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ABSTRACT: Self-assembled monolayers (SAMs) formed from P

thiol compounds bound to Ag and Au electrodes have been used N "
as an important strategy in improving the stability and efficiency of . .rreer QoD

optoelectronic devices. Thiol compounds provide only one binding coesy N

site with the metal electrode which limits their influence. J/(© J) "

Dithiolane/dithiol compounds can provide multiple binding sites = sam o o o OO (((((
and could be useful in enhancing the performance of the device. In o o o

this study, inverted organic semiconducting hole-only devices were /\f

fabricated by using Ag back electrodes in conjunction with SAMs
formed from disulfide lipoic acid-based compounds and were
compared to a long aliphatic chain thiol. The binding and the
electronic properties as well as electrical characteristics of the SAMs on silver were studied to look at the influence of their structure
on charge injection in the organic semiconductor devices. It was found that the SAMs formed with (+)-a-lipoic acid, isolipoic acid,
and (+)-4-phenylbutyl S-(1,2-dithiolan-3-yl) pentanoate significantly improved the charge injection by either changing the work
function of the Ag or altering the physical interaction between the polymer and the metal surface. This study may lead to an
understanding of how the nature of the functional groups of the SAM and the number of bonds formed between each SAM molecule
and the metal electrode influence the contact resistance and the performance of organic semiconductor devices.

§s §s §s  §8 s
[y
PhBUL/Ag BuL/Ag alA/Ag iLA/Ag

1DT/Ag

KEYWORDS: self-assembled monolayers, organic semiconductors, lipoic acid, silver electrodes, inverted devices, thiols, dithiolanes

1. INTRODUCTION function, and good conductivity. Disadvantages of the
conventional fabrication method include the rigidity, high
cost, and high embodied energy of ITO as well as the difficulty
in controlling the morphology of the surface of the metal
electrode that is deposited on top of the semiconductor/
interfacial layers.

Furthermore, it is advantageous to be able to control the
surface morphology of metal electrodes in contact with the
semiconductor layer, because, metals are playing an increas-
ingly important role in promoting optimal light management in
thin-ilm optoelectronic devices. For example, gratings are
often imprinted into the organic layer prior to depositing the
metal layer in OLED devices to outcouple surface plasmon

larit that Id otherwise significantl light
shown increased stability when moisture-sensitive interfacial poartions ﬂia' w01118d }? efrw1seh51gn1 Cinly recfluﬁe ' 1
materials, such as PEDOT:PSS, are replaced with more stable extraction efficiency. - Therefore, the morphology of the meta
metal o x; de interfacial laye'rs 1112,14,15 electrode is highly dependent on the surface morphology of

There are two general methods for the fabrication of organic the organic semiconductor layer, which is known to vary
semiconductor optoelectronic devices: the first fabrication
method involves ITO/glass electrodes with metal electrode
deposition as the last step (conventional fabrication); the
second method involves building the device on top of the
metal electrode (inverted fabrication).'®'” The conventional
fabrication method is ubiquitous for organic optoelectronic
devices because ITO/glass has high transparency, high work

Organic semiconductors are of considerable interest for a wide
range of electronic and optoelectronic devices including
organic field-effect transistors (OFETs), sensors, light-emitting
diodes (LEDs) and photovoltaics (PVs).'™” In the field of
organic optoelectronics, device efficiency and device stability
are the most important and critical issues. In the past decades,
many strategies have been developed to enhance the
efficiencies of organic optoelectronic devices, including
incorporation of additives in the active layer;*~'® addition of
specific interfacial layers between the semiconductor and the
electrodes,’’ and development of new device architec-
tures.''~'* Additionally, organic optoelectronic devices have
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substantially depending on processing conditions. As a result,
control of the metal electrode morphology is not possible with
the conventional fabrication method for organic optoelectronic
devices.

The inverted fabrication method allows control of the
structure and morphology of the metal surface to achieve a
variety of photonic and plasmonic behavior in devices.'”**
Different metals, including Au, Al, Ag, and Cu, can play
significant roles in light management because they can support
surface plasmons at different wavelengths in the visible and
near-infrared ranges. In particular, Ag serves as an excellent
electrode for optoelectronic devices because of its low optical
loss (absence of interband electronic absorption in the visible
spectral range), high reflectivity, and high conductivity.'®™>°
However, the work function of Ag (~4.4 eV) often does not
match well with either of the frontier orbital energies of the
organic semiconductor. 2328 Therefore, Ag electrodes must be
used in combination with a suitable interfacial layer to
minimize barriers to electron or hole collection and to
improve adhesion and interaction with the organic semi-
conductor. Finally, it is difficult to maintain a pristine Ag
surface during fabrication and operation because of surface
oxidation or adsorption of impurities. Therefore, it is essential
to find interfacial layers that can passivate Ag while enabling
charge transport to/from the organic semiconductor.

Self-assembled monolayers (SAMs) have been investigated
as interfacial layers between metal electrodes and organic
semiconductors for reducing contact resistance in OFET
devices.”**> For example, Cheng et al. used thiol-based SAMs
to investigate the electron and hole injection in poly(9,9-
dioctylfluorene-alt-benzothiadiazole) (F8BT) OFETs.”” They
showed simultaneous improvement of both electron and hole
injection, which was attributed to interface tunneling,
modifications of interfacial morphology, interface electronic
structure, and changes in the F8BT layer thickness. Kim et al.
employed pentafluorobenzenethiol (PFBT) on Au, Ag, and Cu
metal electrodes in small-molecule bottom-contact OFETs,
and the decoupled contributions from morphological and
energetic effects of the SAM on device performance were
studied.”” In these examples, and most other cases that have
used SAM-modified metal electrodes in OFET devices, almost
all SAMs used have been prepared from thiols (R—SH) that
bind via a single sulfur—metal bond.”” Multiple sulfur—metal
binding sites could provide additional stability and influence
the SAM structure, for instance, binding angle and therefore
chain packing. Additionally, synthetic modifications of the
molecules composing the SAM have not been widely
investigated. Moreover, while the introduction of a SAM is a
relatively straightforward step in the fabrication of an organic
(opto)electronic device, it is not obvious whether the thermal
and operational stability of the device with a SAM can be
comparable to that of interfacial layers made from metal oxides
or 2D-materials (e.g, MoOs, ZnO, graphene, etc.).

