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9 ABSTRACT: We report n-type performance enhancement of
10 an ambipolar donor−acceptor (D−A) polymer by suppressing
11 its p-type behavior using a simple and versatile methodology
12 of interlayer processing in top-contact organic field-effect
13 transistors. In this approach, a judiciously selected interlayer
14 material, polyethylene glycol (PEG), is codeposited as an
15 additive with the semiconducting polymer DPP-T-TT active
16 layer. During top-contact aluminum deposition, the PEG
17 molecules migrate from within the bulk film to the organic/Al
18 interface because of additive−metal interactions. The
19 formation of the PEG interlayer was confirmed by X-ray
20 photoelectron spectroscopy and its effect on the polymeric-
21 interfacial microstructure was studied using angle-dependent grazing-incidence wide-angle X-ray scattering. We find that the
22 PEG interlayer has two significant contributions to the n-type characteristics of the device: it suppresses hole injection while
23 improving electron injection by tuning the effective work-function, and it enhances the order and crystallinity of the polymer at
24 the interface effectively enhancing charge mobility.

25 ■ INTRODUCTION

26 Solution-processed organic field-effect transistors (OFETs) are
27 essential building blocks for a variety of electronic devices such
28 as radio frequency identification (RFID) tags, flexible displays,
29 memory devices, medical sensors, and so on.1−5 This drives
30 intense efforts in the design and synthesis of π-conjugated
31 polymers consisting of alternating electron donor (D) and
32 acceptor (A) units. The ground state of such polymers has
33 partial charge-transfer character endowing them with ambipo-
34 lar semiconducting properties. The relative strength of the
35 donor or acceptor components determines the type of majority
36 charge carrier in the polymer.6,7 High-mobility D−A polymers
37 are predominantly p-type with holes as majority carriers. For
38 example, polar diketopyrrolo-pyrrole (DPP)-based D−A
39 polymers, with either side chain engineering8 or ammonium
40 salt incorporation,9 showed p-type mobility of 12 cm2 V−1 s−1

41 and 13.7 cm2 V−1 s−1, respectively. However, the lack of
42 acceptor building blocks with efficient electron-transport
43 capabilities limits the availability of high-mobility n-type
44 organic semiconductors.7,10 Yet, both p-channel and n-channel
45 are required for complementary metal oxide semiconductor
46 (CMOS)-like logic circuits using organic thin film transistors
47 (OFETs). Therefore, augmenting the n-type performance of
48 ambipolar D−A polymers by suppressing its p-type behavior is
49 a promising route for n-channel polymer-based OFETs. For

50example, Sun et al. used poly ethylenimine (PEI) as a hole-
51trapping dopant in an ambipolar D−A semiconducting
52polymer effectively converting it into a high-performance
53unipolar n-type film for OFETs.11

54The n-type performance of D−A ambipolar polymers is also
55limited by contact resistance that generally has two
56contributions in series: the Schottky barrier and the bulk-
57access resistance. In most cases, bulk-access resistance is
58significantly lower than the Schottky barrier and hence
59ignored.12,13 The Schottky barrier is imposed by the energy
60difference between the shallow lowest unoccupied molecular
61orbital (LUMO) of the D−A polymer and the work function
62of the contact. Accordingly, alignment of the metal electrode
63work function to the LUMO level of the polymer is a practical
64approach to enhance electron injection/extraction and hence
65n-type device performance. Cheng et al. reported that a self-
66assembled monolayer (SAM) of thiol-capped molecules
67positioned at the organic/silver interface modifies the effective
68work function (EWF) and enhances n-type OFET perform-
69ance.14,15 Furthermore, circumstantial evidence showed that

Special Issue: Jean-Luc Bredas Festschrift

Received: May 7, 2019
Revised: June 20, 2019
Published: June 21, 2019

Article

pubs.acs.org/cm

© XXXX American Chemical Society A DOI: 10.1021/acs.chemmater.9b01787
Chem. Mater. XXXX, XXX, XXX−XXX

ssj00 | ACSJCA | JCA11.1.4300/W Library-x64 | research.3f (R4.1.i3 HF01:4938 | 2.1) 2018/08/24 11:08:00 | PROD-WS-116 | rq_4426151 | 6/28/2019 07:42:53 | 8 | JCA-DEFAULT

pubs.acs.org/cm
http://dx.doi.org/10.1021/acs.chemmater.9b01787


70 the SAM could also direct an interfacial microstructure that is
71 favorable for electron injection. However, SAM deposition
72 generally requires distinct processing steps that are often cost-
73 effective and could considerably complicate device fabrica-
74 tion.14,16,17

