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Abstract

In many devices such as solar cells, light emitting diodes, transistors, etc., the performance relies
on the electronic structure at interfaces between materials within the device. The objective of
this work was to perform robust characterization of hybrid (organic/inorganic) interfaces by
tailoring the interfacial region for photoelectron spectroscopy. Self-assembled monolayers
(SAM) were utilized to induce dipoles of various magnitudes at the interface. Additionally,
SAMs of molecules with varying dipolar characteristics were mixed into spatially organized
structures to systematically vary the apparent work function. Polymer thin films were
characterized by depositing films of varying thicknesses on numerous substrates with and
without interfacial modifications. Hard X-ray photoelectron spectroscopy (HAXPES) was
performed to evaluate a buried interface between indium tin oxide (ITO), treated under various
conditions, and poly(3-hexylthiophene) (P3HT). Conducting polymer films were found to be
sufficiently conducting such that no significant charge redistribution in the polymer films was
observed. Consequently, a further departure from uniform substrates was taken whereby
electrically disconnected regions of the substrate presented ideally insulating interfacial contacts.
In order to accomplish this novel strategy, interdigitated electrodes were used as the substrate.
Conducting fingers of one half of the electrodes were electrically grounded while the other set of
electrodes were electronically floating. This allowed for the evaluation of substrate charging on
photoelectron spectra (SCOPES) in the presence of overlying semiconducting thin films. Such
an experiment has never before been reported. This concept was developed out of the previous
experiments on interfacial modification and thin film depositions and presents new opportunities
for understanding chemical and electronic changes in a multitude of materials and interfaces.
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FIGURES

Figure 1. Modification of ITO was performed with 16-phosphonohexadecanoic acid (COOH) to
functionalize the surface with terminal carboxylic acid groups. 1TO was also modified with 4-
nitrobenzenediazonium, loosely termed “diazonium”, by electrochemical grafting. The nitro
group was used for subsequent conversion to the NH, amine and could also be protonated to
NH;*. Perfluorodecanethiol (C10F8) and decanethiol (C10) were used for SAM modification of
[0 To] [0 1= Va0 174 o1 TR OSSR 18
Figure 2. Polymers used in this study were PEDOT, PANI, poly(thiophene), P3HT, and N3.
PEDOT:PSS, when deposited via spin coating, most commonly contains the poly(styrene
sulfonate) counterion. In this study, PANI, poly(thiophene), and N3 were deposited
electrochemically, while P3HT and PEDOT were deposited via spin coating..........c.ccccevveennens 19
Figure 3. Modification of ITO was performed with 16-phosphonohexadecanoic acid (COOH) to
functionalize the surface with carboxylic acid terminal groups. The XPS spectra (left) show an
increase in carbon associated with the presence of the SAM on the ITO surface. The UPS
spectra (right), show little change in the low kinetic energy edge although there is an increase in



emission for the COOH-modified electrode. The lack of a shift in work function suggests
heterogeneous orientation of the COOH terminal group in the modifying SAM layer................ 21
Figure 4. XPS spectra are shown for diazonium modified ITO substrates in (A) survey spectra,
(B) O 1s spectra, and (C) C 1s spectra. NO; refers to the as deposited nitrobenzene diazonium
SAM. NHj is the converted amine, while NHs" is the protonated amine. The nitro-diazonium
shows an O 1s shoulder form the NO; group, which is removed after conversion to the amine. 22
Figure 5. UPS spectra for the diazonium modified ITO show that the work function varies
according to the expected dipole for the surface modifying SAM. NO, refers to the as deposited
nitrobenzene diazonium SAM. NH is the converted amine while, NHs" is the protonated amine
terminal functional group. The work function increases according to the shift in the low KE
edge of the spectra, NHz" < NH2 < NOj. .....cciviiiiieiceieie ettt 23
Figure 6. Thiol modification of gold was accomplished by first treating the sample with
decanethiol (C10). The sample was then subjected to UV/ozone cleaning with and without
shadow masks to remove all thiol from unmasked regions. The patterned C10 was then placed in
perfluorodecanethiol (C10F8) to backfill the unmodified regions. This strategy gave patterned
C10 SAM layers of varying surface area percentages, as well as patterned C10/C10F8 patterned
Films With varying SUrface COVEIAgES. .......couriiierierierieiie sttt 24
Figure 7. Thiol modification of gold was accomplished by first treating the sample with
perfluorodecanethiol (C10F8). The sample was then subjected to UV/ozone cleaning with and
without shadow masks to remove all thiol from unmasked regions. The patterned C10F8 was
then placed in decanethiol (C10) to backfill the unmodified regions. This strategy gave patterned
C10F8 SAM layers of varying surface area percentages, as well as patterned C10F8/C10
patterned films with varying SUrface COVEIagES. ........uiuiiairierieie ettt 25
Figure 8. UPS spectra are shown for cleaned and modified gold control samples. (A) Spectra
are shown for two gold samples which have been UV/ozone cleaned and one sample which was
sputtered. Spectra are also shown for samples modified with either C10 of C10F8 SAM with
subsequent UV/ozone cleaning to remove the SAM. (B) Spectra are shown for a C10 modified
gold surface as well as three spectra for C10 modification after a CLOF8 SAM was removed via
UV/ozone cleaning. (C) A UPS spectrum is shown for a C10F8 modified gold surface as well
as two spectra for CLOF8 SAMs deposited after a C10 SAM was removed. .........c.ccceevevernenee. 26
Figure 9. C 1s spectra are shown for control samples where C10 was deposited initially (C10),
and where C10 was deposited after a CL0F8 SAM was removed (C10(post-C10F8)). C10F8 was
also deposited initially (C10F8), as well as deposited after a C10 SAM was removed
(C10F8(post-C10)). The C 1s is more intense and narrower for C10 films modified after CLOF8
relative to the as-deposited C10 film. The components at high BE, corresponding to C-F, are
more pronounced for the C10F8 deposited after the C10 SAM was removed. These results show
that a more compact SAM was obtained after an initial SAM was deposited and removed. ....... 27
Figure 10. UPS spectra from (A) decanethiol (C10) and (B) perfluorodecanethiol (C10F8)
modified gold. The percentages show the area of surface modification by the respective SAM.
The remaining area was UV/ozone cleaned in the etching process. .......c.ccccovvvvvevie i cvie e, 28
Figure 11. (Upper left) Work function is shown for the C10 and C10F8 SAM films as a
function of the area of surface modification. (Upper right) The percent composition of fluorine
is shown for the C10F8 sample as a function of the modified surface area. C10 did not show any
evidence of fluorine. (Lower left) The percent composition of gold is shown versus the area of
modification for the two SAM films. A linear relationship would be expected. (Lower right)
The percent composition of carbon is shown versus the area of modification. ...............c..ccee.... 29



Figure 12. (A) The C 1s spectra for C10 modified gold are shown for the various areas of
modification as indicated. (B) The C 1s spectra for C10F8 modified gold are shown for the
various areas of modification. The C-F component at high binding energy is only observed for
the 100% mMOodified SAMPIE.........c..o i 30
Figure 13. UPS spectra are shown for patterned bimolecular SAMs. The percentages show the
expected area of C10 modification where the remaining area was modified by C10F8. Cases
where C10 was patterned in the lines of the mask pattern are from initial C10 deposition
followed by UV/ozone cleaning through the mask and C10F8 deposition. C10F8 in the lines was
performed first followed by C10 backfilling. .......cccooveiiiiiie e 30
Figure 14. Patterned bimolecular SAMs (PB_SAMs) show distinct differences in work function
and percent composition. Values are shown for C10 coverage either in the holes or lines of the
mask pattern, with C10F8 filling the remainder of the surface area. (Upper left) The work
function is shown as a function of the area of surface modification expected from the geometry
of the shadow mask. (Upper right) The percent composition of fluorine is shown for the case
where C10F8 was backfilled into the holes of the C10 line pattern. When C10 was backfilled
into the C10F8 line pattern, there was no evidence of fluorine. (Lower left) The percent
composition of gold is shown versus the area of C10 modification. Since the full surface of the
gold substrate should be coated with a SAM, the concentration of gold should not change
significantly. (Lower right) The percent composition of carbon is shown versus the area of C10
g0 To 1 1ToF: (o] o USSP 31
Figure 15. (A) The C 1s spectra are shown for the various areas of C10 modification where C10
was patterned first and backfilled by C10F8. The C-F components at high BE are clearly
observable when C10F8 was deposited into the holes of the C10 pattern. (B) The C 1s spectra
are shown for the various areas of C10 modification where C10F8 was patterned first followed
by backfilling with C10. No indication of C-F bonds from C10F8 are observed. ..........c.c.coc..... 32
Figure 16. A NEXAFS image is shown for a sample where C10 was initially patterned in the
lines of the grid shadow mask and C10F8 was backfilled into the open areas. Black areas are
from gold delamination from the quartz substrate. A -100V bias was applied to the grid at the
entrance to the partial electron yield detector. ... 33
Figure 17. A NEXAFS image is shown for a sample where C10 was initially patterned in the
lines of the grid shadow mask and C10F8 was backfilled into the open areas. Black areas are
from gold delamination from the quartz substrate. A -150V bias was applied to the grid at the
entrance to the partial electron yield detector, making the measurement slightly more surface
sensitive than the PreviouS FIQUIE.........c.iiicii et 34
Figure 18. A NEXAFS image is shown for a sample where C10F8 was initially patterned in the
lines of the grid shadow mask and the open areas were left unmodified. A -150V bias was
applied to the grid at the entrance to the partial electron yield detector. The lower right figure is
a blow up of the upper right FIQUIE. ..o s 35
Figure 19. A NEXAFS spectrum is shown for a sample where C10F8 was initially patterned by
UV/ozone followed by backfilling with C10. A -150V bias was applied to the grid at the
entrance to the partial electron yield detector. No contrast was observed in the corresponding
NEXAFS image to indicate a patterned SAM. .........ooii i 36
Figure 20. XPS spectra are shown for silhouette patterned ZnO samples. A,B, and C show the
C 1s spectra for the indicated specimens. E, F, and G show the O 1s spectra. The (*) indicates
carbon environments such as C-S, C-N, or C-O. The (**) is a C-F component. For O 1s, the



primary component at lower BE is the oxide component, while the peak at higher BE (7) is from

additionally OXIAIZEA SPECIES. ...cuveivieiieie ettt e s be e e re e be e e e s neennas 38
Figure 21. XPS spectra are shown for silhouette patterned ZnO samples. A,B, and C show the

S 2p spectra for the indicated specimens. E, F, and G show the N 1s spectra...........ccccceevvvruennen. 39
Figure 22. F 1s spectra are shown for C10F8 silhouette patterned ZnO samples....................... 39

