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12 ABSTRACT: We compare and contrast the properties of
13 hybrid organic−inorganic self-assembled nanodielectrics
14 (SANDs) based on alternating layers of solution-processed
15 ZrOx and either of two phosphonic acid-functionalized
16 azastilbazolium π-units having opposite dipolar orientations.
17 Conventional Zr-SAND and new inverted IZr-SAND are
18 characterized by Kevin probe, optical spectroscopy, capaci-
19 tance−voltage measurements, AFM, X-ray reflectivity, and
20 electronic structure computation. The molecular dipolar
21 orientation affects thin-film transistor (TFT) threshold and
22 turn-on voltages for devices based on either p-channel
23 pentacene or n-channel copper perfluorophthalocyanine.
24 Specifically, Zr-SAND shifts threshold and turn-on voltages
25 to more positive values, whereas IZr-SAND shifts them in the opposite direction. Capping these SANDs with −SiMe3 groups
26 enhances the effect, affording a 1.3 V difference in turn-on voltage for IZr-SAND vs Zr-SAND-gated organic TFTs. Such
27 tunability should facilitate the engineering of more complex circuits.

28 ■ INTRODUCTION

29 In the growing field of organic electronics, a major challenge is
30 providing reliable materials and methodologies for fabricating
31 unconventional electronic devices.1−6 Organic thin-film tran-
32 sistors (OTFTs) are of paramount interest, promising
33 mechanical flexibility and facile solution processing.7,8 The
34 semiconducting layer has been by far the most investigated
35 OTFT component, although the other materials and interfaces
36 are also critical to performance. In particular, plastic electronics
37 applications require that the gate dielectric evolve from a
38 conventional rigid metal oxide film (e.g., SiO2) to materials
39 having a larger dielectric constant k, mechanical flexibility, and
40 low voltage operation, as well as enabling fine-tuning of key
41 device metrics such as threshold (VTH) and turn-on voltage
42 (VON).

9,10 Viable SiO2 alternatives include metal oxides,
43 electrolytes, self-assembled monolayers (SAMs) on metal
44 oxides, and high-capacitance ultrathin/high-k polymers and
45 polymer blends, each having their own strengths and
46 limitations.11−18

47 Previously, we reported families of robust, structurally well-
48 defined self-assembled nanodielectrics (SANDs) offering high
49 capacitance, facile fabrication, and broad applicability to diverse

50semiconductors.19,20 Our most advanced SANDs consist of
51alternating high-k metal oxide (ZrOx or HfOx) and highly
52 f1polarizable, high-k PAE dipolar nanolayers (Figure 1a), all
53processed from solution under ambient.21−23 To date, the
54effects, if any, of PAE dipolar orientation on the dielectric
55properties and OTFT response remain unknown. Here, we
56address this issue using an “inverted” PAE unit, named IPAE,
57to create a structurally inverted SAND (Figure 1b) and show
58from Kevin probe measurements, molecular orbital computa-
59tions, and OTFT measurements that dipolar inversion occurs
60and that it affects, in an informative and useful way, the
61principal OTFT parameters relevant to circuit design and
62fabrication.24,25