75 Recently, we reported on tuning the EWF at metal/organic
76 interfaces using self-generated interlayers and associated
77 performance enhancement in top-contact OFETs, organic
78 solar cells (OSCs), and organic light-emitting diodes
79 (OLEDs).18,19 In this methodology, molecules with moieties
80 that have affinity to the electrode metal, for example, O−H to
81 Al or S−H to Ag, are initially blended as additives in the
82 semiconducting polymer film and spontaneously migrate to the
83 polymer/metal interface during metal deposition. Additive
84 migration stops once a complete interlayer, fully covering the
85 metal contact, is formed and the driving force for migration is
86 terminated. During the migration process, the bulk film is
87 depleted of the additive molecules which are now situated at
88 the polymer/metal interface.19 Additive migration through the
89 polymer to the top interface depends on the affinity of the
90 additive molecules to the metal electrode compared to its
91 affinity to the polymer host and/or the bottom substrate.
92 Additive size, system temperature, and polymer crystallinity
93 can also affect additive migration.20−22 Using this method we
94 recently demonstrated EWF modification of the polymer/
95 metal interface in both p- and n-type OFETs, leading to
96 significant reduction of contact resistance and improved
97 performances.18

98 Here we show that the self-generated interlayer method can
99 also be used to suppress p-type characteristics and augment n-
100 type performance of ambipolar D−A semiconducting polymers
101 in OFETs. We selected diketopyrrolopyrrolethieno[3,2-b]-

f1 102 thiophene D−A copolymer (DPP-T-TT) (Figure 1a) because

103 it previously showed hole mobility approaching nearly 1 cm2

104 V−1 s−1 in p-type OFETs but moderate n-type mobility even
105 after high-temperature annealing (∼320 °C). Notably, the
106 factors limiting high n-type mobility in DPP-T-TT were not
107 clearly understood.23 In this study, we chose polyethylene
108 glycol (PEG) as an additive to modify the EWF of the buried
109 organic/aluminum (Al) interface because it was shown to
110 induce a dipole moment at the organic/Al junction that

111reduces the energy barrier for charge injection.24 Furthermore,
112PEG strongly interacts with Al and hence is expected to
113migrate to the DPP-T-TT/Al interface during Al deposi-
114tion.25,26 X-ray photoelectron spectroscopy (XPS) confirms
115that the additive enriches the DPP-T-TT/Al interface, and 2D
116grazing incidence wide-angle X-ray scattering (GIWAXS)
117reveals, for the first time, that the self-generated interlayer
118induces a high degree of polymer order, crystallinity, and
119orientation at the polymer/metal interface. Bottom-gate top-
120contact OFET device measurements and transfer line method
121(TLM) analysis show suppression of contact resistance with
122interlayer formation. The interfacial electronic structure (i.e.,
123EWF modification) and materials microstructure (i.e., high
124degree of polymer order, imposed by the self-generated
125interlayer) lead to a significant reduction of contact resistance
126for electron injection/extraction, suppression of p-type
127character, and overall improvement of n-type device perform-
128ances.

129■ RESULTS AND DISCUSSION
130The ambipolar D−A polymer DPP-T-TT has a HOMO level
131at 5.25 (±0.5) eV,6,18,27 bandgap of 1.42 eV (see absorption
132spectra in Figure S1 of the Supporting Information), and
133accordingly a LUMO level at 3.83 (±0.5) eV (Figure 1a).27