Figure 23. UPS spectra for the various silhouette patterned ZnO samples. (A) ZnO samples
where no thiol modification was performed, but the three different sized nylon patterns were
used during UV/ozone cleaning. (B) C10-modified ZnO. (C) C10F8-modified ZnO. .............. 40
Figure 24. An optical image of the photoresist master with an array of 16 patterns is shown
along with the description of each domain. PDMS can be used to form a reverse replica of the
master for MICroCONTACE PIINTING. .......coviiiieieie e 41
Figure 25. An interdigitated electrode (IDE) is shown as a substrate for use in photoemission
analyses. The region under analysis is large enough to cover electrodes from both pairs of
electrodes as well as the interdigit spacing. The interdigit spacing is equal to the width of the
electrodes. Gold is deposited as the electrode fingers on a quartz substrate. The voltage on the
electrodes can be controlled. In the simplest case, one set of electrodes is grounded to the
spectrometer while the other set of electrodes is left electrically floating. As shown on the right,
Au 4f emission at ~84 eV (BE) is due to emission from the grounded gold electrodes, while the
highly shifted Au 4f emission is due to charging of the electrically floating gold electrodes. The
shift of the floating electrodes gives an indication of the nature of the surface and/or the
electronic communication with the grounded electrodes. ... 42
Figure 26. The most common method for analyses of the energy level alignment at an interface
is through sequential deposition of the topmost material with corresponding photoemission
characterization at each stage. This gives characterization to various depths across the interface.
For evaluation of polymer films on an inorganic substrate, the polymers must be deposited ex

situ on multiple samples to give a range of thiCKNESSES. .......cccccvevieiiiie i 43
Figure 27. XPS spectra are shown for electrochemically deposited (A) poly(thiophene) and (B)
poly(aniline) on gold at three different thicknesses from (1) thinnest to (3) thickest................... 43

Figure 28. N3 polymer was electrochemically deposited on ITO. The increase in thickness is
observed from sample 1-7 as the In and Sn signals become attenuated due to the overlying
polymer. The components of the N3 polymer, namely C, N and S grow in intensity as the N3
polymer thickness increases. Impurities were observed in the N3 polymer............cccccceevveiiennins 45
Figure 29. N3 polymer was electrochemically deposited on ITO. The increase in thickness is
observed from sample 1-7 as the In and Sn signal became attenuated due to the overlying
polymer. The O 1s from ITO is attenuated until a thick film of N3 was deposited and a broad O
1s peak was observed due to entrained contaminants and charging. ..........ccccceevvviveieeveciieseeenns 45
Figure 30. N3 polymer was electrochemically deposited on ITO. The increase in thickness is
observed from sample 1-7 as the C, N, and S peaks grow in intensity. The thickest film shows a

broadening of the C, N, and S peaks due to some differential charging of the polymer............... 46
Figure 31. UPS spectra are shown for the N3 polymer electrochemically deposited on ITO at
three thicknesses. Sample (7) corresponds to the thickest N3 film. ..., 46

Figure 32. Survey XPS spectra are shown for PEDOT layers of varying thicknesses spin coated
on (A) unmodified ITO and (B) 16-phosphonohexadecanoic (COOH) modified ITO. No
PEDOT was present on (1) and thicknesses of PEDOT were increased from 2-5. ...................... 47



Figure 33. XPS spectra of C 1s are shown for PEDOT layers of varying thicknesses spin coated
on (A) unmodified ITO and (B) 16-phosphonohexadecanoic (COOH) modified ITO. No
PEDOT was present on (1) and thicknesses of PEDOT were increased from 2-5...........ccccceeuee 48
Figure 34. UPS spectra for PEDOT layers of varying thicknesses spin coated on (A) unmodified
ITO and (B) 16-phosphonohexadecanoic (COOH) modified ITO. No PEDOT was present on (1)
and thicknesses of PEDOT were increased from 2-5. ... 48
Figure 35. Work function does not change significantly for the various thicknesses of PEDOT
on the two ITO substrates. Work function is shown as a function of indium concentration, where
decreasing In concentration related to increasing PEDOT thickness. Work function is also
shown relative to sulfur concentration, where increasing sulfur relates to increasing PEDOT
EICKINIESS. ..ottt s et e st e e st e e R e Rt et e Rt e be e b ane e nre et enee e 49
Figure 36. Survey spectra are shown for P3HT films on ITO surfaces using three different X-
ray energies as indicated. Prior to P3HT deposition, ITO surfaces were treated with (A) solvent
cleaning only, (B) solvent cleaning followed by UV/ozone treatment, and (C) H,SQO, etching.. 51
Figure 37. O 1s spectra are shown for ITO buried under P3HT films using three different X-ray
energies. Prior to P3HT deposition, ITO surfaces were treated with (A) solvent cleaning only,
(B) solvent cleaning followed by UV/ozone treatment, and (C) H,SO, etching. Peak A and B
were fixed at identical binding energy separations, FWHM, and area ratios across all spectra.
This allowed for the clear identification of an asymmetric component, peak C, associated with
the conducting ITO substrate in the deeper HAXPES analyses. Peak C was also observed in the
2.2 keV analysis of the H,SO4 treated ITO/P3HT Sample........ccooveieiieienieiie e 53
Figure 38. In 3d°/, spectra are shown for ITO buried under P3HT films using three different X-
ray energies. Prior to P3HT deposition, ITO surfaces were treated with (A) solvent cleaning
only, (B) solvent cleaning followed by UV/ozone treatment, and (C) H,SO, etching. Peak A and
B were fixed at identical binding energy separations, FWHM, and area ratios across all spectra.
An asymmetric component, peak C, associated with the conducting ITO substrate, was observed
in all spectra but increased in intensity as the depth of analysis increased...........ccccccocevirennnnnne. 54
Figure 39. (A) The analysis depth, based upon 3x(IMFP) values for the respective X-ray
energies, is plotted versus the atomic concentration of indium observed in survey spectra. A
linear relationship was observed extrapolating to a y-intercept of zero indium content, i.e. the
thickness of the P3HT film. (B) The analysis depth is plotted versus the relative content of the
bulk oxide constituent from the O 1s peak fits. A bulk oxide constituent of zero shows that the
only contribution to the O 1s spectra is from the oxidized surface layer. Consequently, the y-
intercept relates to the depth of the interface between the bulk oxide and the surface oxidized
layer, plus the thickness of the P3HT filM........cccooiiiiiii 56
Figure 40. The analysis depth of XPS can be tuned in HAXPES by changing the energy of the
illuminating X-ray. For the P3HT films investigated in this work, the films were sufficiently thin
to allow for examination of the P3HT/ITO interface using three different X-ray energies.
HAXPES revealed a thicker surface oxidized layer in the ITO films cleaned solvent and
UV/0ZONE TrEALMENTS. ... .ttt sttt ettt et b e be e esseenbeebeeneesbeenneas 56
Figure 41. HAXPES allows for the use of different X-ray energies to probe various depths of
the near surface region. Higher photon energy probes deeper into the sample. Consequently, an
interface can be evaluated by simply changing the excitation energy to probe above, at, or below
the INtErfaCial FEGION. ..o e e et e e e beeareas 57
Figure 43. Optical images of cross-hatch patterns on P3HT films on ITO. Images are
480microns by 580microns. Samples Il and VI were 20nm thick P3HT films, and samples 1V



and VII1 were 10nm films. Samples Il and IV were spin coated under under dry N,. Samples VI
and VII1 were spin coated under ambient atmospheric conditions. ............cccceeviveveiiieiecce s, 58
Figure 44. (Top) XPS spectra are shown for the P3HT films in (left) unpatterned regions and
(right) patterned regions. The In and Sn from the substrate are observed through the patterned
scratches in the XPS of the patterned P3HT films. (Bottom) UPS spectra are shown for the (left)
unpatterned and (right) patterned P3HT films. Samples Il and VI were 20nm thick P3HT films,
and samples IV and V111 were 10nm films. Samples Il and IV were spin coated under under dry
N,. Samples VI and VIII were spin coated under ambient atmospheric conditions. The “ x
nomenclature indicates the region on the film where lines were cross-hatched into the P3HT film
23 0101 1T T N 1 OSSR 59
Figure 45. XPS images are shown for the two components showing the greatest contrast for the
P3HT patterned film 11 (20nm thick P3HT spin coat under dry N,). The P3HT layer, composed
of C and S, is observed in between the lines where the ITO constituents are observed. The
images are 400microns by 400 microns. Images correspond to the intensity of the spectra shown
t0 the 1eft OF the IMAGE. ..o 61
Figure 46. XPS images are shown for the two components showing the greatest contrast for the
P3HT patterned film IV (10nm thick P3HT spin coat under dry N,). The P3HT layer, composed
of C and S, is observed in between the lines where the ITO constituents are observed. The
images are 400microns by 400 microns. Images correspond to the intensity of the spectra shown
t0 the left OF the IMAGE. ..ocveeeeee e e 61
Figure 47. XPS images are shown for the two components showing the greatest contrast for the
P3HT patterned film VI (20nm thick P3HT spin coat under ambient conditions). The P3HT
layer, composed of C and S, is observed in between the lines where the ITO constituents are
observed. The images are 400microns by 400 microns. Images correspond to the intensity of the
spectra shown to the left of the IMAagE. ..o 62
Figure 48. XPS images are shown for the two components showing the greatest contrast for the
P3HT patterned film V111 (10nm thick P3HT spin coat under ambient conditions). The P3HT
layer, composed of C and S, is observed in between the lines where the ITO constituents are
observed. The images are 400microns by 400 microns. Images correspond to the intensity of the
spectra shown to the left 0f the IMAage. ......c.oovviie i 62
Figure 49. A NEXAFS image, and the corresponding spectrum, is shown for the P3HT
patterned film Il. Red coloration relates to the intensity of the given spectrum. The black lines
indicate no data collected in those regions. A -100V bias was applied to the grid at the entrance
to the partial electron Yield deteCtOr..........ccvoii i e 63
Figure 50. A NEXAFS image, and the corresponding spectra, is shown for the P3HT patterned
film IV. White and blue coloration relates to the intensity of the indicated spectra. A -100V bias

was applied to the grid at the entrance to the partial electron yield detector............cccccevcverrennne. 63
Figure 51. XPS spectra for unmodified gold IDEs with and without PEDOT overlayer using
two different dimensions of interdigitated lectrodes. ..........ccooveiiiiiiiiiiene 66
Figure 52. XPS spectra for C10-modified gold IDEs with and without PEDOT overlayer using
two different dimensions of interdigitated lectrodes. ..o 66
Figure 53. XPS spectra for C10F8-modified gold IDEs with and without PEDOT overlayer
using two different dimensions of interdigitated eleCtrodes. ...........ccoovvviriiieicicie e 67