63■ EXPERIMENTAL SECTION
64IPAE Synthesis and Characterization. All reagents are
65commercially available and were used without further purification
66unless otherwise stated. Anhydrous dichloromethane was distilled
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67 from calcium hydride, whereas toluene was distilled from Na/
68 benzophenone. Unless otherwise stated, all reactions were carried
69 out under N2 using standard Schlenk line techniques. Details of IPAE
70 synthesis are given in the Supporting Information. UV−vis spectra
71 were recorded on a Varian Cary 50 Scan UV−vis spectrophotometer.
72 Microwave enhanced reactions were performed in a CEM Discover
73 Instrument working under Dynamic conditions. NMR spectra were
74 recorded on a Varian Unity Plus 500 (500 MHz, room temperature)
75 spectrometer, and chemical shifts are referenced to TMS for 1H and
76 internally calibrated by the spectrometer for 31P.
77 SAND Film Growth. ZrOx solutions for the deposition of ZrOx
78 layers were prepared by dissolving 93.2 mg of ZrCl4 (Sigma-Aldrich)
79 in 4.0 mL of absolute ethanol, affording a 0.1 M solution. After 5 min
80 of stirring, 300 mg of 68% wt./wt. HNO3 was added and the solution
81 was heated at 60 °C for 3 h, then aged at room temperature for 12 h.
82 From this mother solution, 0.01 and 0.02 M solutions were prepared
83 by dilution with ethanol for future use. The substrates (glass or n+2-Si/
84 native SiO2) were cleaned by sonication in acetone, hexane, and
85 ethanol for 5 min, followed by air plasma cleaning (400−500 mTorr)
86 for 5 min. Growth of the dielectric stacks was carried out in a Class-10
87 HEPA filtered laminar flow clean hood (NuAire) to minimize
88 contamination. All solutions were filtered through 0.2 μm Teflon
89 syringe filters. Growth of Zr-SAND and IZr-SAND films was carried
90 out in the following these steps: Step 1 (ZrOX-Primer): The ZrOx
91 primer layer was prepared by spin-coating the 0.02 M precursor
92 solution at 5000 rpm for 30 s, then baking the coated substrate at 220
93 °C for 20 min. Step 2 (PAE/IPAE Self-Assembly): The organic
94 molecular layer was self-assembled on the surface by immersing the
95 primer-coated substrate in a 3 mM methanol solution of the
96 azastilbazolium reagent of interest, PAE for Zr-SAND and IPAE for
97 IZr-SAND, for 1 h at 60 °C.26 The films were then cleaned by
98 sonication in methanol for 5 s using two different methanol baths. Step
99 3 (ZrOx-Capping): The capping layer was fabricated by spin-coating
100 the 0.01 M precursor solution at 5000 rpm for 30 s, then baking at 220
101 °C for 20 min. The last two steps (self-assembly + ZrOx capping) were
102 repeated in sequence to achieve the desired number of SAND layers.
103 The HMDS-capped cZr-SAND and cIZr-SAND films were fabricated
104 by spin-coating pure HMDS on top of 4 layers Zr-SAND and IZr-
105 SAND films. (5000 rpm, 30 s), followed by annealing at 130 °C for 20
106 min.
107 SAND Film Characterization. X-ray reflectivity (XRR) was
108 performed on an 18 kW Rigaku ATXG diffractometer workstation
109 with Cu Kα radiation (λ = 1.54 Å). The reflectivity data for the IZr-
110 SAND thin films are plotted as a function of momentum transfer (Q =
111 4π sin(θ)/λ) and fitted with the Motofit/Igor software package to
112 extract the film thickness and electron density profile. Kelvin Probe
113 measurements were carried out on an Ambient Kelvin Probe System
114 (KP technology, USA). The humidity was ∼22%. The reference
115 electrode was gold. SAND film UV−vis spectra were recorded on a
116 Varian Cary 50 Scan spectrophotometer. FT-IR spectra were collected
117 on a Nexus 870 spectrometer (Thermo Nicolet) with a single

118reflection horizontal ATR accessory having a diamond ATR crystal
119fixed at a 45° incident angle.
120Electrical Measurements on SAND Films. To fabricate metal−
121insulator−semiconductor capacitors, gold contacts were thermally
122evaporated at a 0.3 Å/s rate from a base pressure of 3 × 10−6 Torr
123through 200 μm × 200 μm shadow masks. MIS characterization was
124performed under ambient conditions using an Agilent B1500A
125semiconductor parameter analyzer. Leakage current density vs voltage
126(J−V) curves, areal capacitance vs voltage (C−V) curves, and areal
127capacitance vs frequency (C−f) curves were recorded under ambient
128conditions using a flexible tungsten 1 μm whisker probe (SE-SM,
129Signatone) as a cathode and a beryllium−copper alloy probe (SE-BC,
130Signatone) as an anode. C−V curves were tested at 10 kHz. The
131multilayer dielectric in the n+2-Si/Zr-SAND [primer ZrO2/(PAE/
132capping ZrO2)n, n (number of bilayers) = 1, 2, 3, and 4]/Au MIS
133devices can be modeled as capacitors in series, according to eq 1. Here,
134SiO2 is the native oxide on the Si wafer, p-ZrO2 is the ZrO2 primer
135layer,
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137c-ZrO2 is the ZrO2 capping layer, and Org is the PAE or IPAE layer.
138The capacitances of the native oxide and ZrO2 primer layer on the n