134The work function of Al is ∼4.15 eV, and therefore, when Al
135and DPP-T-TT are brought in contact, a high Schottky barrier
136(Δϕb ≈ 0.32 eV) and wide image-charge potential develop at
137the DPP-T-TT/Al interface, effectively limiting electron
138injection.28 Insertion of a monolayer or an ultrathin insulating
139layer at the organic semiconductor/metal interface is known to
140reduce the Schottky barrier.18,29 We recently showed that PEG,
141which contains methane-hydroxyl end groups and polar O−C
142bonds in the backbone (Figure 1b), can reduce the EWF at
143polymer/Al electrode interfaces by modifying the interface
144dipole.24 The surface energy of PEG oligomers (43 mJ m−2) is
145higher than that of DPP-T-TT (∼33.16 mJ m−2), so PEG
146molecules are not expected to enrich the surface of the spun
147film.30,31 However, following our previous report, we suggest
148that the affinity of the O−H end-groups to Al induces the self-
149segregation of PEG molecules to the polymer/Al interface
150during Al deposition.19 To generate a PEG interlayer at the
151DPP-T-TT/Al interface in OFETs, we blended PEG molecules
152into the DPP-T-TT solution and collectively spun onto a thin
153film. XPS measurements of the DPP-T-TT:PEG/Air and DPP-
154T-TT:PEG/Al interfaces show no traces of PEG molecules at
155the film/air interface but do show the presence of PEG under
156the Al contact (Figure S2 of the Supporting Information).
157These spectra confirm the migration of PEG molecules toward
158the Al contact and the generation of a PEG interlayer at the
159DPP-T-TT/Al interface.
160After confirming the presence of the PEG interlayer, we
161study its effect on contact selectively in DPP-T-TT OFETs
162bottom-gate top-contact devices. Figure 1c,d show the device
163architecture and optical image of a silicon substrate containing
16420 devices with different channel lengths but similar channel
165width. The output and transfer characteristics of pristine DPP-
166T-TT OFETs are shown in panels a and d, respectively, of
167 f2Figure 2 (black line). The calculated saturation electron
168mobility of pristine DPP-T-TT is 0.03 ± 0.015 cm2 V−1 s−1

169(using Vth = 16.1 V and equation S1 of the Supporting
170Information). Notably, the pristine DPP-T-TT device exhibits
171overall low drain current with a nonlinear S-shape current−
172voltage dependence at low source−drain voltages (Figure 2a

Figure 1. Chemical structures, device schematic and optical images of
(a) semiconducting polymer DPP-T-TT, (b) PEG additive, (c)
bottom-gate top-contact OFET, and (d) optical image of a substrate
containing 20 devices with different channel lengths, L = 30, 40, 50,
and 80 μm; and W = 1000 μm. Inset: microscopic image of a single
OFET device (W/L = 1000/30).
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173 inset), indicative of high resistance to electron injection. This
174 contact resistance is associated with a high Schottky barrier
175 between the LUMO level of DPP-T-TT and the work function
176 of Al, as schematically illustrated in Figure 2e (left panel). As a
177 consequence of the low charge carrier density, the turn-on
178 voltage of this device is remarkably high (11.5 V).16

179 Presence of the self-generated PEG interlayer at the DPP-T-
180 TT/Al interface leads to an overall increase of the IDrain by an
181 order of magnitude, as shown in Figure 2b. In contrast to the
182 pristine device, the drain current increases linearly at low drain-
183 source voltage (Figure 2b inset) suggesting Ohmic electron
184 injection through the contact. The calculated saturation
185 electron mobility (with Vth = 10 V and equation S1 of the
186 Supporting Information) is 0.23 ± 0.04 cm2 V−1 s−1, over an
187 order of magnitude higher than that of the pristine device. This
188 n-type mobility value is comparable with that reported for
189 high-temperature-processed DPP-T-TT, despite the room-
190 temperature processing of these devcies.23 The transfer
191 characteristics in Figure 2d show that the self-generated PEG
192 interlayer leads to a substantial reduction of the turn-on
193 voltage, from 11.5 to 5.2 V at VDrain = 20 V, associated with a
194 reduction of the barrier for electron injection and the
195 consequent increase of electron density by 5.4 × 1011 cm−2

196 (estimated using the parallel capacitance model equation, as
197 described in Figure S3 in the Supporting Information
198 section).16