In the present work, we have systematically compared the
role of five different SAMs on the charge injection and stability
of silver electrodes used in inverted organic electronic devices.
The SAMs are composed of (+)-a-lipoic acid (a-LA), isolipoic
acid (i-LA), (+)-butyl 5-(1,2-dithiolan-3-yl)pentanoate (BuL),
(+)-4-phenylbutyl 5-(1,2-dithiolan-3-yl) pentanoate (PhBuL),
and 1-decanethiol (1DT) (Figure 1). They differ in the
number of binding sites (thiol vs 1,2-dithiolane), the capping
groups on the chain (alkyl chain, carboxylic acid, alkyl ester, or
ester with an aromatic group), and the chain orientation (a-LA
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Figure 1. Compounds used to form SAMs on silver electrodes.

vs i-LA),*® providing a first probe of the role of an organic
monolayer interfacing silver and a conjugated polymer
semiconductor, F8BT. The i-LA was synthesized as shown in
Scheme S1 and as described in the Experimental Section.*
PhBuL and BuL were prepared by esterification of the
commercially available racemic @-LA.*’ Our hypothesis is
that when LA-based SAMs with double attachments are used
on Ag back electrodes, the functional group of the SAM and its
interaction with the F8BT polymer influence the electrical
performance of F8BT diodes (Figure 2a—d).

2. EXPERIMENTAL SECTION

2.1. Materials and Characterization. Poly(9,9-dioctylfluorene-
alt-benzothiadiazole) (F8BT; weight-average molecular weight of 104
kg mol™"), 1-decanethiol, (+)-a-lipoic acid, and other reagents and
solvents were purchased from Sigma-Aldrich and used without further
purification. All air- and moisture-sensitive reactions were performed
under a nitrogen atmosphere and in oven-dried glassware. Column
chromatography was performed on silica gel (particle size 40—63 um,
pore size ~60 A). Thin layer chromatography was performed on silica
gel w/UV254 aluminum-backed sheets (200 um thick) and
monitored by UV light (254 nm) or potassium permanganate
solution. Fourier-transform infrared (FT-IR) spectra were collected
by a Nicolet iS5 FT-IR spectrometer from the neat compounds. NMR
spectra were recorded with a Bruker Avance III HD 500 MHz NMR
spectrometer. Chemical shifts (5) are reported relative to TMS (&
0.00 ppm), and spin—spin coupling constants (J) are reported in
hertz. Mass spectroscopy was performed by using a Hewlett-Packard
GC/MS (GC HP 6870, MS HP 5873) instrument.

Current density—voltage (J—V) measurements were conducted by
using a Keithley 4200A-SCS parameter analyzer. Average values for
the current density at 2 V, the turn-on voltage, and the barrier height
were obtained from the J—V measurements of 10 devices for each
SAM/Ag and bare Ag electrode type. The standard deviations of the
values were also calculated and reported as the error. X-ray
photoelectron spectroscopy (XPS) was carried out using a Thermo
Scientific K-Alpha X-ray photoelectron spectrometer with a
monochromatic Al Ka source (1486.6 V), hemispherical analyzer,
and multichannel detector. The spectra were accumulated at a takeoff
angle of 90° with a 0.79 mm? spot size at a pressure of <10™® mbar.
Ultraviolet photoelectron spectroscopy (UPS) measurements were
performed with a Thermo Scientific ESCALAB250 Xi using a He I
source (21.2 eV) with a pass energy of 2 eV. The UPS samples were
prepared by spin-coating 40 uL of F8BT solution at 4000 rpm for 40 s
to obtain 10—20 nm of F8BT on the SAM/Ag surface. The AFM
measurements were conducted by using an Asylum Research Cypher
ES atomic force microscope operating in amplitude modulation mode
or “tapping mode” to obtain both phase and height images. Silicon
cantilevers with a spring constant of 9 N/m were used for all the
measurements with a tip radius of 7 nm. A scan size of 1 ym?* with a
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Figure 2. (3, b) Schematics of inverted F8BT hole-only diode with a SAM on the Ag back electrode. (c, d) Energy level diagrams of the diode
without and with SAM, respectively. @y, is the barrier for hole injection between the Ag or SAM/Ag layer and the HOMO of F8BT. The negative
terminal of the external applied voltage source is connected to the Au top electrode, and the positive terminal is connected to the Ag bottom
electrode. The holes are injected from the Ag side while the electrons are blocked from flowing into the F8BT layer from the MoOj side (i.e., hole-

only device operation).

digital resolution of 256 lines X 256 points and a scan rate of 2.44 Hz
were used. All Raman spectra were acquired on a Renishaw InVia
dispersive Raman spectrometer equipped with a Leica DM micro-
scope and a Renishaw HeNe 633 nm laser (8.5 mW). The samples
were viewed by using a 100X objective; for spectral acquisition the
exposure time was 10 s, and the number of accumulations was five for
a total acquisition time of S0 s. Contact angle measurements were
taken by using a Rame-Hart 100-00 goniometer. Fourier-transform
infrared reflection-absorption spectroscopy (FT-IRRAS) was carried
out with a Bruker FT-IR spectrometer (model Vertex 80) equipped
with a computer-controlled reflection accessory Bruker model AS13/
QA and a wire-grid polarizer model F350. The mirror angle was fixed
at 80°, the grid polarizer was switched between p and s polarization,
and an aperture of 2.5 mm was used. For each spectral trace, 20
spectra of 200 scans each at 2 cm™! resolution were recorded and
averaged.

2.2. Synthesis of BuL and PhBuL.>' Butanol (for the
preparation of BuL) or 4-phenyl-1-butanol (for the preparation of
PhBuL) (12.0 mmol) was added in one portion to a stirred solution
of (+)-a-lipoic acid (12.0 mmol) in dichloromethane (60 mL) under
a nitrogen atmosphere at room temperature. The resulting yellow
solution was stirred for 15 min at 0 °C (ice/water bath) under N,. 1-
Ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC, 24.0 mmol)
and 4-(N,N-dimethylamino)pyridine (DMAP, 3.6 mmol) in dichloro-
methane (60 mL) were added, and the solution was stirred for
additional 15 min at 0 °C. The cooling bath was removed, and the
yellow solution was stirred for 60 h at room temperature. Water (100
mL) was added to the solution, the organic layer was separated, dried
over MgSO,, filtered, and the solvent was removed in vacuo. The
crude product was purified by silica gel column chromatography
(ethyl acetate/hexane; 1/5) to yield BuL (80%) or PhBuL (85%) as a
yellow oil. BuL: v,,,, 2954, 2932, 2866, 1732, 1456, 1240, 1168, 1058,