+2-
139Si bottom electrode are 2236 and 4425 nF/cm2, respectively, assuming
140a 1.5 nm thick SiO2 (k = 3.9) and 2 nm thick ZrO2 layer (k = 10).
141Organic Thin-Film Transistor Fabrication and Character-
142ization. Pentacene (P5, 99%, Sigma-Aldrich) and copper perfluor-
143ophthalocyanine (F16CuPc, 98%, TCI Chemicals) were sublimed twice
144(base pressure: 7.0 × 10−6 Torr) in a three-zone sublimer prior to use.
145Temperatures for pentacene: 290, 275, 230 °C. Temperatures for
146F16PcCu: 460, 400, 300 °C. Semiconductor films (50 nm thick) were
147patterned during thermal evaporation (0.1 Å/s, base pressure 3.5 ×
14810−6 Torr) through 5 mm × 8 mm shadow masks. The substrates were
149kept at 25 °C for P5 evaporation and at 125 °C for F16CuPc
150evaporation. OTFT fabrication was completed by thermal evaporation
151(50 nm, 0.3 Å/s, base pressure 3 × 10−6 Torr) of gold contacts (W = 5
152mm, L = 100 μm). Transfer and output plots were recorded using an
153Agilent B1500A semiconductor parameter analyzer. Carrier mobilities
154(μ) were evaluated in the saturation regime with a conventional
155metal−oxide−semiconductor field-effect transistor model. The
156capacitance of Zr-SAND/cZr-SAND and IZr-SAND/cIZr-SAND
157used for mobility calculations are 465/352 and 503/394 nF cm−2

158(measured at 104 Hz), respectively.

159■ RESULTS AND DISCUSSION
160Here, we first report the design and synthesis of the new IPAE
161building block for nanodielectric films, then fabricate in parallel,
162conventional Zr-SAND and inverted IZr-SAND films. These
163dielectric films are characterized by several methods including
164optical, electrical, and morphological measurements. In
165addition, the dipolar inversion is investigated by Kevin probe
166techniques and DFT computation, corroborating inversion of
167the dipole. Finally, p-/n-channel OTFTs are fabricated and the
168device performance parameters discussed in detail, including
169how they vary with SAND and organic semiconductor
170microstructure.
171Synthetic Strategy for Inverted SANDs. The design and
172synthesis of an inverted PAE analogue having similar
173 s1connectivity, IPAE, is shown in Scheme 1. Note that, although
174the π-conjugated azastilbazolium cores of PAE and IPAE are
175identical, there are minor differences in the structures such as
176larger distance between the phenylphosphonic acid portion and
177the core (1 atom in PAE and 2 atoms in IPAE) and, more
178evident, two hydroxylethyl fragments in the latter versus one in
179the former structure. However, the hydroxyethyl group is not
180the anchoring point of the chromophore to the surface but is

Figure 1. Dielectric stacks comprising four-chromophore/ZrOx layers
on top of the ZrOx (p-ZrOx) primer film. (a) Conventional Zr-SAND
with a phosphonate π-electron (PAE) unit. (b) Inverted IZr-SAND
with an inverted PAE (IPAE) π-unit.
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181 simply used to achieve good chemical adhesion to the overlying
182 ZrOx layer. More importantly, it does not drive the self-
183 assembly process as judged from the kinetics of PAE/IPAE
184 absorption, which are governed by the phosphonic acid
185 fragment and are identical for the two systems (vide inf ra).
186 The IPAE synthesis begins with the nucleophilic attack of N-
187 methylaniline 2 on the benzylic position of 4-bromobenzyl
188 bromide 1. The resulting amine 3 is then employed in diazo
189 coupling with pyridine moiety 4. Traditional approaches were
190 unsuccessful to afford 5 with acceptable yields.27−30 However,
191 the generation of diazonium salt by aqueous HBF4 + NaNO2
192 produces the N-asymmetric azabenzenes in high yields.31 The
193 structure of 5 was confirmed by single-crystal diffraction (see
194 the Supporting Information). Surprisingly, functionalization of
195 5 with a diethyl-phosphonate group was unsuccessful via either
196 Pd-catalyzed Hirao or Ni-catalyzed coupling.32,33 Thus,
197 Finkelstein halide exchange was used to obtain iodo derivative
198 6, which was then converted into phosphonate 7 under Hirao