Figure 54. The schematic for the change in BE position of the Au 4f peaks is shown for the case
of an IDE substrate used in XPS. In the case where there is no electronic communication
between the grounded and floating pairs of IDE electrodes, there is a large shift in the BE of the

10



emission from the floating gold due to static charging. When PEDOT is cast over the interdigit
spacing, the ungrounded IDE electrodes are effectively wired through the PEDOT to the
grounded electrodes. Consequently, the charging effect is removed and only one set of Au 4f
PEAKS IS ODSEIVEX. .. .ecuiieeie ittt et e s b e et e se e te e beantesreeteeneenreeneens 68
Figure 55. XPS spectra are shown for (left) sputter cleaned gold IDE, (middle) Cgo 0N sputter
cleaned gold IDE, and (right) TiOPc on sputter cleaned gold IDE. (*) indicate emission from the
grounded gold IDE. (**) indicate emission from carbon in electrically grounded environments.
(***) indicate N 1s emission from electrically grounded environments. (f) indicate emission
from electrically charged gold IDEs. () indicate emission from charged carbon environments.
Significant charging of the floating electrodes is observed for the sputter cleaned gold, where
there is no conductive pathway from the grounded electrodes to the floating electrodes. There is
only a slight shift in the charged components corresponding to the difference in interdigit
spacing. For Cgp, in which electron mobility is significantly greater than hole mobility, the
charged gold components are shifted much closer to the grounded Au 4f emission. Alternatively,
for TiOPc, where hole mobility is highest, the shift of the charged Au 4f emission is less than
VTR0 =T VL o I (] O TSR 69
Figure 56. The shift of the charged gold and charged carbon components are not equivalent.
The shift of the charged gold components relative to the grounded components, are shown as a
function of interdigit spacing. The shift is much greater for the TiOPc films than for the C60
films. (The value at 50microns probably has additional charging due to an inadequate contact.)
The difference between the shift of the charged gold components and the charged carbon
components are shown on the right-hand y-axis. Gold components shift to a greater extent that
the Carbon COMPONENTS. ..o 69
Figure 57. A cartoon of electron flow is shown for a simplified IDE electrode. Arrows relate to
electron flow. Electrons are emitted from all illuminated areas of the sample leaving core holes
which must be refilled. The only path for electrons back into the system is through the
grounding of the sample to the electron spectrometer. Electrons must then inject into the organic
film and then transport across the interdigit gap through the organic, and reinjected into the
electrically disconnected gold IDE. Since there is an additional charge injection step to
neutralize the floating gold IDEs, the charged gold components are always shifted more than the
charged carbon components. Background emission form the quartz substrates is either not
observed, due to an insufficient escape depth through the overlying organic film, or are so
charged as to be broadened and shifted out of the SPeCtrum. ... 70
Figure 58. The pentacene precursor was deposited via spin coating from solution. The sample
was then placed under vacuum where it was analyzed via XPS. Conversion to the pentacene
molecule was performed by heating the sample in situ. Analyses of the resulting films were then
performed without breaking vacuum. The film of the pentacene precursor should not have any
appreciable conductivity, while the pentacene film would be expected to be conducting. .......... 71
Figure 59. XPS spectra of the pentacene precursor on cleaned gold interdigitated electrodes are
shown for (red) a uniform film on gold, (green) 15um IDE, (pink) 20 um IDE, and (blue) 25 um
IDE. Spectra shown are (left) survey spectra, (middle) Au 4f and charged Au 4f components,
(right) C 1s and charged C 1S COMPONENLES. .....cccviiiiieiiieciie ettt sreesnea s 72
Figure 60. XPS spectra of the converted pentacene on cleaned gold interdigitated electrodes are
shown for (red) a uniform film on gold, (green) 15um IDE, (pink) 20 um IDE, and (blue) 25 um
IDE. Spectra shown are (left) survey spectra, (middle) Au 4f and charged Au 4f components,
(right) C 1s and charged C 1S COMPONENTS. .....ocivieiieiiieiieeitee sttt e re e e et snee s 73
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Figure 61. The shift in the charged gold and charged carbon components are shown relative to
their respective grounded components, as a function of interdigitated electrode spacing. The shift
in the charged gold components is greater than that of the charged carbon components, and the
difference is shown on the right-hand y-aXis. ........c.ccccciieiiii i 73
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1. INTRODUCTION

The study of semiconducting organic materials has been progressing towards use of these
materials as alternatives to traditional inorganic semiconductors in electronics. The anticipated
benefits of organic electronics are based largely upon cost and processing advantages. Despite
the implication of electronics based entirely on organic materials, the numerous examples of
organic electronic devices, such as organic photovoltaics (OPV), organic light emitting diodes
(OLED), and organic field effect transistors (OFET), the organic materials ultimately interface
with inorganic materials at electrical contacts in most cases. Additionally, many organic devices
actually contain inorganic materials as active components.®  The interfaces between
organic/organic materials have been increasingly examined yielding important mechanistic
insights. For example, the output voltage has been shown to be determined by the offset
potential at the organic/organic heterojunction in small molecule OPV devices.®® Photoelectron
spectroscopy can be used to map the band structure through careful analyses of layer-by-layer
formation of an interface where ionization potential, core level positions, and work function are
monitored.®** However, characterization of interfaces between inorganic materials and active
organic layers has been lagging. Many assumptions are prevalent including the fact that
properties are often assumed from bulk measurements and the effects of ubiquitous
contamination at surfaces and interfaces have been neglected.”> * As organic devices have
increased in efficiency, through new materials and innovative designs, it has become more
relevant to examine the inorganic/organic interfaces to further push the technology and seek
breakthroughs for increasing performance.

This study has characterized uniform and patterned surface treatments of inorganic substrates
along with interfaces of modified and unmodified inorganic substrates with overlying organic
thin films. Thin film deposition capabilities and materials analysis techniques have been
developed. Additionally, the discovery of a new technique for materials characterization was
explored.
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2. METHODS

This study relied heavily on photoemission characterization using XPS and UPS. Samples were
prepared to compliment the analysis depth of XPS/UPS where films were typically deposited at
sub-micron thicknesses. In general the exact thicknesses of the deposited films were not of
interest, because the attenuation of the substrate intensity, as observed via XPS, gave an accurate
indication of film thickness and could be used for relative comparisons among a sequence of
films.  This section describes the general methods for sample preparation and analytical
characterization. More detailed descriptions are given in the respective sections.

2.1. Sample Preparation

Electrode materials evaluated included gold, ZnO, and indium-tin-oxide (ITO). Sputter
deposited gold on quartz was used as gold substrates. Indium tin oxide (ITO) was purchased
from Colorado Concept Coatings LLC. ITO was cleaved into 1cm? coupons for subsequent
cleaning. Cleaning was accomplished by first washing in soapy water, followed by rinsing and
sonication in water. Samples were then sonicated in ethanol. The final treatment of the ITO
surface has been shown to be the most important step and various procedures were used
following Brumbach et al.*

ZnO was deposited on ITO from 35mM zinc acetate dihydrate in ethanol at 70°C. The ITO
surface was flooded with solution and was then spun at a rate of 2000rpm. The zinc acetate film
on ITO was heated at 150°C for 10minutes for conversion to ZnO.

UV/ozone treatment was performed in a Jelight Model 42A UV/ozone chamber (Jelight Co. Inc.,
Irvine, CA). Spin coating was performed using a Laurell Technologies spin coater Model WS-
400BZ-6NPP/LITE.  Electrochemistry was performed using a Gamry Reference 3000
potentiostat. UV/Vis spectroscopy was performed using an Ocean Optics DH-2000-BAL light
source with a HR4000CG-UV-NIR monochromator.

Molecules used for surface modification are shown in Figure 1. Thiol modification was
performed by placing the substrate in 1mM thiol solution in ethanol for 24 hours. 16-
phosphonohexadecanoic acid (COOH) modification of ITO was performed with 1ImM COOH in
CHCI3:.Co;HsOH  (2:1) for 2 hours. 4-Nitrobenzenediazonium tetrafluoroborate was
electrochemically deposited on ITO by cyclic voltammetry following previous reports.*™*®
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Figure 1. Madification of ITO was performed with 16-phosphonohexadecanoic acid (COOH) to
functionalize the surface with terminal carboxylic acid groups. ITO was also modified with 4-
nitrobenzenediazonium, loosely termed “diazonium”, by electrochemical grafting. The nitro
group was used for subsequent conversion to the NH, amine and could also be protonated to
NH;*. Perfluorodecanethiol (C10F8) and decanethiol (C10) were used for SAM modification of
gold and ZnO.

Polymers used in this study are shown in Figure 2. Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT) was obtained from Aldrich in high conductivity grade (2.2-
2.6% in H,0). The stock solution was diluted to ¥4 volume fraction using distilled water.
PEDOT films were deposited via spin coating at various spin rates from 500-8000rpm to obtain
desired thicknesses. Annealing was not performed. Poly(3-hexylthiophene) (P3HT) was
obtained from Rieke Metals. P3HT films were spun coat from chlorobenzene on ITO. For
patterned films of P3HT, films were deposited at either 1000rpm or 2000rpm yielding films of
20nm and 10nm, respectively. The atmosphere during spin coating was either air (40-50%
relative humidity) or dry nitrogen (free of oxygen and water). Lines were scribed into the P3HT
using a ball-on-disc tribometer to strictly control the line widths. The span between lines could
not be easily controlled. The polymer, poly(tris(4-(thiophen-2-yl)phenyl)amine) (N3), is a
potential photovoltaic absorber and was described previously.'®  The novel polymer was
electrodeposited to give varying thicknesses on ITO.
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Figure 2. Polymers used in this study were PEDOT, PANI, poly(thiophene), P3HT, and N3.
PEDOT:PSS, when deposited via spin coating, most commonly contains the poly(styrene
sulfonate) counterion. In this study, PANI, poly(thiophene), and N3 were deposited
electrochemically, while P3HT and PEDOT were deposited via spin coating.

Grids used for shadow mask patterning were copper Veco TEM square mesh grids obtained from
Ted Pella, Inc. Outer diameters of grid masks were 3.05mm. Quartz slides were used to hold the
grids in place during UV/ozone treatment as described in a later section. For silhouette
patterning with nylon, Sefar NITEX woven mesh fabrics were used with square mesh openings
of 25um, 37um, and 100um corresponding to open areas of 14-19%, 24%, and 32-44%,
respectively.

Titanyl phthalocyanine (TiOPc) and Cgo Were obtained from Aldrich. Films were deposited from
vacuum deposition using Knudsen-type cells at a base pressure less than 9 x 107 torr. A 10
MHz quartz crystal microbalance (QCM) with a frequency counter (Agilent 53181A) and a
timing circuit (International Crystal Manufacturing 35360) was used to monitor the rate of
deposition. Deposition rates were approximately 3 Hz/s corresponding to temperatures of
approximately 450°C and 370°C, for Cg and TiOPc, respectively.
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13,6-N-sulfinylacetamidopentacene (precursor), obtained from Aldrich, was dissolved in
chloroform. The concentrations of solutions were varied and several spin coating rates were
attempted to achieve a coating of the film where gold photoemission could still be observed.
Samples were placed in vacuum and analyzed for suitability for the experiment. Heating was
performed in the Kratos system.