38272

731, 446 cm™'. 'H NMR (CDCl,): § 4.07 (2H, t, ] = 6.7, OCH,),
3.62—3.52 (1H, m, CH,), 3.23—3.07 (2H, m, CH,), 2.51-2.42 (1H,
m, CH), 2.31 (2H, t, ] = 7.4, CH,CO), 1.96—1.85 (1H, m, CH,),
1.77-1.57 (6H, m, CH,), 1.55—1.33 (4H, m, CH,), 0.94 (3H, t, ] =
7.4, CH;). *C NMR (CDCL,): § 173.6 (C=0), 64.2 (CH,), 56.3
(CH), 402 (CH,), 384 (CH,), 346 (CH,), 341 (CH,), 30.6
(CH,), 28.7 (CH,), 24.7 (CH,), 19.1 (CH,), 13.7 (CH,). m/z: 262.1
(100.0%), 263.1 (13.0%), 264.1 (9.0%), 265.1 (1.6%). PhBuL: v,
3023, 2929, 2852, 1726, 1602, 1495, 1453, 1238, 1169, 1064, 747,
695, 571, 474 cm 1. '"H NMR (CDCL,): § 7.31-7.24 (2H, m, Ph),
7.21=7.15 (3H, m, Ph), 4.09 (2H, t, ] = 6.0, OCH,), 3.59—3.51 (1H,
m, CH,), 3.21-3.04 (2H, m, CH,), 2.67—2.59 (2H, m, CH,), 2.49—
2.39 (1H, m, CH), 2.31 (2H, t, ] = 7.4, CH,CO), 1.95—1.83 (1H, m,
CH,), 1.76—1.60 (8H, m, CH,), 1.53—1.39 (2H, m, CH,). '3C NMR
(CDCly): 173.5 (C), 142.0 (Ph), 128.4 (Ph), 128.3 (Ph), 125.8 (Ph),
642 (CH,), 56.3 (CH), 40.2 (CH,), 38.5 (CH,), 35.5 (CH,), 34.6
(CH,), 34.1 (CH,), 28.8 (CH,), 282 (CH,), 27.8 (CH,), 24.7
(CH,). m/z: 338.1 (100.0%), 339.1 (21.1%), 340.1 (10.8%), 341.1
(1.8%).

2.3. Synthesis of Isolipoic Acid (i-LA).>° Diethy! 2-(Hex-5-en-
1-yl)malonate (1). Diethyl malonate (35.0 mmol) was added
dropwise over 40 min to a stirred gray suspension of sodium hydride
(35.0 mmol of a 60% w/w mixture in mineral oil) in THF (85 mL) at
0 °C (ice/water bath). The resulting pale-yellow solution was stirred
for 15 min at 0 °C and then at room temperature for 30 min. A
solution of 6-bromo-1-hexene (31.8 mmol) in THF (40 mL) was
added, and the gray mixture was stirred at reflux for 18 h. Afterward,
the resulting white mixture was cooled to room temperature, and
water (15 mL) was added to quench the reaction. Water (100 mL)
and ethyl acetate (50 mL) were added, and the organic layer was
separated. The organic layer was washed with brine (100 mL), dried
over MgSO,, and then filtered. The filtrate was evaporated in vacuo.
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Silica gel column chromatography (ethyl acetate/hexane; 4/100)
(tracked with TLC with potassium permanganate solution; R = 0.50)
afforded the compound 1 as a colorless oil (79%). v, 3020, 2925,
2850, 1725, 1600, 1494, 1451, 1237, 1165, 1060, 748, 697, 578 cm™".
'"H NMR (CDCL,): § 5.85—5.72 (1H, m, CH=CH,), 5.04—4.91
(2H, m, CH=CH,), 4.19 (4H, q, ] = 7.3, OCH,CH,), 3.31 (1H, t, J
=7.6,CH), 2.11-1.84 (4H, m, CH,), 1.48—1.30 (4H, m, CH,), 1.27
(6H, t, ] = 7.3, OCH,CH,). *C NMR (CDCL,): 169.55 (C), 138.57
(CH), 114.59 (CH,), 61.27 (CH,), 52.05 (CH), 33.41 (CH,), 28.60
(CH,), 28.48 (CH,), 26.78 (CH,), 14.10 (CH,).

2-(Hex-5-en-1-yl)propane-1,3-diol (2). A solution of 1 (25.3
mmol) in anhydrous THF (40 mL) was added in one portion to a
stirred gray suspension of lithium aluminum hydride (50.S mmol) in
anhydrous THF (110 mL) at 0 °C (ice/water bath). The resulting
mixture was stirred for 30 min at 0 °C and then at rt for 3.5 h. Then
anhydrous THF (75 mL) was added to the mixture, and the reaction
mixture was cooled to 0 °C. Aqueous NaOH solution (1 M, 3 mL)
and water (4 mL) were added. The reaction mixture was stirred
vigorously at rt for 16 h. The resulted white mixture was vacuum
filtered through Celite and washed with ethyl acetate. The solvents
were removed in vacuo, and the resulting colorless oil was purified by
silica gel column chromatography (ethyl acetate/hexane/methanol;
10/10/2) to give the compound 2 as a colorless oil (75%). V. 3332,
2924, 2853, 1640, 1462, 1366, 1243, 1031, 907 cm™’. 'H NMR
(CDCLy): & 5.86—5.74 (1H, m, CH=CH,), 5.05—4.90 (2H, m,
CH=CH,), 3.86—3.54 (4H, m, CH,0OH), 3.11 (2H, s, OH), 2.10—
2.01 (2H, m, CH,), 1.80-1.69 (1H, m, CH), 1.44—1.29 (4H, m,
CH,), 1.27-1.19 (m, 2H, CH,). *C NMR (CDCl,): 138.85 (CH),
114.44 (CH,), 66.19 (CH,), 41.92 (CH), 33.62 (CH,), 29.09 (CH,),
27.57 (CH,), 26.65 (CH,).