199conditions. Alkylation of 7 to give 8 in neat 2-bromoethanol
200under microwave irradiation, followed by phosphonic ester
201cleavage with Me3SiBr, affords phosphonic acid IPAE in good
202yield. Characterization by elemental analysis, NMR, and single-
203crystal diffraction of IPAE and synthetic intermediates are
204presented in Figures S1−S7 and Tables S1−S7. As noted
205above, the IPAE double hydroxyethyl group is not the
206chromophore anchoring point to the surface but is used to
207achieve good chemical adhesion to the top ZrOx layer.
208 f2Figure 2a shows IPAE and PAE optical spectra in methanol
209solution. The former features a hypsochromic shift of ∼20 nm
210in λmax and half the molar extinction coefficient ε of PAE
211 t1(Table 1). This result likely reflects the different roles of the
212phosphonic acid electron-withdrawing residue in the two
213molecules. Thus, the PO(OH)2 moiety increases the “pull”
214character of the electron-poor pyridinium moiety in PAE,
215increasing the oscillator strength along the molecular axis and
216red-shifting λmax. In contrast, the electron-withdrawing effect in
217IPAE decreases the charge density on the amine “push”
218nitrogen, thus decreasing the total oscillator strength and the
219donor−acceptor coupling. Note that the presence of a
220phosphonic acid (pKa1 ∼ 1−2) and an azo bridge base (pKa
221∼ 3−4) in the same molecule imparts halochromic properties,
222typical of aromatic azo compounds such as the pH indicator
223methylorange.34,35 Concentrated polar IPAE solutions (>0.1
224M) appear red, while dilution increases the pH and λmax shifts
225toward that observed in Figure 2a.
226SAND Film Characterization. UV−vis-monitored kinetic
227measurements (Figure 2b) indicate that PAE and IPAE have
228comparable grafting rates on the ZrOx surface of glass/ITO/
229ZrOx substrates and reach maximum SAM densities after ∼60
230min at 60 °C (data points normalized to ε). IZr-SAND
231fabrication of n-bilayers (from 1 to 4) is similar to that reported
232for conventional Zr-SANDs, with the IZr-SAND optical
233absorption on glass at 547 nm increasing linearly with the
234number of bilayers, and FT-IR spectra clearly demonstrating

Scheme 1. Synthesis of Inverted SAND Building Block IPAE

Figure 2. (a) Normalized optical absorption spectra of PAE and IPAE in MeOH. (b) Optical spectroscopic data as a function of monolayer self-
assembly time. (c) Contact potential difference (CPD) for p-ZrOx/Si, PAE/p-ZrOx/Si, and IPAE/p-ZrOx/Si films. (d) Illustration of the different
polarization directions for PAE and IPAE. (e) Reciprocal of capacitance vs the number of SAND layers with the corresponding linear fit indicated by
the broken lines; Inset: Corresponding areal capacitance vs the number of layers. Representative (f) C−V curves (measured at 104 Hz), (g) C−f
curves (measured at 3.5 V), and (h) J−V plots for Zr-SAND and IZr-SAND (n = 4). In all MIS measurements, the metal is grounded.
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235 the CH2 stretching (2920 and 2850 cm−1) and arene ring
236 vibrational modes (1580, 1230, and 878 cm−1) (Figure S8).
237 Before IZr-SAND fabrication and characterization, the
238 inversion in the surface dipole was assessed experimentally by
239 Kelvin probe analysis and theoretically by DFT calculations.
240 The Kelvin probe measures the contact potential difference
241 (CPD) between a reference surface (gold) and the sample.36

242 Thus, the CPD values (Figure 2c) of PAE/Primer ZrOx (PAE/
243 p-ZrOx) (∼ −983 meV) is more negative than that of IPAE/
244 Primer ZrOx (IPAE/p-ZrOx) (∼ −463 meV), with that of the
245 primer ZrOx located in between (∼ −770 meV). This result
246 substantiates dipole inversion and is in agreement with the
247 pictorial orientation toward the surface (Figure 2d), thus
248 facilitating electron extraction and decreasing the CPD value.
249 Furthermore, the different directions of PAE and IPAE SAM
250 dipole moments is supported by MO computations (Figure S9,
251 Table S8, vide inf ra). Together, these data argue that the
252 chromophore components of the SAND/ISANDs should
253 produce opposite built-in electric fields.37,38

254 SAND Dielectric and Electrical Properties. To assess the
255 dielectric properties of these hybrid ZrOx−azastilbazolium
256 stacks, SANDs were fabricated on n+2-Si substrates using PAE
257 (Zr-SAND) and IPAE (IZr-SAND), following an iterative
258 process of sol−gel ZrOx spin-casting, thermally assisted
259 densification at 220 °C in air, and immersion-grafting in
260 methanol (details in the SI and AFM images in Figure S10). X-
261 ray reflectivity of the 4-Layer IZr-SAND and Zr-SAND
262 demonstrate almost identical thickness, 12.2 and 12.1 nm,