199To corroborate the contribution of the PEG interlayer to
200contact selectivity and not to the overall performance of the
201material, we measured the p-type characteristics of the same
202devices, as shown in Figure S4 (Supporting Information). In
203contrast to the n-type performance, in the case of the p-type
204devices, the pristine DPP-T-TT device shows higher hole
205current compared to that measured for the device with the
206PEG interlayer. Furthermore, introducing the PEG interlayer
207led to an increase of the p-type turn-on voltage from −6 to
208−12 V (at VDrain = −20 V) indicating that the PEG interlayer
209increased the hole injection barrier compared to the pristine
210device.
211To understand the effect of the PEG interlayer on the
212interfacial energy level alignment, we fabricated an OFET with
213a Ca/Al contact and compared its n-type performance to that
214of the OFETs with Al or PEG/Al contacts. The work function
215of Ca is 2.88 eV,32 sufficiently lower than the LUMO level of
216DPP-T-TT effectively allowing Fermi-level pinning and
217barrier-less electron injection.33 The output characteristics of
218the Ca/Al device, Figure 2c, is similar to that of the OFET
219with the PEG interlayer, Figure 2b, with a similar overall
220current level and a linear increase of drain-current at a low
221drain-source voltage (insets). The Vth and corresponding
222saturation electron mobility of the Ca/Al device are 8.8 V and
2230.16 cm2 V−1 s−1, respectively, which are also comparable to
224those of the PEG/Al contact device. The similarities between

Figure 2. DPP-T-TT OFETs device performance with and without a PEG interlayer. Output characteristics of devices with 30 μm channel length
and 1000 μm channel width at VGate = 0, 10, 20, and 30 V of (a) pristine, (b) with PEG interlayer, and (c) Ca/Al contact. Insets show the linear
region (VDrain: 2.5 to −5 V) output characteristics. (d) Transfer characteristics of the same devices. Dashed lines represent the gate currents (IGate)
corresponding to each device. (e) Energy level diagram at DPP-T-TT/Al and DPP-T-TT/PEG/Al interface.
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225 these devices suggests that the self-generated PEG interlayer
226 eliminates the barrier for electron injection. We speculate that
227 the PEG molecules induce a dipole effect that modifies the
228 EWF at the DPP-T-TT/Al interface that aligns the energy
229 levels between the LUMO of the polymer and the metal work
230 function, as illustrated in Figure 2e (right panel). Therefore,
231 introducing the PEG interlayer both limits the direct pinning
232 of the Al electrode to the DPP-T-TT28 and also imposes a
233 dipole-induced energy-level alignment that augments contact
234 “selectively” toward electrons.
235 For further comparison, we calculated the differential linear-
236 region field-effect mobility as a function of gate-source voltage
237 (using Equation S2, Supporting Information) for OFET

f3 238 devices with and without PEG, as shown in Figure 3a. The
239 linear mobility of the pristine device with Al contact (black
240 line) initially increases and then decreases with increasing gate
241 voltage. This type of gate voltage dependence has been
242 previously associated with contact resistance modulation.34 In
243 contrast, for the devices with the PEG interlayer or Ca/Al
244 contact (red and blue lines, respectively), the linear mobility
245 value is constant irrespective of gate voltage. However, the
246 device with the PEG interlayer shows higher linear mobility
247 compared to that of the Ca/Al device, which is reflected in a
248 steeper slope of the linear region drain current (see Figure S3
249 in the Supporting Information). The linear-region field-effect
250 mobility is sensitive to contact resistance,35 and therefore, the
251 higher linear mobility of the device with the PEG interlayer
252 could indicate lower contact resistance. The linear-region field-
253 effect mobility is sensitive to contact resistance,35 and
254 therefore, the higher linear mobility of the device with the
255 PEG interlayer could indicate lower contact resistance perhaps
256 due to PEG-induced enhancement of polymer crystallinity at
257 the organic/metal interface.
258 We qualitatively analyze the contribution of the PEG
259 interlayer to the selectivity of the contact by comparing two
260 inverters, one composed of two DPP-T-TT OFETs with Al
261 contacts and the other composed of two DPP-T-TT OFETs
262 with PEG/Al contacts. The voltage-transfer characteristics
263 (output voltage, Vout, as a function of input voltage, Vin, for
264 supply bias VDD = 40 V) and corresponding gain of both
265 inverters are shown in Figure 3b. All devices showed high
266 stability over 10 continuous scans, as shown in Figure S5

267(Supporting Information). Because of the p-type character of
268the D−A polymer, the inversion voltage of the inverter with Al
269contacts (black line) shifts to higher voltages compared to the
270ideal switching point at 1/2 VDD. In contrast, the inversion
271voltage of the inverter with PEG/Al contacts (red line) shifts
272to lower voltages than the ideal switching point at 1/2 VDD.