2-(Hex-5-en-1-yl)propane-1,3-diyl Dimethanesulfonate (3). To a
stirred solution of 2 (20.1 mmol) in CH,Cl, (175 mL),
methanesulfonyl chloride (80.5 mmol) was added dropwise over 15
min at 0 °C (ice/water bath), followed by addition of triethylamine
(100 mmol). The resulting white mixture was stirred for a further 30
min at 0 °C and, then, for 3 h at room temperature. Then, water (150
mL) was added to the yellow mixture, and the organic layer was
separated and washed with brine (150 mL), dried over MgSO,, and
then filtered. The filtrate was evaporated under reduced pressure.
Silica gel column chromatography (ethyl acetate/hexane; 1/1; R =
0.62) afforded compound 3 (94%) as a pale-yellow oil. v, 2934,
2864, 1469, 1347, 1331, 1167, 939, 822, 749, 525 cm™'. 'H NMR
(CDCL): & 5.85-5.72 (1H, m, CH=CH,), 5.05—4.91 (2H, m,
CH=CH,), 4.24—4.14 (4H, m, CHCH,O), 3.05 (6H, s, SO,CH,),
2.20—2.12 (1H, m, CH), 2.11-2.01 (2H, m, CH,), 1.48—1.33 (6H,
m, CH,). ®C NMR (CDClL): 138.38 (CH), 114.82 (CH,), 68.26
(CH,), 38.16 (CH), 37.29 (CHj,), 33.38 (CH,), 28.65 (CH,), 26.84
(CH,), 25.93 (CH,).

7-((Methylsulfonyl)oxy)-6-(((methylsulfonyl)oxy)methyl)-
heptanoic Acid (4). A solution of 3 (4.9 mmol) in DMF (35 mL) was
prepared, and osmium tetroxide (0.05 mmol, 2.5% w/w solution in
tBuOH) was added. The resulting black mixture was stirred for S min
at room temperature. Afterward, oxone (12.1 mmol) was added in
three portions over 20 min. The resulting brown mixture was stirred
vigorously at room temperature for a further 3.5 h. Sodium sulfite (9.3
g) was added, and the resulting mixture was stirred for a further 2 h.
Water (100 mL) and aqueous HCl solution (2 M; 25 mL) followed
by ethyl acetate:ether (1:1, 100 mL) were added. The organic layer
was separated and washed with brine (100 mL), dried over MgSO,,
and then filtered. The solvents were evaporated under high vacuum to
give compound 4 as a white solid (86%). v, 2938, 2867, 1709,
1341, 1330, 1166, 934, 828, 748, 525 cm™’. 'H NMR (CDCL,): §
4.32—4.17 (4H, m, CHCH,0), 3.05 (6H, s, SO,CH;), 2.39 (2H, t, J
=7.2),2.23-2.14 (1H, m, CH), 1.71-1.62 (2H, m, CH,), 1.50—1.40
(4H, m, CH,). 3C NMR (CDCl,): 178.55 (C), 68.07 (CH), 38.02
(CH,), 37.35 (CHj;), 33.44 (CH,), 26.68 (CH,), 25.87 (CH,), 24.37
(CH,).

Isolipoic Acid (i-LA). A stirred solution of 4 (4.2 mmol) in DMF
(40 mL) was prepared. Next, sulfur (4.2 mmol) and sodium sulfide
hydrate (4.2 mmol) were added. Then the reaction mixture was

stirred for 5 h at 85 °C. The mixture was cooled to room temperature.
Water (100 mL) was added, and extraction was performed by using
ether, followed by washing the organic layer with brine. Then, the
organic extract was dried over MgSO, and filtered. The filtrate was
evaporated under high vacuum. Hexane was added, and the yellow
precipitate was filtered to afford the isolipoic acid as a yellow solid
(76%). vy 2924, 2856, 1692, 1463, 1406, 1301, 1257, 1203, 935,
735, 675 cm™'. 'H NMR (CDCl,): § 3.25 (2H, dd, ] = 11.0, 6.6,
CH,), 2.80 (2H, dd, J = 11.1, 6.7, CH,), 2.61-2.50 (1H, m, CH),
238 (2H, t, ] = 7.4, CH,), 1.72—1.62 (2H, m, CH,), 1.56—1.50 (2H,
m, CH,), 1.50—1.38 (2H, m, CH,). '*C NMR (CDCl,): 179.08 (C),
47.59 (CH), 43.95 (CH,), 33.67 (CH,), 33.46 (CH,), 27.97 (CH,),
24.59 (CH,). m/z: 206.0 (100.0%), 207.0 (18.6%), 208.0 (14.1%),
209.1 (3.1%).

2.4. Device Fabrication. Silicon substrates were sequentially
cleaned with soap water and deionized water in an ultrasonicator for
1S min. The substrates were immersed in a 1:1:5 solution of NH;,
H,0,, and deionized water for 20 min at 80 °C and subsequently
cleaned with deionized water three times under ultrasonication. The
substrates were dried with an air gun and kept under vacuum for an
hour. For the bottom electrode, 80 nm of Ag was deposited onto the
clean silicon substrates by using a thermal evaporator at a deposition
rate of 0.1 nm/s. The Ag-coated substrates were immersed in a 10
mM solution of the compound in isopropanol in the case of a-LA,
1DT, and i-LA or chloroform in the case of BuL and PhBuL. After 1
h, the samples were rinsed with chloroform and dried with an air gun
before immediately spin-coating with F8BT solution. A chloroform
solution of F8BT (40 uL, 20 mg/mL) was coated on each sample
(4000 rpm for 1 min). After spin-coating with F8BT, 15 nm of MoO,
and 50 nm of Au were thermally evaporated on the F8BT to create
the top electrode.

3. RESULTS AND DISCUSSION

The structure of the inverted hole-only devices incorporating
the SAMs is depicted in Figure 2a,b. The SAMs are formed on
Ag back electrode, and the rest of the device is constructed on
top of the SAM/Ag. Energy-level diagrams of devices with and
without the SAM layer, showing how the various device layers
are expected to influence charge transport, are shown in Figure
2¢,d. The positive electrode (anode) is Ag, by which holes are
injected and tunnel through the SAM to the HOMO of the
F8BT polymer. Au and MoOj; serve as the negative electrode
(cathode) that blocks electrons from being injected into the
F8BT (i.e, a hole-only device). The barrier to hole injection
(@) from Ag to F8BT is expected to be altered by the SAM.