263respectively (Table 1, Figure S8). Metal−insulator−semi-
264conductor (MIS) capacitors were fabricated by gold electrode
265thermal deposition (device area = 200 μm × 200 μm) on Zr-
266SAND and IZr-SAND (details in the SI). The capacitance
267shows linear dependence on the number of layers (n) (Figures
2682e and S11), confirming the regular multilayer structures of the
269PAE- and IPAE-based SANDs. These data indicate that the
270capacitance values of the IZr-SANDs are slightly larger than
271those of the corresponding Zr-SANDs, attributed to the slightly
272different molecular structure and opposite the built-in polar-
273ization orientation (Table 1).
274Regarding capacitance response with voltage (Figures 2f and
275S11), note the following: (a) The effects of the PAE vs IPAE
276structure on the dielectric stack capacitance manifest
277themselves in slightly higher values for IZr-SAND stacks vs
278Zr-SAND stacks and by different dC/dV values in the
279accumulation regime (Figure S12); these data can be
280interpreted by considering that, during the capacitance
281measurement, the molecular dipole in IZr-SAND is oriented
282with the applied field effectively promoting positive/negative
283charge localizations at the top/bottom interfaces (Figure 2d).
284(b) The voltage onset of accumulation is more negative for IZr-
285SANDs [−400 to +300 mV] than for Zr-SANDs [−100 to
286+250 mV], which is in agreement with the different built-in
287polarization of the two nanodielectric types (Table S9).39

288Figure 2g shows the C−f curves for 4-layer Zr-SAND and IZr-
289SAND dielectrics, indicating that the latter exhibit stable
290capacitance to a greater frequency range (1 × 105 Hz) than the

Table 1. Optical Properties of PAE Derivatives and Dielectric Properties of IZr-SAND and Zr-SAND Stacks with Different
Numbers of (Bi)layers

optical capacitance (nF cm−2) dXRR (nm)a

chromophore/dielectric λMAX (nm) ε (L cm−1 mol−1) 1 Layer 2 Layers 3 Layers 4 Layers 4 Layers korg
b

IPAE/IZr-SAND 547 5.30 × 104 770 655 566 503 12.2 nm 13
PAE/Zr-SAND 567 2.59 × 104 750 633 535 465 12.1 nm 9

adXRR = thickness established by X-ray reflectivity. bkorg is the dielectric constant of PAE or IPAE.

Figure 3. (a) Schematic of OTFTs fabricated on Zr-SAND and IZr-SAND. Representative transfer plots (VDS = ±3 V) for (b) P5 OTFTs and (c)
F16PcCu OTFTs on Zr-SAND and IZr-SAND. (d). Schematic of OTFTs fabricated on TMS-capped cZr-SAND and cIZr-SAND. Representative
transfer plots (VDS = ±3 V) for (e) P5 OTFTs and (f) F16PcCu OTFTs on cZr-SAND and cIZr-SAND. The off-current variations (Figure S18) may
originate from both the different semiconductor film morphologies and the slightly larger gate leakage for c(I)Zr-SAND vs the (I)Zr-SAND films.
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291 former (3 × 104 Hz). The leakage currents of 4-layer Zr-SAND
292 and IZr-SAND (Figure 2f) are ∼1−2 × 10−6 A cm−2 at 3 V,
293 albeit those of IZr-SAND are statistically slightly larger,
294 comparable to other ZrOx- and HfOx-based PAE dielec-
295 trics.20,23

296 Thin-Film Transistors. To probe dipole inversion effects
297 on charge transport and VTH/VON, 4-layer IZr-SAND and Zr-
298 SAND stacks were used to fabricate bottom-gate, top-contact
299 OTFTs by evaporating pentacene (P5, p-type) or Cu
300 perfluorophthalocyanine (F16PcCu, n-type) films and Au S/D
301 contacts (W = 5 mm, L = 100 μm; full details in the SI). The

f3 302 OTFT architecture is shown in Figure 3a, while the associated
303 transfer plots measured at ±3 V are in Figure 3b,c. Key TFT

