducting performance can be ascribed to
two root causes. First, as observed from the AFM images
(Figure 3), there are a relatively large number of grain
boundaries present in thin films prepared with a high
proportion of BTTT. Kelley et al.48 demonstrated that the
presence of grain boundaries produce an energy barrier and
increase contact resistance, hence preventing effective charge
transport between grains. Second, P3HT polymer chains, which
can bridge and connect the large crystal domains are absent in
the high oligomer concentration thin films, thereby severely
limiting the formation of charge percolation paths between
crystals. These results confirm that crystallinity is, in and of
itself, insufficient for effective macroscopic organic/polymer
charge carrier transport performance, and increased con-
nectivity between the crystalline domains must also be
considered.13,49

■ CONCLUSION
In conclusion, the overall macroscopic charge carrier transport
performance of a representative solution processable, polymer
semiconductor, P3HT, was significantly improved through a

Figure 5. Ionization potential of P3HT:BTTT blend thin films as a
function of the weight percentage of BTTT with respect to P3HT in
the blend films.
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blend approach where the oligomer BTTT was incorporated
into the polymer thin films. The surface morphology and thin-
film crystallinity was tunable by varying the weight fraction of
oligomer. The macroscopic charge carrier transport properties,
as determined by OFET performance, were optimum at a 1:1
blend ratio because of synergistic effects in the two-component
system. The incorporation of the crystalline oligomer into
P3HT is favorable for the formation of supramolecular ordered
morphologies during the rapid thin-film formation process.
Meanwhile, the presence of the long chain polymer appears to
reduce the negative impact of grain boundaries between small
crystalline domains, leading to more effective charge hopping
between transport sites. Furthermore, the remarkable decrease
in Vth in the absence of surface treatment or annealing steps
underscores the advantages of this approach for low-cost, large-
area, flexible electronics fabrication.

■ EXPERIMENTAL SECTION
Materials. The P3HT (Mw: 60k, PDI: 1.9 RR: 96%) and

chloroform (anhydrous grade) were purchased from Rieke Metals
Inc. and Sigma-Aldrich, respectively, and used without further
purification. The BTTT was synthesized according to the literature
procedure.47

Organic Field-Effect Transistor (OFET) Fabrication and
Characterization. The bottom-gate bottom-contact OFET substrates
were fabricated using a heavily n- doped silicon wafer as the gate
electrode. A 300 nm thick layer of thermally grown SiO2 served as the
gate dielectric. The 50 nm Au source and drain electrodes with 3 nm
Cr as the adhesion layer were both deposited via standard
photolithography based lift-off processing, followed by E-beam
evaporation onto the SiO2 layer. Before semiconducting layer
deposition, all devices were cleaned in an ultrasound cleaning bath
and sequentially rinsed with acetone, methanol and isopropanol. At
the final step of the cleaning process, the devices were exposed to UV-
ozone to ensure complete removal of residual photoresist and other
organic contaminants. Before the thin-film formation process, pristine
P3HT (0.33 wt %) and BTTT (0.33 wt %) solutions were prepared in
CHCl3 at ca. 55 °C with stirring. Subsequently, the respective blend
solutions were prepared by mixing the defined ratios of the well-
dissolved pristine P3HT and BTTT solutions as listed in Table S2 in
the Supporting Information. The fabrication of OFET devices was
completed by spin-coating P3HT:BTTT blend solutions onto the
precleaned substrates under ambient condition.
All OFET electrical properties were tested using an Agilent 4155C

semiconductor parameter analyzer. The field-effect mobilities, thresh-
old voltage and current on−off ratios were calculated in the saturation
regime (VDS = −80 V) from the transfer plot of VG versus IDS and
using the following equation

μ= −I
WC

L
V V

2
( )DS

ox
GS th

2
(3)

where W and L refer to the channel length (50 μm) and width (2
mm), respectively, μ represents the hole mobility, Vth is the threshold

voltage, and Cox is the capacitance per unit area of the SiO2 gate
dielectric (1.15 × 10−8 F/cm2).

UV−Vis Spectroscopy. The solution and solid state UV−vis
spectra were measured by using an Agilent HP 8510 UV−vis
spectrophotometer. The thin films for the solid-state studies were
prepared by spin coating the relevant solution onto precleaned glass
slides, which had undergone the same clean procedure as indicated
above for OFET devices.

Grazing Incidence X-ray Diffraction (GIXD). Out-of-plane
grazing incidence X-ray diffractograms were collected using a
Panalytical X’Pert Pro system equipped with a Cu Ka X-ray irradiation
source (λ = 1.541 Å), and operating at 45 kV and 40 mA. The X-ray
incidence angle was fixed at 0.2° and the detector was scanned from 3
to 30°. The samples for GIXD characterization were prepared by spin-
coating relevant solutions onto silicon substrates, having a 300 nm
silicon oxide layer.

Atomic Force Microscopy (AFM). The surface morphology of
the blend thin films with different blend ratios were characterized by
AFM using a Bruker Dimension Icon atomic force microscopy system,
operating in tapping mode with a silicon tip (TAP150, Bruker).

Ultraviolet Photoelectron Spectroscopy (UPS). Ultraviolet
Photoelectron Spectra were obtained on a Kratos Axis Ultra DLD
XPS/UPS system, using a 21.2 eV He-ion UV light source. The UPS
data were recorded at a 5 eV pass energy and 0.05 eV step size with the
spot diameter set to 55 μm. The ionization potential (IP = −HOMO)
and work function (ϕ) were calculated by the following eqs 4 and 5

ε= − −hv EIP ( )cutoff V
F

(4)

= −hv EØ cutoff (5)

where hν, Ecutoff, εV
F denote the incident photo energy (He I, 21.2 eV),

the secondary electron cutoff energy value, and the lowest binding
energy point, respectively.
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