3.1. X-ray Photoelectron Spectroscopy (XPS). To
further investigate the binding, XPS spectra of the SAMs on
Ag were collected (Figure 3). The S2p peaks of the RS—SR
bond showed a doublet (S2p,/, and S2p,,,) centered at 164
and 165 eV, which shifted to lower binding energies, ~162 and
~163 €V in the case of @-LA, upon binding to Ag.**~** This
spectral change was observed in all XPS spectra of the SAMs
on Ag except i-LA/Ag, which showed the S2p peaks associated
with binding to Ag at ~162 and ~163 eV, in addition to the
unbound S—S peaks at 164 and 165 eV. This indicated that i-
LA molecules were partially bound to the metal. There were no
peaks present for oxidized sulfur, which would have appeared
at 167—169 eV.*” Cls spectra showed that the characteristic
peak of the a-LA sp® carbon at 285 eV has shifted slightly to
284 eV for a-LA/Ag, i-LA/Ag, and BuL/Ag, which also
indicated the binding of a-LA, i-LA, and BuL to the
electropositive Ag (Figure S9d). It appeared at 285 eV for
PhBuL/Ag due to the presence of more electronegative sp”
carbons. A smaller peak at 289 eV indicated the presence of the
carbonyl carbon.’*® Another peak at 286 eV may have been
due to the emission from carbon next to sulfur and the carbon
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Figure 3. XPS S2p spectra of a-LA (a), a-LA/Ag (b), BuL/Ag (c),
PhBuL/Ag (d), 1DT/Ag (e), and i-LA/Ag (f).

next to carbonyl groups.”” The Cls for 1DT/Ag showed a
peak at 285 eV characteristic of the 1DT chain length with 10
sp’ carbons.”

The atomic ratio of carbon to Ag was obtained (Table S1)
where the C/Ag ratio for a-LA/Ag was 2.40, BuL/Ag was 0.69,

PhBuL/Ag was 0.96, i-LA/Ag was 0.57, and 1DT/Ag was 0.90.
From this data, it was apparent that the C/Ag ratios did not
correlate with the number of carbon atoms in each of the
compounds used to obtain the SAMs. The a-LA compound
with the lowest number of carbon atoms (eight) gave the
highest C/Ag ratio, which indicated good coverage of the Ag
by the SAM formed from a-LA. In contrast, BuL, with 12
carbon atoms, had the lowest C/Ag ratio, which suggested
lower coverage. PhBuL with 18 carbon atoms also showed low
coverage, while 1DT with 10 carbon atoms had relatively good
coverage. Although all of the measurements were taken under
the same conditions, adventitious carbon can contaminate the
sample while conducting the experiment, and therefore the
trend has to be interpreted cautiously. The coverage can also
be explained by looking at the S/Ag ratio also where the values
are 0.40 for a-LA/Ag, 0.18 for BuL/Ag, 0.21 for PhBuL/Ag,
0.14 for 1DT/Ag, and 0.34 for i-LA/Ag. Although a packing
density similar to a-LA/Ag was expected for i-LA,* the C/Ag
and S/Ag ratios of i-LA/Ag indicated that i-LA exhibited lower
coverage than a-LA on Ag and existed in a partially bound
form that was more disordered. Peak fitting analysis confirmed
that the ratio of oxygen to sulfur was 1:1 in the case of a-LA,
BuL, PhBuL, and i-LA, while no oxygen peak was observed for
1DT, indicating that the SAMs were not oxidized (Table S1).
The stability of the silver surface and the question of whether
the SAMs passivated it were investigated by looking at the
Ag3d;,, doublet peak and Ols peaks. The Ag® peak occurs at
368.2 and 374.8 eV (Figure S15b). In the presence of Ag* or
oxidized Ag, these peaks would occur at lower binding
energies. XPS spectra of the bare Ag electrode, which was
processed under the same conditions as the SAM-coated

Figure 4. 1 yum X 1 ym AFM topography (left column) and phase images (right column): bare Ag (a, b); a-LA/Ag (c, d); BuL/Ag (e, f); PhBuL/

Ag (g: h); IDT/Ag (i; ])1 i'LA/Ag (kl 1)~
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electrode, showed a slight shift to lower energies in the Ag3d
spectra compared to the Ag back electrodes with SAM, which
indicated partial oxidation of the Ag surface.”® These results
suggest that the SAMs have a passivating effect on silver back
electrodes which was corroborated by looking at the Ols core
spectra where bare Ag was compared with that of SAMs/Ag.
The bare Ag showed peaks at 531 V and above which showed
the possibility of the presence of Ag,CO; For SAMs/Ag,
1DT/Ag showed no peaks, but there are peaks at binding
energies above 531 eV for a-LA/Ag, BuL/Ag, PhBuL/Ag, and
i-LA/Ag, indicative of C—O and C=O bonds, while peaks
indicating the presence of oxidized Ag (usually indicated by
peaks at lower binding energies around ~529 eV) were absent;
in summary, it was ap};arent that the silver was stable in the
presence of the SAM.>"*

3.2. Contact Angle Measurements. Contact angle
measurements were performed by using a Rame-Hart 100-00
goniometer . The contact angle of a water drop was compared
with the contact angles of each SAM on Ag. Water on a bare
Ag surface gave a contact angle of 60°, and the contact angles
of a-LA/Ag, BuL/Ag, PhBuL/Ag, 1DT/Ag, and i-LA/Ag on
Ag were 79°, 81°, 84°, 84°, and 72°, respectively. The results
show that all the SAMs make the surface more hydrophobic
compared to bare Ag. a-LA and i-LA had the least impact on
the contact angle due to the presence of the polar carbonyl
group, while 1DT, BuL, and PhBuL, with less polar end
groups, gave higher contact angles, making the Ag surface more
hydrophobic.

3.3. Atomic Force Microscopy (AFM). AFM images give
a qualitative measure of the coverage of the SAMs (Figure 4),
topography images give information about the coverage and
surface roughness, and phase images give information about
the formation of domains. Upon comparison with bare Ag
(Figure 4a), the lighter parts of the topography images of the
SAM/Ag samples (Figure 4c,e,gi) are domains formed by
SAMs on the silver surface (the dark regions in the phase
images (Figure 4d,fh,j) are due to the dissipative nature of the
phase mode).'***" The root-mean-square (RMS) roughness
was calculated from the topography images, and it was found
that bare Ag had an RMS roughness of 1.26 nm, which, on
treatment with SAMs, changed to 1.64 nm for @-LA, 1.54 nm
for BuL, 1.72 nm for PhBuL, 1.01 nm for 1DT, and 3.04 nm
for i-LA/Ag. These changes can be taken as a measure of
disorder due to the presence of SAMs.* Therefore, the low
RMS roughness apparent for 1DT suggested very good
coverage of the Ag and a high degree of order. In contrast,
the increase in the RMS roughness for a-LA/Ag, BuL/Ag,
PhBuL/Ag, and i-LA/Ag suggested a more disordered
arrangement of these SAMs on Ag. The very high RMS
roughness of i-LA/Ag compared to a-LA/Ag was consistent
with the XPS results, which showed that the binding of i-LA
molecules to the surface of Ag was partial.