t2 304 parameters are summarized in Table 2. P5 and F16PcCu TFTs
305 carrier mobilities on both types of SANDs are large (0.4−0.6
306 and 0.05−0.06 cm2 V−1 s−1, respectively)greater than
307 previously reported for similar OTFT achitectures.16 Note
308 that, since semiconductor morphology is not affected by the
309 SAND type (vide inf ra), carrier mobility in saturation should
310 and does remain similar for the two SANDs. However,
311 importantly, both semiconductors exhibit a negative VTH/VON
312 shift, from −50 to −700 mV, on going from Zr-SAND to IZr-
313 SAND (Table 2). To verify that these shifts are not
314 morphology-related, AFM images of P5 and F16PcCu films
315 on IZr- and Zr-SAND were recorded and indicate no major
316 differences (Figure S13), exhibiting typical vapor-deposited P5
317 and F16PcCu crystallites. Note that, on average, the VON shift
318 (−150 mV for P5 and −500 mV for F16PcCu) is larger than the
319 VTH shift [−50 mV for P5 and −300 mV for F16PcCu], in
320 agreement with other studies investigating effect polarity and
321 dipole orientation effects on the transport characteristics of
322 organic semiconductors.40,41 Also, comparing the VTH of P5
323 OTFTs based on 3L- and 4L-IZr-SAND, note that the VTH
324 shifts positive from 3L to 4L-SANDs (Figure S14),
325 demonstrating the more prominent dipole effect of the latter.
326 Interestingly, Kelvin probe measurements (Figure S15)
327 indicate that the CPD values of the PAE/p-ZrOx or IPAE
328 layer capped with a ZrOx film (structures equivalent to a 1L Zr-
329 SAND/IZr-SAND films) are almost identical to the primer
330 ZrOx (p-ZrOx), suggesting that the surface potential difference
331 between the two types of chromophores is moderated on
332 capping. To understand whether there is a dampening effect on
333 VTH/VON due to the uppermost ZrOx capping layer, OTFTs
334 were fabricated minus the top ZrOx layer but with Me3Si-
335 capping of the exposed organic hydroxyl groups to yield cZr-
336 SAND and cIZr-SAND (Figure 3d). The device data (transfer

337plots in Figure 3e,f) indicate two interesting trends on replacing
338the ∼1 nm ZrOx cap with Me3Si− groups. The leakage currents
339(Figure S16a) of cZr-SAND and cIZr-SAND are ∼2−4 × 10−6

340A cm−2 at −3 V, slightly higher than those of the corresponding
341Zr-SAND and IZr-SAND. The C−f plots (Figure S16b) exhibit
342obvious frequency dependence even at low frequencies,
343indicating Me3Si− capping cannot prevent ion motion in
344PAE and IPAE layers. Note that a clear onset voltage difference
345in the capacitance measurements can be detected by measuring
346cZr-SAND vs cIZr-SAND (−0.09 vs 0.16 V), thus eliminating
347the dampening effect from ZrOx capping layer (Figure S16c).
348With regard to the OTFT performance, first, the carrier
349mobilities of both semiconductors fall [0.2−0.03 cm2 V−1 s−1

350for P5 and ∼10−3 cm2 V−1 s−1 for F16PcCu] as a result of non-
351optimal semiconductor film morphology (Figure S17),
352indicated by far smaller grains than in the ZrOx-capped
353SANDs. Specifically, the F16PcCu AFM phase images show sub-
35450 nm crystallites with abundant grain boundaries, and
355complete loss of contiguity in the semiconducting layer. We
356infer that the different substrate surface energies and closer
357proximity of the molecular dipole to the interface may induce a
358non-optimal semiconductor growth morphology, particularly
359near the dielectric surface in the channel region. Second, and
360most important, the dipole inversion-related VTH/VON shifts
361increase significantly as the result of the closer coupling
362between the dipolar component of the SAND stack and the
363semiconductor. Thus, in the P5 OTFTs, replacing the ZrOx
364capping layer with Me3Si− induces significant dipole inversion
365VTH and VON shifts of −650 and −1300 mV, respectively. For
366the F16PcCu-based devices, both VTH/VON shifts are ∼ −700
367mVlarger than that measured for the ZrOx-capped SANDs;
368however, the VTH shift is not as dramatic as for P5. This result
369may reflect the limited accuracy of the OTFT parameters for
370the low-mobility F16PcCu devices on cIZr-SAND as well as the
371limited significance of VTH shifts when comparing devices with
372very different electrical characteristics,40,42−44 as for P5 OTFTs
373on the same dielectric. Note also that the slower P5 turn-on
374(larger subthreshold swing) on Zr-SAND and its incomplete
375saturation may obscure the comparison between these different
376gate dielectrics.
377The direction of the present VTH/VON shifts parallels those of
378other SAM dipole inversion experiments,42,45,46 consistent with
379an IPAE dipole inversion vs PAE. Using the cIZr-SAND versus
380IZr-SAND ΔVON parameters, it should be possible to estimate
381the dipole direction from ΔV = NP⊥/ε0k, where N and k are
382the surface density and the dielectric constants of the organic