2.2.  Analysis Methods

XPS was performed using a Kratos Axis Ultra DLD instrument with a monochromatic Al Ka
(1486.6 eV) source. Full survey spectra were collected with an analyzer pass energy of 160 and
a step size of 1 eV. High resolution spectra were collected with an analyzer pass energy of 20
and step sizes of 0.1 eV. The analyzer was used in Hybrid mode with a large spot size of
300microns by 700microns elliptically. Imaging XPS was performed with smaller spot sizes.
UPS was obtained using an Omicron VUV source HIS13 lamp producing He | (21.2 eV)
illumination. The analyzer was operated in UPS mode with a pass energy of 5. A -7V bias was
applied to samples for UPS measurements. HAXPES was performed on beamline X24A at the
National Synchrotron Light Source (NSLS) at Brookhaven National Labs (BNL). The beamline
and end station are discussed extensively in other works.”®% Incident energies were selected
from 2.2 keV to 4.0 keV as indicated in the respective figures. XPS data were analyzed using
CasaxXPS. Er was determined by applying a Heaviside step function to the edge of emission of
metallic standards.®*® Eg was taken as the kinetic energy of the center of the Gaussian step
function and was set to 0 eV (BE) for the corresponding XPS spectra. Imaging NEXAFS was
performed on beamline U7A at the National Synchrotron Light Source (NSLS) at Brookhaven
National Labs (BNL) and is discussed extensively in other works.?”” # Scanning electron
microscopy work was completed on a Zeiss Supra 55VP Field Emitter Gun (FEG) SEM. Images
were collected using Zeiss SmartSEM software interface. Spectral images from XPS and
NEXAFS were analyzed with Sandia's Automated eXpert Spectral Image Analysis (AXSIA)
multivariate statistical analysis software.?*3!
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3. SURFACE MODIFICATIONS

3.1. Uniform Surface Treatments

Standard surface modifications were performed with thiols on gold and ZnO, and phosphonic
acids on ITO, to establish baseline conditions. Thiol modifications will be discussed in a later
section. Figure 3 shows the modification of ITO with 16-phosphonohexadecanoic acid (COOH).
This molecule was intended to adsorb with the phosphonic head group anchored to the oxide
surface leaving the carboxylic group as the dangling terminal group. This conformation
produces a negative dipole at the surface and leads to an apparent increase in work function.*3*

(@] 10

COOH-modified ITO Sn

COOH-modified ITO
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& 300 4] 2
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Figure 3. Madification of ITO was performed with 16-phosphonohexadecanoic acid (COOH) to
functionalize the surface with carboxylic acid terminal groups. The XPS spectra (left) show an
increase in carbon associated with the presence of the SAM on the ITO surface. The UPS
spectra (right), show little change in the low kinetic energy edge although there is an increase in
emission for the COOH-modified electrode. The lack of a shift in work function suggests
heterogeneous orientation of the COOH terminal group in the modifying SAM layer.

XPS results show an increase in total carbon for the COOH-modified ITO surface. There was a
shift in the low kinetic energy edge of the UPS spectrum, indicating a small change in apparent
work function. However, it could be surmised that the long alkyl chain does not support the
alignment of the COOH terminal group outwardly from the surface over large domains. There
are likely to be a mixture of orientations of the COOH tail group leading to a lessening of the net
dipole at the surface.

Diazonium modification can occur spontaneously for silicon and carbon surfaces, however, the
modification can also be controlled by electrochemical deposition for oxides such as ITO.*® 4-
nitrobenzenediazonium is a relatively short, rigid molecule where the ITO surface can directly
bond with the benzene ring through either a Sn-C or In-C bond. The nature of the exact bonding
between diazonium and ITO is not known. The rigidity of the molecule allows for the
organization of the NO, groups oriented away from the surface giving an apparent negative
dipole at the surface. Additionally, the NO, was electrochemically converted to the amine, to
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reduce the apparent work function of the surface. By a brief exposure of the amine to acid, the
amine could be protonated, yielding an apparent positive dipole at the surface, and a further
decrease in apparent work function. The XPS and UPS spectra for diazonium modified ITO

surfaces are shown in Figure 4 and 5.
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Figure 4. XPS spectra are shown for diazonium modified ITO substrates in (A) survey spectra,
(B) O 1s spectra, and (C) C 1s spectra. NO, refers to the as deposited nitrobenzene diazonium
SAM. NH; is the converted amine, while NH;" is the protonated amine. The nitro-diazonium
shows an O 1s shoulder form the NO, group, which is removed after conversion to the amine.

The nitrogen signal is very weak, due to the low concentration of nitrogen at the surface (one N
per anchored diazonium molecule) and the low ionization cross section for N 1s. Consequently,
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the changes in the C and O spectra are more revealing showing the change in surface chemistry
associated with the respective SAM layers. There is a broad shoulder on the high BE side of the
O 1s peak for the NO,-diazonium modified ITO due to the presence of the NO, functionality.
The shoulder is absent for the NH, and NH3;" modifications. The UPS spectra also show distinct
shifts in the low KE edge correlating with the surface dipole formation from the terminal
functional groups, Figure 5. The work function is lowest for the NHs", followed by NH,, and
highest for NO, consistent with the dipoles expected for the respective molecules.

Binding Energy (eV)

Figure 5. UPS spectra for the diazonium modified ITO show that the work function varies
according to the expected dipole for the surface modifying SAM. NO, refers to the as deposited
nitrobenzene diazonium SAM. NH, is the converted amine while, NH5" is the protonated amine
terminal functional group. The work function increases according to the shift in the low KE edge
of the spectra, NH;" < NH, < NO..

3.2. Patterned Surface Modifications

Given that a cleaned inorganic substrate is usually exposed to ambient lab atmosphere before
fabrication of a device, it is reasonable to assume that the surface is in fact heterogeneous, either
from heterogeneities of the substrate itself, or through inconsistent manipulation of the substrate
prior to deposition of the active layers. The problem of heterogeneous surfaces is becoming
increasingly more apparent, particularly for the substrate ITO, were the substrate itself appears to
present electronically insulated regions when interfaced with organic layers such as in OPVs and
OLEDs.> ® Substrate effects and interfacial contaminants have also been shown to affect the
morphology of small molecule and polymer photoactive layers, in devices with ITO or ZnO
substrates. ¥ Consequently, there is practical relevance for studying surface heterogeneity
relatable to substrates used in devices.
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The use of unimolecular SAMs to tailor the work function and/or chemistry of a surface has been
well established. However, the use of mixtures of SAMs has been less routinely performed; and
there are even fewer examples of patterned SAMs with full photoemission characterization.
From a basic science investigation, it is worthy to evaluate the surface chemistry and work
function of pattern geometries and relative areas of coverage of SAMs and mixed SAMs.

The following sections describe several strategies for patterning C10 and C10F8, which have
distinctly different molecular dipoles, on gold and ZnO. Shadow mask patterning was used as
the basis for most patterning experiments, following the example of Herzer et al.*

3.2.1. Shadow Mask Patterned Thiols on Gold

Thiols with different dipoles were used to form arrays of patterned SAMs on gold. Thiol
modification of gold can be accomplished by soaking the clean surface in a millimolar solution
of the respective thiol. Under most circumstances, a close packed monolayer will form within 24
hours. To achieve a pattern of the initial SAM, a shadow mask was used followed by treatment
of the surface under UV/ozone to remove all thiol exposed through the open areas of the mask.
The resulting patterned thiol could either be retained for analysis or soaked in a second thiol
solution to backfill the open areas with a second molecular SAM, as shown in Figures 6 and 7.
In addition to varying the sequence of thiol deposition, the size of the patterns and relative areas
of coverage were varied using shadow mask grids of various sizes.

C10F8

UV/ozone

—

Veco 12563
shadow mask grid
(50% open area)

l

QQCIDQQ
HaeE@

C10F8

l

C10F8

Veco 12567
shadow mask grid
(46% open area)

C10F8
Veco 12571

shadow mask grid
(29% open area)

l

Veco 12575 C10r8

shadow mask grid
(23% open area)

l

Figure 6. Thiol modification of gold was accomplished by first treating the sample with
decanethiol (C10). The sample was then subjected to UV/ozone cleaning with and without
shadow masks to remove all thiol from unmasked regions. The patterned C10 was then placed
in perfluorodecanethiol (C10F8) to backfill the unmodified regions. This strategy gave patterned
C10 SAM layers of varying surface area percentages, as well as patterned C10/C10F8
patterned films with varying surface coverages.
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Figure 7. Thiol modification of gold was accomplished by first treating the sample with
perfluorodecanethiol (C10F8). The sample was then subjected to UV/ozone cleaning with and
without shadow masks to remove all thiol from unmasked regions. The patterned C10F8 was
then placed in decanethiol (C10) to backfill the unmodified regions. This strategy gave
patterned C10F8 SAM layers of varying surface area percentages, as well as patterned
C10F8/C10 patterned films with varying surface coverages.

From Figures 6 and 7 it is indicated that there are multiple samples which can be evaluated as
controls. Two samples should have uniform C10 coverage, one sample which was initially
modified by C10 and retained for analysis and a second sample which was initially modified by
C10F8, but was then treated by UV/ozone, followed by immersion in C10. Ideally, these two
samples should show identical XPS and UPS spectra. There was also a complementary set of
C10F8 samples following the reverse deposition steps of that of the C10 samples. The UPS
spectra for these control samples are shown in Figure 8. The UPS data for control samples, with
several repeat analyses, are summarized in Table 1.
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Figure 8. UPS spectra are shown for cleaned and modified gold control samples. (A) Spectra
are shown for two gold samples which have been UV/ozone cleaned and one sample which
was sputtered. Spectra are also shown for samples modified with either C10 of C10F8 SAM
with subsequent UV/ozone cleaning to remove the SAM. (B) Spectra are shown for a C10
modified gold surface as well as three spectra for C10 maodification after a C10F8 SAM was
removed via UV/ozone cleaning. (C) A UPS spectrum is shown for a C10F8 modified gold
surface as well as two spectra for CLOF8 SAMs deposited after a C10 SAM was removed.