3.4. UV Photoelectron Spectroscopy (UPS). To obtain
further insight into the electronic properties of the SAM/Ag
surfaces, UPS (Figures S17 and S18) was used to find the work
function (@) of the Ag surface upon SAM/Ag formation and
after deposition of the F8BT semiconducting polymer layer on
top of the SAM/Ag (Table 1). We use F8BT films of 10—20
nm thickness on SAM/Ag for these measurements. The work
function measurements through UPS give the minimum work
function in a patchy nonuniform sample with a reported error
of £0.05 eV." Valence band spectra of F8BT on Ag were also
recorded to calculate the difference between the HOMO level

Table 1. Work Function, @, and Hole Injection Barrier
(HIB) of Ag Back Electrodes after Deposition of SAM and
F8BT“

®,(SAM-Ag)  ®,(FSBT/SAM/  A®, HIB
sample eV)? Ag) (eV) (eV) (ev)©
bare Ag 4.4 4.4 0 1.8
a-LA/Ag 4.8 4.6 —-0.2 1.1
BuL/Ag 44 44 0 17
PhBuL/Ag 4.4 4.4 0 1.4
lDT/Ag 3.9 4.1 +0.2 1.6—1.7
i-LA/Ag 4.6 4.7 +0.1 1.4

“E8BT thickness: 10—20 nm. ®®, is the work function of Ag found
through UPS. “HIB is the energy difference between @, and HOMO
of the F8BT polymer.

of F8BT and the Fermi level of Ag, which gives the hole
injection barrier (HIB) from Ag to the HOMO of F8BT. On
the basis of the results, HIB decreased significantly for a-LA/
Ag compared to all the other cases, which suggested lower
contact resistance for SAMs formed from a-LA. i-LA/Ag also
showed a slight increase in work function compared to bare Ag
from 4.4 to 4.6. It is anticipated that in the presence of the
SAM the positive charges from Ag are injected into the F8BT
layers easily, because of a better electrical contact and/or a
change in work function of Ag. Having two sulfur bonds
instead of one led to a reduction of the contact resistance, as
seen by the increase in current density with the a-LA/Ag. The
tunneling of charges through the SAM, which depends on the
bond length and the degree of disorder in the arrangement of
the SAMs, may have also played a role in reducing the contact
resistance. A look at the detailed electronic states of the SAM
as well as the through-bond tunneling through the LUMO
levels of the SAMs could confirm this.”**> The formation of
SAMs on Ag is known to result in a strong Ag—S dipole, which
induces a Fermi-level pinning that causes a significant shift in
the HOMO of the adsorbed molecule.*® The overall change in
the work function is caused by the Ag—S bond dipole as well as
the cosine component of molecular dipole (dependent on the
orientation of the SAM molecule on the Ag surface) from the
surface normal.”” This causes a weak dependence of device
performance on the work function of the metal surface. This
can influence the tunneling attenuation factor and the contact
resistance.*® It has been previously reported that alkyl chains in
the SAMs help with tunneling of holes into a p-type
semiconductor if SAMs are chemically bound to the Ag
surface (otherwise the molecules act as an insulating
layer).**

3.5. Current Density—Voltage (J-V) Measurements.
To understand the effect of the SAM on the charge transport
in the F8BT diodes, current density versus voltage (J—V)
measurements of devices with and without the SAM layers
(Figure Sa) were collected. The results show that the turn-on
voltage was reduced from 0.22 + 0.02 V for the bare Ag back
electrode to 0.14 + 0.025 V for a-LA/Ag, 0.21 + 0.01 V for
PhBuL/Ag, and 0.13 + 0.17 for i-LA/Ag; however, the turn-on
voltage increased for IDT/Ag and BuL/Ag to 0.31 + 0.01 and
0.33 + 0.01, respectively (Figure Sa,b, Table 2, and Figures
$19—S20). In addition, the current density also followed this
trend. The current density at 2 V increased by more than a
factor of 2 for PhBuL/Ag, a-LA/Ag, and i-LA/Ag compared to
bare Ag where the ] value was the highest for the case of i-LA/
Ag, and the current density dropped by a factor of 2 for 1DT/
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Figure S. (a) Current density (J) versus voltage curves of F8BT
devices with Ag as the back electrode without and with a SAM formed
from a-LA, BuL, PhBuL, 1DT, i-LA, and MoO;/Ag. (b) Log J versus
voltage of the seven types of devices.

Ag and BuL/Ag (Table 2). Therefore, it was apparent that i-
LA/Ag, a-LA, and PhBuL SAMs improve the electrical
characteristics of the diodes.

3.6. Thickness Measurements and Raman Spectros-
copy. The interaction of the SAM with the F8BT also affects
the thickness of the F8BT layer.”””® Thickness measurements
of the F8BT layer using a surface profilometer confirmed that
the observed increase of current density in a-LA/Ag devices
correlated to a reduced thickness of the F8BT film when spin-

coated on a-LA/Ag. The F8BT thicknesses were 252 + 8 nm
for F8BT on bare silver, 196 + 12 nm for F8BT on a-LA/Ag,
222 + 16 nm for F8BT on BuL/Ag, 163 + 21 nm for F8BT on
PhBuL/Ag, 233 + 9 nm for F8BT on 1DT/Ag, and 200.2 +
4.9 nm for F8BT on i-LA/Ag. Series resistance is expected to
be lower for thinner semiconducting films; hence, current
density increases.’’ "> This was generally observed to be the
case for the devices with a-LA/Ag, i-LA/Ag, and PhBuL/Ag,
which showed high current density and caused thinner F8BT
films. On normalizing the current density values with the
thickness of F8BT, it was found that the trend observed for the
electrical characteristics of the devices was the same before
normalization. The changes in the orientation of the polymer
were confirmed by Raman spectroscopy (Figure S15) where
the dioctylfluorine (F8) ring stretching mode occurring at
1608 cm™!, which is the electron-withdrawing group on F8BT,
shifted slightly in the presence of the SAMs compared to the
pristine F8BT film on Ag.”*>*>* The Raman spectra for FSBT
on i-LA and PhBuL SAMs shifted the most from 1608 cm™),
which suggested more significant changes in the packing or
orientation of the polymer chains of F8BT. Both the thickness
measurements of F8BT and the AFM images that confirmed
the degree of disorder and coverage supported the trends
obtained with J—V curves. This indicated which SAMs
imparted a better electrical contact between the Ag and the
semiconducting polymer. We also looked at the I ¢s/I; 547
ratio, which gives information about the torsional angle
between F8-BT units, and hence, about the backbone
planarity. The I ¢/l s4; ratio for F8BT on bare Ag was
1.06, a-LA/Ag was 0.97, BuL/Ag was 0.95, PhBuL/Ag was
0.96, IDT/Ag was 0.97, and i-LA/Ag was 1.06. The increase in
this relative intensity corresponds to increasing backbone
planarity.”® We also thinned down the F8BT films by using
diluted solutions of 20 mg/mL (see Figure S16). We spin-
coated F8BT from 5 times, 10 times, and 20 times diluted
solutions and looked at the F8 and BT signals. a-LA/Ag, i-LA/
Ag, and PhBuL/Ag showed the best signals for the thinner
F8BT films, which indicated that the SAMs helped the
polymer to achieve the lowest energy conformation during the
spin-coating process.