273This distinct negative shift suggests favorable n-channel
274operation due to higher electron concentration in the inverter
275confirming facile injection of electrons into the device.
276For quantitative analysis of the effect of the PEG interlayer
277on EWF modulation, we performed TLM analysis to extract
278the contact resistance and channel resistance of all types of
279devices. Figure 3b shows the width-normalized device
280resistance (R·W for W = 1000 μm) of the DPP-T-TT
281OFETs without or with the PEG interlayer, with respect to the
282channel lengths (30, 40, 50, and 80 μm) at a gate-source
283voltage of 20 V. The width-normalized contact resistances and
284the channel resistances, extracted from the y-intercept and the
285slope of the least-squares linear fit of measured width-
286normalized device resistance, respectively, are listed in Table
287T1 (Supporting Information). One can easily notice that the
288contact resistance values (y-intercept) of the devices with a
289PEG interlayer or Ca/Al contact are comparable and almost
290four times lower than that of the pristine device with the Al
291contact. In contrast, the sheet resistance (figure slope) is
292similar in all devices confirming that although the PEG
293molecules are initially blended into the polymer solution, they
294do not affect the bulk active layer but rather the organic/
295contact interface.
296In addition to the EWF and electronic properties, the
297generation of the PEG interlayer can also affect the molecular
298nanomorphology of the organic film and the organic/contact
299interface. Because of the abrupt decay of PEG content with
300respect to electrode distance, its effect on bulk and surface
301molecular order can significantly differ. Therefore, the
302comparison between PEG-induced surface and bulk nano-
303morphologies is extremely important to separately understand
304the contribution of PEG to contact resistance reduction, and
305channel conductivity enhancement. To shed light on the effect
306of PEG on the molecular packing at the DPPT-TT/Al
307interface compared to its effect on the bulk order, we
308performed GIWAXS experiments.36 In contrast to most

Figure 3. (a) Comparison of linear region field-effect mobility as a function of VGate, measured from transconductance for the OFETs biased at
VDrain of 1 V, including the statistical yield. (b) The transfer characteristics and gain of a complementary-like inverter comprised of two identical
OFETs (L = 30 μm and W = 1000 μm) with and without PEG additive (inset: inverter circuit configuration). (c) TLM: width-normalized total
resistance as a function of channel lengths to compare the contact resistance of the OFETs at VGate = 20 V.
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309 GIWAXS measurements on organic electronic films, in this
310 case we perform the measurements after depositing the metal
311 contact. In the case of the self-generated interlayer, this is
312 absolutely necessary because the contact generates the
313 interlayer.
314 However, it is also worth mentioning that contact deposition
315 could have an important impact on the interfacial nano-
316 morphology and hence characterizing bare organic surfaces
317 might not reflect the actual interfacial nanomorphology in the
318 operational device. Generally, surface and bulk sensitivity are
319 achieved by selection of incident angles below and above the
320 typical critical angle (about 0.11°) of the organic film,
321 respectively. Accordingly, using two different incident beam
322 angles, 0.08° and 0.18°, allows us to compare the effect of PEG

f4 323 on scattering from the surface and the bulk of the film. Figure
f4 324 4a,b show the GIWAXS patterns of DPP-T-TT and DPP-T-