Figure 8A shows the UPS for gold which has been sputtered cleaned and two samples which
have been UV/ozone cleaned. Also shown are the spectra for samples which were treated with
either C10 or C10F8 followed by UV/ozone cleaning of the SAM-modified surface. Ideally, the
spectra from these two samples should resemble that of the UV/ozone cleaned gold. Both the
C10-UV treated and C10F8-UV treated samples show several distinct features disparately from
the UV-treated bare gold. This is a good indication that the UV/ozone treatment of the SAM
modified surfaces does not completely remove the SAM layers. The UPS spectra for C10
modified gold samples are similar despite the sequence of deposition steps, Figure 8B.
Similarly, the C10F8 modified gold samples show similar spectra to one another, although there
appears to be more variation in peak intensities due to the overall greater absolute values of
intensity, Figure 8C.

Work function values, summarized in Table 1, show the same trends as discussed above. The
work functions of all UV/ozone cleaned samples are similar, regardless of any previous SAM
modification. Work function values of C10 samples were slightly lower for the post-C10F8
samples. Alternatively, the C10F8 samples, that were post-C10, generally showed a higher work
function than for the initial C10F8 modified sample. These work function values are all much
higher than would normally be expected for pure gold, however, the gold work function (0%
modified area) was also quite high, around 5.7eV. Since the substrates were thin films of gold
on quartz, there may be some difference in the conductivity of the substrate which is giving
erroneous WF values relative to the literature value for pure gold, 5.1eV. For this study the
values are self-consistent and can be evaluated on a relative basis.

Figures 9 shows the XPS spectra for the C 1s from the various SAM modified gold samples.
When C10 was deposited after removing a C10F8 SAM, a narrower and more intense C 1s peak
was observed indicating a more compact C10 film. No indication of a C-F bond was observed.
When the C10F8 was deposited after the C10 layer was removed, a greater C-F contribution was
observed in the total C 1s spectrum. This suggests that better coverage of the respective SAMs is
obtained when an initial SAM is removed.
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Table 1. Work function values for gold surfaces with and without SAM modifications. C10 and
C10F8 were both deposited on initially clean surface as well as on surface which had been
previously modified with the alternate thiol.

WEF (eV)
sputtered 5.2
plasma cleaned 5.6
plasma cleaned 5.6
plasma cleaned (post-C10) 5.7
plasma cleaned (post-C10F8) 5.7
C10 5.0
C10 (post-C10F8) 4.8
C10 (post-C10F8) 4.7
C10 (post-C10F8) 4.8
C10F8 5.8
C10F8 (post-C10) 6.0
C10F8 (post-C10) 6.3
Cis OO

O/

C10 (post-C10F8)

I C10F8

C10F8 (post-C10)

C10

Arbitrary Units

34

288
Binding Energy (eV)

Figure 9. C 1s spectra are shown for control samples where C10 was deposited initially (C10),
and where C10 was deposited after a C10F8 SAM was removed (C10(post-C10F8)). C10F8
was also deposited initially (C10F8), as well as deposited after a C10 SAM was removed
(C10F8(post-C10)). The C 1s is more intense and narrower for C10 films modified after C10F8
relative to the as-deposited C10 film. The components at high BE, corresponding to C-F, are
more pronounced for the C10F8 deposited after the C10 SAM was removed. These results
show that a more compact SAM was obtained after an initial SAM was deposited and removed.
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The work function values also support this trend, since a lower work function was observed for
C10 deposited post-C10F8, indicating a better oriented C10 film. Similarly, a higher work
function was observed for the C10F8 SAM deposited post-C10.

Figure 10 shows the UPS spectra for patterned thiol SAMs. The percentages relate to the percent
of SAM modified area. The remaining area was UV/ozone treated by exposure through the
shadow mask. In general the lineshape of the UPS spectra did not change as a function of the
area of SAM coverage.

(A) C10 = (B) C10F8

50%

100% _100%

Figure 10. UPS spectra from (A) decanethiol (C10) and (B) perfluorodecanethiol (C10F8)
modified gold. The percentages show the area of surface modification by the respective SAM.
The remaining area was UV/ozone cleaned in the etching process.

The dipole for the C10F8 molecule is significantly greater than that of C10 and should modify
the surface of gold with a much higher apparent work function. Figure 11 shows that the work
functions for C10F8 modified gold are nearly 1eV greater than that of the C10 modified surface.
Interestingly, however, as the area of surface modification decreases the work function values
converge to more similar values between 5.5eV and 6.0eV.

Figure 11 also shows the change in percent composition of fluorine for the C10F8 modified
surface. The C10 samples did not show any evidence of fluorine. The 100% C10F8 SAM
shows a high F content, as expected. As the area of modification was decreased, the
concentration of fluorine reached a nearly identical value across all patterned samples.
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Figure 11. (Upper left) Work function is shown for the C10 and C10F8 SAM films as a function
of the area of surface modification. (Upper right) The percent compaosition of fluorine is shown
for the C10F8 sample as a function of the modified surface area. C10 did not show any
evidence of fluorine. (Lower left) The percent composition of gold is shown versus the area of
modification for the two SAM films. A linear relationship would be expected. (Lower right) The
percent composition of carbon is shown versus the area of modification.

Gold and carbon concentration show some linearity across the modified areas as would be
expected, Figure 11. The gold concentration drops off more sharply for the C10F8 sample,
relative to the C10 sample, as more of the area is modified with the SAM since the C10F8 also
introduces F which is accounted for in the percent compositional analysis.

C 1s spectra from XPS for the variously modified gold samples, Figure 12, show that the
decanethiol SAM is preserved across the variously patterned C10 samples. The C 1s from
C10F8 modified samples show that the C-F component is removed after UV/ozone treatment
indicating that, although fluorine is still present (Figure 11), the nature of the
perfluorodecanethiol molecule may have been altered even in the masked regions.
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Figure 12. (A) The C 1s spectra for C10 modified gold are shown for the various areas of
modification as indicated. (B) The C 1s spectra for C10F8 modified gold are shown for the
various areas of modification. The C-F component at high binding energy is only observed for
the 100% modified sample.

Figure 13 shows the UPS spectra for the patterned bimolecular SAMs (PB_SAMs) where the
percentages relate to the expected areas of C10 coverage and the remaining area is the C10F8
coverage. C10 in the lines indicate that C10 was the first SAM deposited and was masked by the
various grids prior to UV/ozone treatment. C10F8 was then backfilled into the open areas of the
pattern, i.e. the holes in the mask. Alternatively, the spectra in Figure 13B are from samples
were C10 was deposited after UV/ozone removal of C10F8 giving C10 in the holes and C10F8
along the lines of the grid mask pattern.

(A) C10 lines / C10F8 holes - (B) C10 holes / C10F8 lines

21%

0%

Figure 13. UPS spectra are shown for patterned bimolecular SAMs. The percentages show
the expected area of C10 modification where the remaining area was modified by C10FS8.
Cases where C10 was patterned in the lines of the mask pattern are from initial C10 deposition
followed by UV/ozone cleaning through the mask and C10F8 deposition. C10F8 in the lines
was performed first followed by C10 backfilling.
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The work function and changes in composition are shown for the PB_SAMs in Figure 14. The
regions where C10 was backfilled into the patterned C10F8 show the lowest work function of all
of the samples in this study.
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Figure 14. Patterned bimolecular SAMs (PB_SAMs) show distinct differences in work function
and percent composition. Values are shown for C10 coverage either in the holes or lines of the
mask pattern, with C10F8 filling the remainder of the surface area. (Upper left) The work
function is shown as a function of the area of surface modification expected from the geometry
of the shadow mask. (Upper right) The percent composition of fluorine is shown for the case
where C10F8 was backfilled into the holes of the C10 line pattern. When C10 was backfilled
into the C10F8 line pattern, there was no evidence of fluorine. (Lower left) The percent
composition of gold is shown versus the area of C10 modification. Since the full surface of the
gold substrate should be coated with a SAM, the concentration of gold should not change
significantly. (Lower right) The percent composition of carbon is shown versus the area of C10
modification.

As with the samples where only a single molecular species was expected on the patterned

samples, the PB_SAMs seem to indicate that UV/ozone treatment has induced an altercation of
the SAM layers. C 1s spectra were again used as to evaluate changes in the SAM layers. Figure
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15A shows the presence of C-F constituents indicating that C10F8 successfully backfilled the
open areas of the patterned C10 SAM. No C-F components were observed where C10 was used
to backfill patterned C10F8, Figure 15B. C10 appears to have completely displaced the C10F8
SAM in the case where C10F8 was UV/ozone patterned.

It is worth noting that sulfur was observed for all samples. However, there was only one sulfur
atom per molecule and the intensity of the sulfur peak was extremely low.

(A) C10 lines / C10F8 holes (B) C10 holes / C10F8 lines O
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Binding Energy (eV)

Figure 15. (A) The C 1s spectra are shown for the various areas of C10 modification where
C10 was patterned first and backfilled by C10F8. The C-F components at high BE are clearly
observable when C10F8 was deposited into the holes of the C10 pattern. (B) The C 1s spectra
are shown for the various areas of C10 modification where C10F8 was patterned first followed
by backfilling with C10. No indication of C-F bonds from C10F8 are observed.

Attempts at XPS imaging did not reveal any pattern on the respective surfaces. However, given
the dimensions of the pattern and the unavoidable presence of contaminants, it is not surprising
that the imaging capability of XPS could not resolve a pattern. Imaging of a monolayer
molecular film is not trivial, and the ex situ preparation and scale of patterning make the analyses
even more difficult. To confirm the existence of a pattern, NEXAFS imaging was used.
NEXAFS images were obtained for C10-line patterns with C10F8 backfilling the open regions,
Figure 16. The presence of a grid pattern was observed in the NEXAFS image. A chemical
contrast between the lines of the shadow mask, where C10 should have been retained, and the
open areas, which should have been modified by C10F8, could be observed. These samples
were exposed to air for several days prior to analysis and were unavoidably exposed to ambient
conditions. Consequently, the pattern was not observed across the full width of the shadow mask
patterned region, but this may be due to the presence of adventitious contaminants obscuring the
contrast of the underlying SAM layers. The NEXAFS imaging spectrometer also produces
inconsistent illumination across the large area of analysis giving a saturation of intensity towards
the middle of the field of view. A more surface sensitive image was obtained, Figure 17, by
applying a higher bias to the grid at the entrance to the partial electron yield detector.® The
contrast of the image lessens the grid biases were increased to obtain more surface sensitive
NEXAFS images. A NEXAFS image was also obtained for a specimen where C10F8 was
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shadow mask patterned and the open areas were left unmodified, Figure 18. A high contrast
image was observed showing the retention of C10F8 along the lines of the shadow mask pattern.
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Figure 16. A NEXAFS image is shown for a sample where C10 was initially patterned in the
lines of the grid shadow mask and C10F8 was backfilled into the open areas. Black areas are
from gold delamination from the quartz substrate. A -100V bias was applied to the grid at the
entrance to the partial electron yield detector.
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Figure 17. A NEXAFS image is shown for a sample where C10 was initially patterned in the
lines of the grid shadow mask and C10F8 was backfilled into the open areas. Black areas are
from gold delamination from the quartz substrate. A -150V bias was applied to the grid at the
entrance to the partial electron yield detector, making the measurement slightly more surface
sensitive than the previous Figure.
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Figure 18. A NEXAFS image is shown for a sample where C10F8 was initially patterned in the
lines of the grid shadow mask and the open areas were left unmodified. A -150V bias was
applied to the grid at the entrance to the partial electron yield detector. The lower right figure is
a blow up of the upper right figure.