The reason for the poor performance of BuL compared to
the a-LA could be the effect of the orientation of the molecule
influenced by the chain length as well as the structure of the
end groups. In 2006, Weiss and co-workers reported the use of
scanning tunneling microscopy (STM) to study the effect of
molecular orientation of the n-alkanethiol SAMs on the
electrical behavior of the metal electrodes in large-area
molecular junctions.”® The conductance through the SAMs

Table 2. J—V Characteristics of the Inverted F8BT Diodes Fabricated with SAMs/Ag”

sample n values current density at 2 V (mA/cm?) turn-on voltage (V) barrier height (eV) normalized current density” (mA/cm?)

bare Ag 1.6 1S+ 24 0.22 + 0.02 0.71 + 0.02 15+ 24
a-LA/Ag 3.5 68 + 1.4 0.14 + 0.03 0.63 + 0.02 52+ 1.8
BuL/Ag 4.6 16 + 1.6 0.31 £ 0.01 0.74 + 0.02 14 + 7.7
PhBuL/Ag 4.8 38+ 77 0.21 + 0.01 0.69 + 0.03 24+ 14
1DT/Ag 4.8 16 + 1.6 0.33 + 0.02 0.76 + 0.04 14 + 69
i-LA/Ag 2.9 89 + 1.1 0.13 + 0.02 0.64 + 0.04 70 £ 1.6
MoO;/Ag 6.8 37 + 5.5 0.20 + 0.03 0.74 + 0.0S

“The error in the values listed below is determined by taking the standard deviation of the values obtained from analysis of ten different devices for
each sample type. The large error is caused by the large error obtained from thickness measurements. *Normalized current density was calculated
by multiplying current density at 2 V by the ratio of F8BT thickness on SAM/Ag to that on bare Ag.
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of lipoic acid derivatives on Ag is independent of temperature,
whereas it is largely dependent on the length of the SAM
molecule or the thickness of the monolayer.”” ™" This
establishes that the electrical transport mechanism is non-
resonant through-bond tunneling. Other factors affecting the
conductance are the binding energy, chain length, and number
of sulfur atom bonds to the Ag metal. With the help of large-
area molecular junctions, the contact resistance was found to
vary linearly with the number of carbon atoms,’’ where the
contact resistance (Ry) is given by Ry = R, exp(fn), where R is
the total resistance, n gives the number of carbon atoms, and
is the structure-dependent attenuation factor.”®" It is notable
that the SAM of i-LA showed the best electrical behavior
despite not altering the work function of the Ag as much as a-
LA did, and PhBuL showed the third best device performance
despite not altering the work function at all. A possible
explanation of this result can be because of the lowering of
series resistance due to thinner F8BT films in the presence of
PhBuL. This could be attributed to the PhBuL/Ag surface
being the most hydrophobic due to the presence of the phenyl
group. The contact resistance is expected to increase with the
chain length, while the end phenyl groups can provide
favorable electronic interactions with the F8BT conjugated
polymer that counter the increase in resistance. Thus, PhBuL
proved to be a better SAM than BuL in this study in terms of
device performance.

3.7. Barrier Height (®;) Measurements. The barrier
height between the Fermi level of Ag and the HOMO of F8BT
can be found from the eguation for current density for
Schottky barrier diodes:*>*>%*

AT e 2P0 v _
t=att eXp( KT)[eXp(nKT) l] 0

where A is the diode area, A* is 120 A/(cm?® K?) which is the
Richardson constant for organic polymers,** g is the electronic
charge, @y, is the effective barrier height, K is Boltzmann’s
constant, T is room temperature, V is the voltage at which the
current is measured, and n is the ideality factor which is given
by the slope of a fit to the semilogarithmic J—V curve. n is

calculated as follows:®

L= | L dv
KT dI(In 1) Q)

The ideality factor n for the different devices was found to be
1.6 for bare Ag, 3.5 for a-LA/Ag, 4.6 for BuL/Ag, 4.8 for
PhBuL/Ag, 4.8 for 1DT/Ag, 2.9 for i-LA/Ag, and 6.8 for
MoO;/Ag. The n values are all greater than 1, which could be
attributed to a number of reasons such as organic layer effects
or the inhomogeneities in the organic layer. Interfacial effects
and the presence of any AgO, can also lead to increased values
of n.”” The barrier heights obtained by analyzing the J—V
curves using eqs 1 and 2 are shown in Table 2. This behavior
only considers the space-charge-limited current (SCLC)
regime, which is the behavior of the device above the turn-
on voltage. The log V versus Log ] curves should ideally give a
slope of 2 in this region (see Figure S22). The slopes for the
different types of devices in the SCLC region according to the
Mott—Gurney rule (Table 3) are 2.8 for bare Ag, 2.9 for a-LA/
Ag, 2.5 for BuL/Ag, 2.7 for PhBuL/Ag, 2.2 for 1DT/Ag, 2.4 for
i-LA/Ag, and 3.4 for MoO;/Ag. The slope deviates slightly
from the ideal value for the SAM/Ag devices, but most SAM/
Ag devices improve upon the bare Ag and MoO;/Ag devices.