325 TT:PEG films with evaporated Al contacts acquired at the
326 bulk-sensitive incident angle of 0.18°. In both patterns, we can
327 identify first- and second-order peaks at Qz = 0.315 A−1 and at
328 Qz = 0.62 A−1, respectively, associated with DPP-T-TT
329 polymer lamellar stacking (alkyl chains periodicity). The
330 corresponding lamellar d-spacing is 19.9 Å, in good agreement
331 with previous studies.23,37 Figure 4c,d present GIWAXS
332 patterns of the same DPP-T-TT and DPP-T-TT:PEG films
333 collected strictly from the organic/Al interfaces by using an
334 incident angle below the critical angle of the film (0.08°). The
335 pristine DPP-T-TT pattern (Figure 4c) shows the same first-
336 and second-order lamellar stacking peaks (Qz = 0.315 Å−1 and
337 Qz = 0.62 Å−1, respectively) as in the bulk. The DPP-T-
338 TT:PEG pattern (Figure 4d), on the other hand, shows
339 significantly more intense lamellar stacking peaks, visible up to
340 fourth order, indicating a substantial enhancement in polymer
341 lamellar packing at the interface. The lamellar stacking peaks
342 arise only along the Qz axis, for both bulk and surface,
343 indicating an edge-on orientation of the backbone relative to
344 the substrate (h00). The broad halo ring around Q = 1.5 A−1

345 which is seen in the bulk patterns (Figure 4a,b) arises from
346 scattering due to amorphous regions in the film. Interestingly,
347 the ratio of intensity of amorphous scattering to lamellar peak
348 scattering is significantly lower in surface-sensitive measure-
349 ments than in bulk measurements for all films suggesting a
350 generally higher degree of order at the top surface compared to
351 the bulk.
352 Formation of the PEG interlayer reduces the lamellar
353 stacking peak area in the bulk by 20%, which is within expected

f5 354 experimental error (Figure 5a). In contrast, presence of the

355PEG interlayer at the interface results in an incredible ∼240%
356increase of the lamellar stacking peak area at the interface
357(Figure 5b). A π−π stacking peak at Q ≈ 1.7 Å−1 also becomes
358prominent in the in-plane direction (Figure 5d). Thus, PEG
359induces an increase in DPP-T-TT crystallinity at the interface
360while the bulk is virtually unchanged. The amorphous
361scattering peak (Q = 1.5 A−1) area captured in the bulk
362remains unaffected by PEG presence for both out-of-plane
363(Figure 5a) and in-plane (Figure 5c) orientations. However,
364due to the reduction of lamellar peak area, the ratio of
365amorphous to lamellar peak intensity increases with PEG by
366∼20% (see Table T2). At the interface, however, amorphous
367scattering is reduced to an undetectable level for out-of-plane
368orientation (see inset in Figure 5b), while for the in-plane
369orientation, the amorphous scattering signal is enhanced with
370PEG.
371The overall morphology characterization of DPP-T-TT and
372DPP-T-TT:PEG bulk do not demonstrate any obvious
373alteration of morphology associated with PEG incorporation.
374In contrast, the incredible enhancement of molecular order at
375the DPP-T-TT/Al interface, induced by PEG migration
376toward the metal contact, supports the n-type performance
377augmentation. Correlation between high n-type mobility and
378increased lamellar order of the bulk in the out-of-plane
379direction (usually obtained by thermal treatments or solvent
380additives) is well documented for the DPP-T-TT polymer.23,37

381Therefore, we hypothesize that the interfacial molecular order
382plays a massive role in reducing the electron injection barrier
383and consequently reduces the bulk-access resistance compo-
384nent of the overall contact resistance.
385Finally, to show the versatility of the interlayer generation
386methodology for augmenting n-type performance in OFETs,
387we fabricated devices on flexible polyimide substrates with an
388Al2O3/CPVP dielectric layer. The Al2O3/CPVP dielectric layer
389exhibits lower electron trapping compared to a SiO2 dielectric
390layer and is therefore more suitable for demonstrating n-type
391 f6performance.38−40 Figure 6a shows a schematic illustration of
392the device architecture (bottom) and an optical image of an
393array of 20 OFETs on the flexible substrate (top). In Figure 6b

Figure 4. GIWAXS pattern of (a) bulk DPP-T-TT/Al and (b) bulk
DPP-T-TT:PEG/Al acquired using an incident angle higher than the
critical angle of the film (0.18°); (c) surface DPP-T-TT/Al and (d)
surface DPP-T-TT:PEG/Al acquired using an incident angle lower
than the critical angle of the film (0.08°).