A sample was evaluated using NEXAFS imaging where C10F8 was initially shadow mask
patterned and was then backfilled by C10, Figure 19. This gave no contrast in NEXAFS imaging
indicating that there was probably no pattern retained. As was alluded to previously by XPS, the
shadow mask patterning of C10F8 and subsequent backfilling with C10, appears to displace any
C10F8 with C10. The fact that C10F8 can be observed in a patterned NEXAFS image, Figure
18, indicates that the C10F8 is present prior to C10 backfilling.
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Figure 19. A NEXAFS spectrum is shown for a sample where C10F8 was initially patterned by
UV/ozone followed by backfilling with C10. A -150V bias was applied to the grid at the entrance
to the partial electron yield detector. No contrast was observed in the corresponding NEXAFS
image to indicate a patterned SAM.

3.2.2. Silhouette Patterning Using Nylon Shadow Masks

The procedure for the grid shadow masks discussed above yielded small domains of patterned
thiols on gold. These domains could be targeted for analysis in XPS and NEXAFS, but it would
be preferable to mask large areas of the sample such that the substrate is uniformly modified and
the patterned region does not have to be strictly located for analysis. Large area mask patterns
with micron scale features as a readily available, cheap, high volume material would be ideal.
Additionally, a material that could act as the mask, while also adding functionality, would offer
an advantage over a static masking component. Nylon is known to react under UV exposure*" %2
and nylon can be cheaply manufactured in large quantities in micron sized woven mesh fabrics.
It was attempted to use nylon mesh screens with various sized openings as the reactive shadow
mask. C10 and C10F8 thiols were deposited on ZnO and were subsequently patterned using
nylon mesh screens. Since the screen is not fully opaque to the UV illumination and is expected
to play a reactive role in the patterning process, the following method will be described as
silhouette mask patterning to differentiate it from the shadow mask patterning discussed above.

Work function values for ZnO cleaned via ethanol, modified by C10, and modified by C10F8 are
shown in Table 2. UV/ozone cleaning of bare ZnO led to a small increase in WF relative to the
solvent cleaned sample. This is consistent with other reports of ozone cleaning on oxide
surfaces, likely due to oxidation of the surface and contaminant species.** “*°  C10F8
modification led to a large increase in WF, as expected, while C10 decreased the WF. All ozone
cleaned samples, without nylon present, showed the same WF value. Silhouette patterning was
performed on the three variously treated surfaces using three different mesh sizes. For the
ethanol cleaned and C10-modified samples, the presence of the nylon mask had no effect on
apparent WF of the ZnO. The WF values were, however, still lower than for the case where no
nylon mask was present. For the C10F8 samples, the presence of the silhouette mask led a
decrease in WF, but the WF was still higher than for C10-modified and unmodified ZnO.
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Table 2. Work function values for thiol modified ZnO films via silhouette patterning. The
openings of the nylon square mesh are indicated, where UV/ozone treatment was performed to
pattern through the silhouette mask. Solvent cleaned, C10, and C10F8 were not UV/ozone
treated.

naming abbreviations WEF (eV)

Ethanol cleaned
UV/ozone cleaned Ethanol ozone cleaned| 4.3

25 micron Ethanol 25| 4.0
37 micron Ethanol 37] 4.1
100 micron Ethanol 100] 4.0
Solvent cleaned Ethanol cleaned| 4.1
C10 modified

UV/ozone cleaned Decane ozone| 4.3
25 micron Decane 25 4.0
37 micron Decane 37[ 3.9
100 micron Decane 100 4.0
C10 Decanethioll 4.0

C10F8 modified
UV/ozone cleaned Fluoro ozoneg| 4.3
25 micron Fluoro 25| 4.3
37 micron Fluoro 37] 4.3
100 micron Fluoro 100] 4.3
C10F8 Perfluorodecanethioll 4.9

During the silhouette masking process, the UV/ozone treatment alters the exposed SAM while
the nylon undergoes some degradation and can thereby alter the SAM beneath the mask. To
evaluate the surface chemistry of residual species altered and/or deposited by the silhouette
masking process, XPS analyses were performed. Figure 20 shows the C 1s and O 1s spectra for
all samples. The presence of the C10 SAM is clearly evident by the C 1s spectrum shown in
Figure 20B with a sharp and intense peak. C10F8 is also clearly evident on the C10F8 sample,
Figure 20C, with a distinct component at high BE indicative of the C-F bonds. After UV/ozone
treatment in the presence of the nylon silhouette masks, the C 1s spectra for cleaned ZnO and
C10-modified ZnO become very similar. A peak is observed at approximately 286eV for C-C
components, but an additional peak is observed at high BE, around 290eV, possibly due to C-N,
C-0, and/or C-S species. (Peaks are shifted approximately 2eV to higher BE in these spectra due
to some charging.) The similarity between C 1s for silhouette patterned cleaned-ZnO and C10-
modified ZnO suggest deposition of material from the nylon onto these samples. For the C10F8-
modified ZnO, the silhouette patterning does not completely remove C-F components. The O 1s
spectra give a similar trend as observed via C 1s spectra, where the patterning process gives
nearly similar spectra regardless of the mesh size. A component at higher BE to that of the Zn-O
component, grows in intensity with UV/ozone treatment, due to additional oxidized species.
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Figure 20. XPS spectra are shown for silhouette patterned ZnO samples. A,B, and C show the
C 1s spectra for the indicated specimens. E, F, and G show the O 1s spectra. The (*) indicates
carbon environments such as C-S, C-N, or C-O. The (**) is a C-F component. For O 1s, the
primary component at lower BE is the oxide component, while the peak at higher BE (1) is from
additionally oxidized species.

The S 2p and N 1s spectra are shown for all samples in Figure 21. Sulfur was present on all
ethanol cleaned ZnO samples. This correlates with the C 1s peak observed at high BE in Figure
20A. Sulfur was observed at low BE for the thiol modified ZnO samples, indicating the presence
of the thiol. After UV/ozone treatment, with or without the presence of the nylon mask, the S 2p
peak shifted to higher BE and was nearly the same intensity regardless of the mesh size. Sulfur
appears to be present in the deposited ZnO film, likely as a ZnS impurity. Nitrogen was not
observed on any of the substrates until after UV/ozone treatment in the presence of the nylon
mask. This is a clear indication that the nylon degradation under UV exposure deposits
byproducts on the ZnO surface. Evidence of these byproducts are additionally observed in the C
1s and O 1s spectra, Figure 20.
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Figure 21. XPS spectra are shown for silhouette patterned ZnO samples. A,B, and C show the
S 2p spectra for the indicated specimens. E, F, and G show the N 1s spectra.

Fluorine was only observed on the samples modified by C10F8, Figure 22. Fluorine was
retained on the C10F8-modified sample which was completely exposed to UV/ozone treatment.
This is contrary to what was observed for the C10F8-modified gold samples discussed above
where UV/ozone removed the C10F8 signature from the gold surface. Two F 1s peaks are
observed in the F 1s spectra from the ZnO surfaces. This may be due to some inconsistency in
the underlying ZnO substrate. The F 1s spectra are consistent with the changes in the C-F
component observed in the C 1s spectra, Figure 20C.

Figure 22. F 1s spectra are shown for C10F8 silhouette patterned ZnO samples.
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UPS spectra for the silhouette patterned ZnO samples are shown in Figure 23. The spectra are
nearly identical for all ethanol cleaned ZnO samples. C10-modified samples show such a low
work function that the low KE edge appears to be cut off, giving nearly the same WF for all
silhouette patterned C10-modified samples.

(A) cleaned f (B) C10 : (C) C10F8
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Figure 23. UPS spectra for the various silhouette patterned ZnO samples. (A) ZnO samples
where no thiol modification was performed, but the three different sized nylon patterns were
used during UV/ozone cleaning. (B) C10-modified ZnO. (C) C10F8-modified ZnO.

The presence of a pattern was not confirmed for these samples. XPS imaging only has a lateral
resolution of 15microns, at best, but it takes a significant chemical difference between patterned
and unpatterned regions to identify a chemical contrast. Since it is clear that the nylon deposits a
material on the surface, it is likely that any possible chemical contrast would be diminished.
NEXAFS imaging was not attempted. Based upon the UPS spectra, which is very surface
sensitive, where little variation observed between 25, 37, and 100 micron mesh screens, it is
speculated that there was no pattern retained by the masking process.

3.2.3. Other Patterning Strategies

Microcontact printing was attempted as another feasible strategy for patterning thiols on gold
and ZnO.**® This technique has been extensively explored in the literature, although backfilling
with secondary thiols has not been as thoroughly examined. Microcontact printing does have the
distinct advantage of deposting SAMs directly and does not require any destructive treatments.
Unfortunately, the consistency of results obtained from microcontact printing often relies on the
experimenter. Additionally, microcontact printing often only forms uniform patterns over very
limited domains which could be difficult to unambiguously pinpoint in photoemission analyses.
Microcontact printing was attempted using a poly(dimethyl siloxane) (PDMS) stamp from a
photoresist master, shown in Figure 24, where multiple features were present. These domains
could not be reliably evaluated in XPS, since the domains were not visible to the eye and could
not be clearly isolated for analysis. Large area stamps with a consistent pattern would be
desirable. This strategy was therefore only of secondary importance to the above mentioned
patterning methods.
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rectangles hexagons circles squares
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circles rectangles circles squares
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rectangles Hexagons circles squares

Figure 24. An optical image of the photoresist master with an array of 16 patterns is shown
along with the description of each domain. PDMS can be used to form a reverse replica of the
master for microcontact printing.

The ultimate goal of the patterning investigation was to explore the role of a heterogeneous
substrate in a systematic manner. Consequently, an alternative strategy is to use a substrate,
which is itself heterogeneous and modify all features of the substrate uniformly. An
interdigitated electrode (IDE) is a substrate where independently addressable regions of the
substrate are interdigitated giving an area for photoemission analysis where each region can be
evaluated in a spatially averaged spectrum.