Table 3. Results from SCLC Analysis Obtained from the J—
V Curves

sample slope mobility y (cm?/(V s))
bare Ag 2.8 3.5x 107
a-LA/Ag 2.9 4.6 x 107*
BuL/Ag 2.5 31%x107*
PhBuL/Ag 2.7 9.1 X 107
1DT/Ag 24 34%x107*
i-LA/Ag 3.4 24 x 107

The presence of oxides at the interface can cause the slope to
vary from 2, which is seen in the case of MoO;/Ag and bare Ag
substrates where the silver surface has oxidized. While in the
presence of SAMs, tunneling of charges at the interface is a
possibility that also causes the slope to deviate. The equation
for mobility according to this rule is given as follows:

[ = 9ee uV>
8L’ 3)

In eq 3, € is the dielectric constant of F8BT which is 3.5, &, is
the permittivity of free space, y is the hole mobility, L is the
thickness of the active layer, and | and V are the current
density and voltage from the J—V curves, respectively. The
E8BT hole mobilities for the devices were found to be as
follows: 3.5 X 107* cm?/(V s) for bare Ag, 4.6 X 107* cm?/(V
s) for a-LA/Ag, 3.1 X 107* cm®/(V s) for BuL/Ag, 9.1 X 107*
cm?/(V s) for PhBuL/Ag, 3.4 X 107 cm*/(V s) for 1DT/Ag,
and 24 X 107" cm?/(V s) for i-LA/Ag. The F8BT hole
mobility has been reported previously to be in the range of
107°~107 em?/(V s) depending whether the mobility is
found through the SCLC or the OFET method.”™" It is
apparent from the ideality factor and the Mott—Gurney law
that the devices have inhomogeneity in the active layer, and
possible tunneling occurs through the metal—polymer interface
due to the SAMs.

Despite these variations, it is apparent from the J—V curve
data and UPS result that i-LA and a-LA showed the best
performance in terms of lowering the work function of Ag,
reducing the barrier height and turn-on voltage, and giving the
largest current.

3.8. Infrared Reflective Absorption Spectroscopy
Measurements. To obtain molecular-level insight into the
interaction of the a-LA and i-LA SAMs with the F8BT
polymer and on the orientation of the SAMs on the silver
surface, we acquired FT-IRRAS measurements of a-LA/Ag
and F8BT/a-LA/Ag as well as i-LA/Ag and F8BT/i-LA/Ag
samples (Figure S23). The similar intensities of the methylene
C—H stretch modes of the i-LA/Ag and a-LA/Ag samples,
shown in Figure S23a, confirm that the loading density of the
two lipoic acid layers is about the same. The most informative
aspects regarding the interaction of the lipoic acid layer with
the F8BT polymer are the values of C=0O stretch bands of the
carboxyl groups, shown in Figures S23b and S23c. The C=0
stretch of the CO,H group of a-LA/Ag prior to depositing
F8BT, shown in Figure S23b, trace (1), features main peaks at
1727 and 1658 cm™. The 1727 cm™" band is typical for weak
carboxyl C=0 interaction with alkyl moieties such as CH,
groups of neighboring a@-LA.°® The substantial red-shift of the
1658 cm ™! band points to H-bonding interaction with the OH
group of an adjacent @-LA molecule, possibly including the
(CO,H), dimer structure.”® Upon deposition of F8BT onto
the a-LA SAM, a band grows in at 1709 cm ! at the expense of
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decreasing 1658 and 1727 cm™' peaks (Figure S23b, trace
(2)). The close to 20 cm™ red-shift compared to the 1727
cm™! band is consistent with interaction with aromatic
moieties of the polymer.”” Taken together, these observations
indicate that deposition of the F8BT results in substantial
reorientation of the a-LA carboxyl end group toward
interaction with the polymer.

For i-LA, the intense sharp C=O0 stretch observed at 1740
cm™' is characteristic for free CO,H groups that do not
interact with neighboring molecules (Figure $23c, trace (1)).”
The difference with a-LA SAM, which does not exhibit bands
of free CO,H, can be rationalized by the close to vertical
orientation of the C—C bond attached to the dithiolanyl ring
of i-LA for bidentate S—S anchoring of the Ag surface (Figure
1). By contrast, the alkyl chain of a-LA is expected to be tilted
assuming bidentate anchoring of the dithiolanyl ring, rendering
the CO,H terminus prone to interaction with neighboring
lipoic acid molecules. Furthermore, the high intensity of the
1740 cm ™" band suggests perpendicular orientation of the C=
O group (FT-IRRAS exclusively records p components of
vibrational modes). As shown in Figure S23c, trace (2), the
free CO,H groups of i-LA almost quantitatively engage in
interactions with the polymer upon F8BT deposition, as
indicated by the 1709 cm™ shoulder, as well as neighboring i-
LA methylene moieties according to the growth at 1727 cm™".

From these FT-IRRAS measurements it is apparent that the
i-LA is oriented more out-of-plane compared to a-LA, which is
consistent with their molecular structure. On coating the a-
LA/Ag and i-LA/Ag samples with F8BT, the orientations of
both SAMs are altered, indicating that intermolecular
interactions are occurring. Further studies of different infrared
active bands in the SAM/Ag system are planned to obtain a
more complete picture of the nature of the SAM/F8BT
interactions.

4. CONCLUSIONS

Self-assembled monolayers (SAMs) of (+)-a-lipoic acid (a-
LA), (+)-butyl 5-(1,2-dithiolan-3-yl)pentanoate (BuL), (+)-4-
phenylbutyl 5-(1,2-dithiolan-3-yl)pentanoate (PhBuL), 1-dec-
anethiol (1DT), and isolipoic acid (i-LA) on Ag electrodes
were used to fabricate inverted F8BT diodes for the purpose of
passivating the Ag surface as well as reducing the contact
resistance between Ag and the F8BT conjugated polymer. The
binding of the SAMs on the Ag surface was probed by X-ray
photoelectron spectroscopy, and the SAM/Ag morphology was
studied by using atomic force microscopy. Current—voltage
measurements were conducted to study the electronic behavior
of the devices and determine work function and barrier
heights. It was found that SAMs formed by a-LA, i-LA, and
PhBuL on Ag lowered the hole injection barrier and/or altered
the work function of the Ag back electrode. We attribute this
result to better charge injection from the Ag electrode to the
E8BT due to a lowering of the hole-injection barrier. Because
LA derivatives are amenable to many synthetic modifications,
this is potentially a versatile method for engineering the
morphological and electrical properties of metal—polymer
interfaces in inverted organic electronic devices.
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