Figure 5. Reduced normalized integrated 1D spectra of DPP-T-TT
with and without PEG for out-of-plane (0° < χ < 20°) orientation: (a)
bulk (0.18°), and (b) surface (0.08°) sensitive measurements (b-
inset: magnification of amorphous scattering peak region); and for in-
plane (70° < χ < 90°) orientation: (c) bulk (0.18°), and (d) surface
(0.08°) sensitive measurements.
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394 we compare the performances of flexible OFETs with and
395 without a PEG interlayer. The Vth of the flexible device with Al
396 source-drain electrodes (i.e, no PEG interlayer) is ∼5.0 V,
397 while that with a generated PEG interlayer at the Al source-
398 drain electrodes is ∼0.7 ± 0.2 V. This significant reduction of
399 Vth is similar to our previous observations of the OFETs on
400 conventional silicon substrates (Figure 2) and indicates that
401 the generated interlayer methodology is also suitable for the
402 fabrication and processing of flexible devices. Furthermore,
403 comparing the performance of inverters fabricated on the
404 flexible substrate with and without the PEG interlayers, Figure
405 6c, shows again that the PEG interlayer shifts the inversion
406 voltage to lower values relative to the reference device (no
407 PEG interlayer) and ideal switching point (1/2 VDD). This
408 result shows unambiguously that the PEG interlayer facilities
409 electron injection allowing high electron concentration,
410 effectively inducing favorable n-channel operation.

411 ■ SUMMARY AND CONCLUSIONS

412 In summary, using DPP-T-TT OFETs as a platform, we
413 showed that n-type performance of D−A polymer can be
414 significantly enhanced when PEG additive molecules are
415 blended into the polymer solution. Strong affinity between
416 the hydroxyl end-groups of PEG and the top Al contact
417 induces PEG migration to the polymer/metal interface during
418 Al deposition to form an interlayer. XPS measurements
419 confirm presence of the interlayer at the interface while
420 GIWAXS measurements indicate that generation of the
421 interlayer induces a significant increase in the lamellar ordering
422 of the polymer at the interface. The effect of the self-generated
423 PEG interlayer and the induced polymer ordering on the
424 electrical performance of the n-type OFETs was investigated in
425 terms of the electron field-effect mobility (μFET), turn-on and
426 threshold voltage (VON and Vth), inverter performance and
427 contact resistance (RC). We find that the self-generated PEG
428 interlayer has a dual role: first, it modifies the EWF at the
429 buried metal/organic interface, making the contact selective for
430 electron injection; and second, it induces molecular ordering at
431 the interface that supports electron transport, effectively
432 reducing the bulk-access resistance. This methodology to
433 augment n-type performance of an ambipolar polymer OFET
434 on flexible substrates by self-generated interlayers is compatible

435with printing and R2R processing and can therefore be
436integrated into high-throughput fabrication processes.

437■ EXPERIMENTAL SECTION
438Materials. DPP-T-TT (Mw = 30 000 g mol −1, PDI = 3) was
439purchased from Ossila Limited. PEG (Mw = 200 g mol−1),
440trichloro(octadecyl)silane (Mw = 387.93 g mol −1), poly-4-vinyl-
441phenol (PVP) (Mw = 25 000 g mol −1), poly(melamine-co-
442formaldehyde) methylated (MMF) (Mn ∼ 432, 84 wt % in 1-
443butanol), and propylene glycol monomethyl ether acetate (PGMEA)
444were purchased from Sigma-Aldrich. All materials were used as
445received. Silicon substrates with 220 nm SiO2 layer were purchased
446from University Wafer Inc.
447Device Fabrication. Heavily p-doped silicon wafers with a 200
448nm SiO2 dielectric layer were used as substrates. Si-substrates were
449cleaned by sonication in acetone for 5 min and then immersed in
450piranha solution for 20 min at 100C and several times in distilled
451water. Finally, substrates were washed by 2-propanol for 10 min in
452sonication. The cleaned substrates were treated by trichloro-
453(octadecyl) silane (OTS) in a vacuum oven at 90C for 30 min.
454OTS-treated substrates were cleaned two times in toluene and one
455time in 2-propanol, separately, for 5 min each and dried by nitrogen.
4561,2-Dichlorobenzene solutions of DPP-T- TT (7 mg/mL), PEG (10
457mg/mL) were prepared and mixed to obtain solutions of DPP-T-
458TT:PEG 5:0 mg/mL (reference) and 5:0.5 mg/mL. All active
459semiconducting layers were deposited by spin-coating polymer
460solution at 2000 rpm for 140 s. The spin-coated films were dried
461overnight in nitrogen condition in room temperature. Finally, 100
462nm-thick aluminum electrodes were deposited through a shadow
463mask, using a thermal evaporator at a deposition rate of 2 Å s−1 under
4645 × 10 −6 Torr at room temperature for the source/drain electrodes of
465the OFETs.
466For the flexible device, a 300 nm planarizing layer of cross-linkable
467PVP (12%) and MMF (6%) solution in PGMEA was spin coated on
468the flexible polyimide substrates after cleaning with acetone, ethanol,
469and deionized water. The PVP layer was cross-linked at 180 °C in
470vacuum oven for 1 h. On the cross-linked PVP layer, 15 nm
471chromium/gold gate electrode was deposited through the shadow
472masks. In the next step, a 30 nm alumina dialectic layer was deposited
473using the ALD technique followed by the deposition of 150 nm cross-
474linkable PVP dielectric layer through the spin coating. After cross-
475linking the PVP dielectric layer, the active layer (with or without
476PEG) and the 100 nm thick source-drain electrodes were deposited in
477same way as discussed above.
478Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS).
479Grazing-incidence wide-angle X-ray scattering was measured at the
480Stanford Synchrotron Radiation Lightsource (SSRL) beamline 11-3 in