The use of an IDE array is a unique platform for photoemission investigations. No examples of
the use of IDEs as a substrate for XPS analyses are known to the author. There are a limited
number of circumstances where substrates, with characteristics similar to that of an IDE, have
been used for XPS.%®*® XPS studies on fuel cell materials have taken advantage of the ability to
control the voltage on independent electrodes.®® ® Suzer and coworkers have made significant
contributions on the use of applied biases in XPS and have termed “dynamic XPS” for the abilit
to apply an alternating bias to the sample in time with analytical characterization.®®
Differential charging of SAM layers has received some attention in the literature.®”"°

The advantages of using an IDE as a substrate are numerous. The width and length of the
electrodes can be controlled. The spacing between electrodes can also be controlled. Electrodes
can be modified uniformly, or one set of electrodes could be modified independently from the
other. In the absence of an overlying film, the voltage can be controlled on each pair of
electrodes independently. An overlying film can be deposited to allow for some electrochemical
communication between the IDE electrodes, thus allowing for some evaluation of charge
transport and charge injection of the overlying film. This strategy allows for the control of
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differentially charged regions of the substrate in known geometries, whereas the previous
attempts at patterning only allowed for characterization of ex situ prepared samples. Figure 25
shows the general schematic of an interdigitated electrode where the analysis area covers
multiple “fingers” from each of the electrodes. In XPS, the resulting spectrum gives a set of
peaks corresponding to the electrodes which are electrically grounded. The electrically isolated
electrodes give a set of peaks at a higher binding energy corresponding to the field produced
between the electrodes by the photoemission process.

10*

analysis__
area I I I I

Figure 25. An interdigitated electrode (IDE) is shown as a substrate for use in photoemission
analyses. The region under analysis is large enough to cover electrodes from both pairs of
electrodes as well as the interdigit spacing. The interdigit spacing is equal to the width of the
electrodes. Gold is deposited as the electrode fingers on a quartz substrate. The voltage on
the electrodes can be controlled. In the simplest case, one set of electrodes is grounded to the
spectrometer while the other set of electrodes is left electrically floating. As shown on the right,
Au 4f emission at ~84 eV (BE) is due to emission from the grounded gold electrodes, while the
highly shifted Au 4f emission is due to charging of the electrically floating gold electrodes. The
shift of the floating electrodes gives an indication of the nature of the surface and/or the
electronic communication with the grounded electrodes.
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4. CONDUCTING POLYMER INTERFACES

4.1. Varying Thickness Conducting Polymer Films

A number of polymers and substrates were investigated to evaluate the role of the conducting
polymer on the electronic band structure at the polymer/inorganic interface. Polymers analyzed
included  poly(3-hexylthiophene) (P3HT), poly(ethylene dioxythiophene) (PEDOT),
poly(aniline) (PANI), and poly(thiophene). Electrode materials evaluated included gold, ZnO,
and indium-tin-oxide (ITO). The typical strategy for investigating the electronic band structure
is to increase the organic layer thickness as shown in Figure 26, while performing photoemission
characterization with its narrow depth of analysis.” ® ™* This allows for evaluation of spectral
energy shifts versus distance from the interface. XPS results for electrochemically deposited
poly(thiophene) and poly(aniline) are shown in Figure 27 for three different thicknesses of the
respective polymers.

organic }

Figure 26. The most common method for analyses of the energy level alignment at an interface
is through sequential deposition of the topmost material with corresponding photoemission
characterization at each stage. This gives characterization to various depths across the
interface. For evaluation of polymer films on an inorganic substrate, the polymers must be
deposited ex situ on multiple samples to give a range of thicknesses.
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Figure 27. XPS spectra are shown for electrochemically deposited (A) poly(thiophene) and (B)
poly(aniline) on gold at three different thicknesses from (1) thinnest to (3) thickest.
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Survey spectra show the attenuation of the gold signal with growing polymer thickness, as well
as the increase in intensity for the polymer constituents, C and S for poly(thiophene) and C and
N for poly(aniline). High resolution spectra revealed little shifting of spectral components with
polymer thickness indicating no significant charge redistribution in the polymer.

A novel conducting polymer with photoabsorbing properties, poly(tris(4-(thiophen-2-
yl)phenyl)amine) (N3), was similarly electrodeposited on ITO at varying thicknesses.* Survey
spectra for the deposited N3 films are shown in Figure 28. The In and Sn signals from the ITO
substrate are attenuated as the N3 polymer thickness increases. N, C, and S grow in intensity
with thicker N3 films until the substrate signal is completely attenuated. Pd and Br were
observed in the N3 polymer as residual contaminants from the synthesis of the monomer.
Unfortunately, the presence of Pd in the polymer films may significantly affect the energy shifts
of the polymer constituents; however, since N3 is a novel polymer and has not been previously
studied, the analyses had to be performed with the contaminants present.

Figures 29 shows the high resolution spectra for the individual energy regions associated with
the ITO substrate. No significant energy shifts were observed for In or Sn as the N3 polymer
film was increased. The O 1s showed a change in overall peak shape as the polymer thickness
grew probably from entrained impurities or electrolyte in the polymer film.

The species corresponding to the N3 polymer (C, N, and S) increase in intensity as the polymer
is grown on the ITO substrate. The signals remain relatively sharp until a thick polymer film
was deposited and broadening of the peak shapes was observed due to charging. Almost no shift
in the C 1s, N 1s, or S 2p peaks were observed as the polymer thickness was increased. Some
variation in peak shape appeared at stage #4, but, due to the broadening of the spectra, it was
likely do to charging for that specimen. As was observed for the poly(thiophene) and
poly(aniline) samples, little can be discerned about the charge redistribution at the N3/ITO
interface. The band alignment is dictated by the difference in work function between the
substrate and polymer as investigated by UPS, Figure 31. The work function and percent
compositions are summarized in Table 3.
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Figure 28. N3 polymer was electrochemically deposited on ITO. The increase in thickness is
observed from sample 1-7 as the In and Sn signals become attenuated due to the overlying
polymer. The components of the N3 polymer, namely C, N and S grow in intensity as the N3
polymer thickness increases. Impurities were observed in the N3 polymer.

(A) Sn 3d 5/2 (B)In3d 52 . (€)O1s

Figure 29. N3 polymer was electrochemically deposited on ITO. The increase in thickness is
observed from sample 1-7 as the In and Sn signal became attenuated due to the overlying
polymer. The O 1s from ITO is attenuated until a thick film of N3 was deposited and a broad O
1s peak was observed due to entrained contaminants and charging.
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Figure 30. N3 polymer was electrochemically deposited on ITO. The increase in thickness is
observed from sample 1-7 as the C, N, and S peaks grow in intensity. The thickest film shows a
broadening of the C, N, and S peaks due to some differential charging of the polymer.

M
@
%

8
Binding Energy (eV)

Arbitrary Units

Figure 31. UPS spectra are shown for the N3 polymer electrochemically deposited on ITO at
three thicknesses. Sample (7) corresponds to the thickest N3 film.



Table 3. Work function values and atomic concentrations for seven thicknesses of N3 polymer
on ITO. Thicknesses of the polymer increase from 1-7 corresponding to the increase in C
concentration.

Atomic Concentration [%]
Carbon | Indium |Nitrogen| Sulfur |WF (eV)
1 36 64 0 0 3.7
2l 38 62 0 0 3.7
3 64 32 1 3
4 85 3 4 7
5 86 2 3 9
6| 88 0 2 9
71 90 0 2 9 4.3
gold 4.5

4.2. PEDOT on COOH-Modified ITO and Unmodified-ITO

The role of an interfacial layer on the charge redistribution of PEDOT at ITO surfaces was
evaluated. COOH-modification of ITO was performed as discussed above. XPS spectra, Figure
32, show the increase in carbon for the COOH-modified ITO surface, relative to the unmodified
sample, corresponding to the presence of the modifying SAM. PEDOT films were cast on
modified and unmodified ITO samples with varying thicknesses increasing from sample 2-5.
Figure 33 shows the high resolution spectra for carbon from the various thicknesses of PEDOT.
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Figure 32. Survey XPS spectra are shown for PEDOT layers of varying thicknesses spin

coated on (A) unmodified ITO and (B) 16-phosphonohexadecanoic (COOH) modified ITO. No
PEDOT was present on (1) and thicknesses of PEDOT were increased from 2-5.
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Figure 33. XPS spectra of C 1s are shown for PEDOT layers of varying thicknesses spin
coated on (A) unmodified ITO and (B) 16-phosphonohexadecanoic (COOH) modified ITO. No
PEDOT was present on (1) and thicknesses of PEDOT were increased from 2-5.

The COOH SAM layer was observed on the COOH-modified substrate indicated by the intense
C-C component. The carbon spectra are the same for all thicknesses of PEDOT on both
substrates, with only variations in absolute intensity. No shifts in peak positions were observed.
Figure 34 shows the UPS spectra for the sequential depositions of PEDOT on the two ITO
substrates. The COOH-modified substrates show a shift of the low KE edge from that of the
unmodified substrates. However, there was almost no shift in the low KE edge with increased
PEDOT layer thickness. Figure 35 summarizes the work function values for the two sets of
samples as a function of layer thickness, i.e. percent composition of substrate (In) and overlayer

(S).

(A) Unmodified ITO (B) COOH-modified ITO

Figure 34. UPS spectra for PEDOT layers of varying thicknesses spin coated on (A)
unmodified ITO and (B) 16-phosphonohexadecanoic (COOH) modified ITO. No PEDOT was
present on (1) and thicknesses of PEDOT were increased from 2-5.
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Figure 35. Work function does not change significantly for the various thicknesses of PEDOT
on the two ITO substrates. Work function is shown as a function of indium concentration, where
decreasing In concentration related to increasing PEDOT thickness. Work function is also
shown relative to sulfur concentration, where increasing sulfur relates to increasing PEDOT
thickness.

There is an overall difference in work function between the COOH-modified samples and the
unmodified ITO samples which is retained regardless of the thickness of the overlying PEDOT.
These results show that the work function is pinned and that charge redistribution through the
polymer does not occur to any measureable extent.

4.3. HAXPES of Protected ITO Interfaces with P3HT

The characterization of buried interfaces is difficult and often has to be performed by a post-
processing method where the interface is exposed. Hard energy X-ray photoelectron
spectroscopy (HAXPES) offers the ability to tune the X-ray energy and thereby change the depth
of analysis. In this work, an inorganic/organic interface was evaluated, namely the poly(3-
hexylthiophene) (P3HT) interface with indium tin oxide (ITO), with relevance to organic
photovoltaic devices. P3HT/ITO buried interfaces were examined using three X-ray energies
where the ITO was prepared under different pretreatment conditions. The P3HT film protected
the ITO surface to adventitious adsorbents and allowed for sensitivity to the buried ITO surface.
Robust peak fitting parameters were obtained to model the O 1s and In 3d lineshapes. The
deconvolution of these lineshapes allowed for the clear identification of a surface layer on the
ITO which is oxidized to a greater extent than the underlying ITO substrate. The surface oxide
layer is electronically disconnected from the underlying 1TO, composed of an indium oxide and
an indium hydroxide layer. The peak fitting conditions also allowed for an estimation of the
thickness of this insulating layer. The layer was determined to be approximately 2.2 nm for a
pretreatment step where the 1TO surface was etched using H,SO,.