Table 2. Electrical Parameters for OTFTs Fabricated with the Indicated Four-Layer ZrOx Based SANDsa

OTFT structure of Figure 3ab OTFT structure of Figure 3dc

P5 (p-channel) F16PcCu (n-channel) P5 (p-channel) F16PcCu (n-channel)

OTFT metrics Zr-SAND IZr-SAND Zr-SAND IZr-SAND cZr-SAND cIZr-SAND cZr-SAND cIZr-SAND

μ (cm2 V−1 s−1) 0.44 ± 0.04 (0.58) 0.55 ± 0.05
(0.69)

0.051 ± 0.003
(0.066)

0.055 ± 0.002
(0.070)

0.032 ± 0.004
(0.05)

0.17 ± 0.01
(0.20)

∼0.002 ∼0.001

ION/IOFF ∼105 ∼105 ∼103 ∼103 ∼103 ∼104 102 ∼10
VTH (V) −0.95 ± 0.0.01 −1.00 ± 0.01 −0.30 ± 0.08 −0.80 ± 0.06 −1.00 ± 0.02 −1.65 ± 0.03 ∼-0.5d ∼-2d

ΔVTH (mV) −50 −500 −650 ∼ −1500
VON (V) 0 ± 0.01 −0.15 ± 0.02 −0.8 ± 0.01 −1.3 ± 0.02 0.65 ± 0.05 −0.65 ± 0.04 ∼-0.1d ∼-0.9d

ΔVON (mV) −150 −500 −1300 ∼ −700
SS (V/dec) 0.18 ± 0.01 0.18 ± 0.02 1.26 ± 0.04 1.20 ± 0.03 0.40 ± 0.05 0.20 ± 0.02 ∼2d ∼2d
aValues represent the average of 10+ devices and are reported with relative uncertainties; the mobility values in parentheses are the maximum values.
bZrOx-capped four-layer Zr-SANDs and IZr-SANDs. cMe3Si-capped four-layer cZr-SANDs and cIZr-SANDs. dApproximate due to the low μ values
and ION/IOFF ratios.
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383 SAMs (Table 1), and P⊥ is the molecular dipole moment along
384 the molecular long axis. Taking into account the presence of
385 four organic layers, P⊥ along the substrate normal for IPAE and
386 PAE layers is therefore estimated to be +2.00 D and −1.45 D,
387 respectively. A positive sign indicates dipolar orientation from
388 the Si substrate to the film surface, in agreement with dipole
389 inversion as depicted in Figure 1.46 Note that these results are
390 in accord with the P⊥ found here for IPAE (+0.70 D) and PAE
391 (−3.04 D), estimated by combining long-period X-ray standing
392 wave experiments47 and DFT computations (Figure S9), as
393 well as previous identification of gate dielectric dipolar effects in
394 very different materials.10,45 Note that the counterion should
395 also affect the chromophore polarizability and we are now
396 exploring other anions.

397 ■ CONCLUSIONS
398 A “dipole inverted” phosphonic acid-functionalized azastilbazo-
399 lium molecule (IPAE) was synthesized and characterized, and
400 the resulting IZr-SAND properties were investigated by a
401 battery of techniques. It is shown that the threshold and turn-
402 on voltages of p- and n-type OTFTs based on ZrOx-derived
403 SANDs can be tuned by manipulating the phosphonate dipolar
404 orientation and proximate dielectric functionality. We believe
405 that SAND dipole modulation, along with new semiconductor
406 design and device engineering, can further advance optoelec-
407 tronic device performance. Future efforts include exploration of
408 different counterions, whose structure can greatly impact the
409 overall dipole moment strength and direction, as well as
410 fabricating these structures in a cleanroom and using all-
411 patterned layers for detailed statistical analysis.
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