Figure 6. Flexible device architecture and characterization. (a) Top: optical image of flexible substrate with 20 OFET devices; bottom: the
schematic of device architecture with dimensions. (b) Device performance comparison of flexible OFETs with and without PEG additive including
the statistical yield. (c) The transfer characteristics and gain of a complementary-like-inverter composed of two identical OFETs (L = 30 μm andW
= 1000 μm) with (red) and without (black) PEG additive.
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481 a helium-filled chamber with an X-ray wavelength of 0.9752 Å and
482 sample-to-detector distance of 25 cm at an incident angle of 0.18° and
483 0.08° for bulk and surface sensitive modes, respectively. The incident
484 angle for bulk measurements is well above the critical angle of the thin
485 film and the silicon substrate, while the surface-sensitive angle is well
486 below the critical angle of the film. These angles were selected away
487 from the film critical angle (∼0.11°) to reduce the effect of slight
488 errors in incident angle on the scattering intensity. The spectra were
489 collected by a 2D X-ray detector (MX225, Rayonix, L.L.C) with a
490 pixel size of 73 μm (3072 × 3072 pixels) and analyzed using the Nika
491 package for Wavemetrics Igor software in combination with WAXS
492 tools.41,42 The length and thickness of the measured samples were
493 kept constant, and the reduced 1-D spectra were normalized by the
494 intensity of incident beam.
495 X-ray Photoelectron Spectroscopy (XPS). X-ray photoelectron
496 spectroscopy measurements were performed in an analysis chamber
497 (UHV − 210−10 Torr during analysis) using a Versaprobe III − PHI
498 Instrument (PHI, U.S.A.). The sample was irradiated with a focused
499 X-ray Al Kα monochromatic X-ray source (1486.6 eV) using (X-ray
500 beam size diameter: 200 μm, 25W, 15KV). The outgoing photo-
501 electrons were directed to a Spherical Capacitor neutralization
502 Analyzer (SCA). The sample charging was compensated by dual
503 beam charge neutralization based on a combination of a traditional
504 electron flood gun and a low energy argon ion beam. The core level
505 binding energies scans of C 1s were obtained with energy pass of 55
506 eV and recorded with an angle of 45° ± 3°. Based on the inelastic
507 mean free path estimation of the metal/blend system, the information
508 depth of the C 1s electrons is ∼4 nm thick organic film beneath the
509 aluminum layer. Line shape analysis was done using the XPSPEAK 4.1
510 software after Shirley-type background subtraction.
511 Device Characterization. Device characterization was performed
512 inside a nitrogen-filled glovebox atmosphere under dark condition
513 using an Agilent B1500-A semiconductor parameter analyzer and
514 Keithley 2612B dual source-meter.
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