The characterization of buried interfaces is of significant interest to the study of organic

electronics yielding insights on the interfacial energy alignments between semiconducting
materials, segregation of species at interfaces, and identification of interfacial contaminants.” **
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275 Interfacial modifications and/or the presence of adventitious species have been shown to

dramatically affect performance of organic electronic devices.* * 3 In organic photovoltaics
(OPVs) and organic light emitting diodes (OLEDs) charge injection barriers can be present due
to energy level offsets, and also due to the presence of undesirable chemical species at the
interface. Interfacial modification has been shown to be beneficial to increase work function and
charge transport across an interface. Similarly, work on interfacial oxides has led to increased
performance in OPVs.) % Understanding and identifying surface constituents can help guide
rational design of interfaces to improve the efficiency of organic electronic devices.

The nature of the interface in real devices is often unknown, since the interface is buried and
cannot be strictly characterized. For many studies, characterization relies on separate analyses of
the bare surface of the substrate and of the bulk organic film. Results from the two components
are then combined to give a description of the interface and are assumed to remain unchanged.
More rigorous strategies for evaluating interfaces are to do sequential analysis of varying
thickness films under highly controlled conditions.” ° For the case of conducting polymers on
an inorganic substrate, the analysis is complicated by the difficulty of depositing polymer layers
in the absence of adventitious contaminants. Additionally, polymer deposition introduces
solvent interactions with substrate. Recently a polymer/oxide interface was thoroughly
examined by use of multiple samples with varying thickness polymer films under the assumption
that the substrate surfaces were the same for all samples.” Schlaf and coworkers have also
performed in situ deposition of polymers via electrospray deposition to evaluate the interfacial
energy alignment.”” HAXPES is well suited to the study of a polymer/substrate interface since a
single sample can be probed at varying depths.

In most circumstances where XPS has been used to characterize ITO, the surface has been
exposed to atmosphere and a X-ray energy of 1486.6 eV has been used, although lower
excitation energies and angle resolved measurements have been performed to obtain more
surface sensitive measurements.®” ™ & 8L gyrface roughness, adsorption of adventitious
species, and/or a measurement which is still too bulk-sensitive can confound these attempts to
evaluate the ITO surface. Additionally, these studies have evaluated the bare ITO surface,
without an actual interface with an organic material. Here, the presence of the organic film
allowed for the tuning of the high energy X-rays to act as both a surface sensitive probe of the
ITO substrate, as well as a bulk-sensitive probe.?® 8% Three cases were examined where the
ITO surface was pretreated to give varying surface chemistries. 1TO surface chemistry is known
to be affected by cleaning processes and can have dramatic impacts on device performance.* >
The depth discrimination accessed by HAXPES allowed for the observation a very thin,
electronically disconnected surface region on the ITO surface. Robust peak fitting, confirming
previous reports, has been shown to clearly delineate the various chemical environments.

Three excitation energies, 2.2keV, 3.1keV, and 3.9keV, were used for XPS characterization of
the P3HT/ITO interfaces on the solvent cleaned ITO substrate, UV/ozone cleaned ITO substrate,
and H,SO, cleaned ITO substrate. The survey spectra, shown in Figure 36, show that the 2.2keV
X-ray energy allowed for photoemission from the substrate, indicated by the In 3d peaks. The
deeper analyses, using 3.1keV and 3.9keV sources, clearly show greater intensity from In 3d and
O 1s photoemission from the ITO substrate. The similar attenuation of the In 3d across samples
show that the polymer thicknesses were nearly identical. Tin is typically present in ITO at
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atomic concentrations ranging between 6-18%. This was not enough to be observed in the
limited volume of ITO evaluated.

High resolution spectra for C 1s and S 2s from the P3HT films on the three differently treated
ITO substrates are not shown, but, other than changes in intensity and a slight broadening of the
spectra with increasing X-ray energy, there were no changes in the C 1s or S 2s spectra as the
depth of analysis was varied. The lineshapes were consistent and the BE positions did not vary.
Since all three excitation energies probed the full depth of the P3HT films, it is not unexpected
that no changes were observed. Shallower analyses may reveal differentiation of P3HT species
within the P3HT films, however, for this study the surface of the ITO was of interest.
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Figure 36. Survey spectra are shown for P3HT films on ITO surfaces using three different X-
ray energies as indicated. Prior to P3HT deposition, ITO surfaces were treated with (A) solvent
cleaning only, (B) solvent cleaning followed by UV/ozone treatment, and (C) H,SO, etching.

The O 1s and In 3d showed significant and systematic changes as the analysis depth was
increased, Figure 37 and 38. The O 1s of ITO has been of extensive interest in the literature and
has tended to show the greatest variation in lineshape as a function of surface treatment.* 4 44 &
8 ITO is conductive due to n-type doping with tin and oxygen vacancies.?® Peak assignments
have been made with associations to surface hydroxides, oxygen vacancies, and tin-oxide
species. In the simplest case, a two component fit could be used to model all O 1s spectra,
regardless of excitation energy or substrate pretreatment. However, the peak positions and
FWHM had to be varied in each spectrum to obtain adequate fits. Using only two peaks for the
O 1s fitting, the BE separation decreased by nearly 1 eV as the excitation energy was increased.
Additionally, the FWHM of the high BE component was significantly greater for the high BE
component of the UV/ozone cleaned ITO substrate. Two peaks could similarly be used to fit the
In 3d °/,, but changes in the fitting parameters were also required for the various spectra. Since
the peak FWHM and peak positions relate directly to the identification of surface and/or bulk
constituents of the ITO, changes in these parameters lead to ambiguity in chemical identification.
A more rigorous approach was followed to constrain the fitting parameters for both the O 1s and
In 3d spectra.
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Figure 37 shows the O 1s, with peak fits, from the three differently treated ITO surfaces buried
under equivalent thicknesses of P3HT. Using a 2.2 keV source, the O 1s was low in intensity
and showed two distinct components for all surface pretreatments. There was a relatively sharp
component at around 530 eV with a broad second component approximately 2 eV higher in
binding energy (BE). Since the In 3d intensity and O 1s intensities are very low, the O 1s
evaluated at 2.2 keV is apparently only from the immediate surface of the ITO. Here, the two
peaks used to fit the O 1s are associated with In,Os, for the low BE component, and InOx(OH)y
(where X may vary from 0-1 and Y from 0-3), for the high BE component. The fitting
parameters were constrained for these two components, Table 5, and were applied to all O 1s
spectra. The highly constrained fitting parameters still allowed for adequate fits to all O 1s
spectra taken at 2.2 keV.

When these two peaks were applied to the deeper analyses, a residual difference yielded a single
asymmetric component with exactly the same FHWM and asymmetry across all spectra.
Previous work has shown that an asymmetric lineshape adequately fit the O 1s of in situ prepared
conductive indium oxide.** The asymmetric component was also successfully applied to ITO
with some residual, unidentified surface species.** The fitting parameters of this previously
observed asymmetric component matched the residual difference observed here for the O 1s
from the deeper HAXPES spectra. These fitting parameters were used to synthesize Peak C in
Figure 37, which is assigned to the bulk lattice of the ITO substrate. Peak C increased in
intensity as the analysis depth increased. Peak C was also observed in the 2.2 keV analysis of
the O 1s from the H,SO, etched ITO sample.

The same strategy used to fit the O 1s was employed to fit the In 3d 5/2, Figure 38, where two
constrained components were associated with In,O3 and InOx(OH)y and a third asymmetric
component was assigned to the bulk ITO. In 3d electrons have a greater inelastic mean free path
(IMFP) than O 1s electrons so a greater bulk contribution was observed in the In 3d 5/2 spectra
relative to the O 1s spectra. Fitting parameters are also summarized in Table 5 for the In 3d 5/2
components. IMFP values are summarized in the supporting information.®

The asymmetry of peak C was held constant for the O 1s and In 3d with only a variation in
FWHM. Additionally, the relative intensities of peak A and B for the In 3d were held constant
and proportional to peak A and B used for the O 1s. The oxide and hydroxide peaks have not
been previously confirmed; however, here it is clear that the peak areas, binding energy
separations, and FWHM can be strictly identified from the extremely surface sensitive 2.2 keV
analyses. These fitting parameters were constrained across all O 1s and In 3d 5/2 spectra leaving
only the single asymmetric component, which was also constrained.
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Figure 37. O 1s spectra are shown for ITO buried under P3HT films using three different X-ray
energies. Prior to P3HT deposition, ITO surfaces were treated with (A) solvent cleaning only,
(B) solvent cleaning followed by UV/ozone treatment, and (C) H,SO, etching. Peak A and B
were fixed at identical binding energy separations, FWHM, and area ratios across all spectra.
This allowed for the clear identification of an asymmetric component, peak C, associated with
the conducting ITO substrate in the deeper HAXPES analyses. Peak C was also observed in
the 2.2 keV analysis of the H,SO, treated ITO/P3HT sample.
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Figure 38. In 3d”/, spectra are shown for ITO buried under P3HT films using three different X-
ray energies. Prior to P3HT deposition, ITO surfaces were treated with (A) solvent cleaning
only, (B) solvent cleaning followed by UV/ozone treatment, and (C) H,SO, etching. Peak A and
B were fixed at identical binding energy separations, FWHM, and area ratios across all spectra.
An asymmetric component, peak C, associated with the conducting ITO substrate, was
observed in all spectra but increased in intensity as the depth of analysis increased.
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Table 4. Fitting parameters for the In 3d 5/2 and O 1s components. In 3d 5/2 peak B was fixed
at FWHM=1.3, BE position A+1.375, and area=A*1.95. O 1s peak B was fixed at FWHM=2.5,
BE position A+1.945, and area=A*1.95.

In 3d 5/2 - peak A In 3d 5/2 - peak C O Is - peak A O 1Is - peak C
hv | BE position FWHM | BE position FWHM | BE position = FWHM | BE position =~ FWHM
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
solvent cleaned 2200 443.78 0.80 44427 0.65 530.10 1.25 N/A N/A
3100 443.88 0.80 44427 0.78 529.71 1.25 530.04 0.80
3900 443.75 0.80 444.22 0.90 529.63 1.25 530.01 0.87
UV/ozone cleaned 2200 443.87 0.80 44432 0.64 530.12 1.25 N/A N/A
3100 443.87 0.80 44431 0.77 530.20 1.25 530.01 1.07
3900 443.79 0.80 444.23 0.90 529.63 1.25 530.04 0.82
H,SO; cleaned 2200 443.90 0.80 44433 0.74 530.01 1.25 530.17 0.99
3100 44391 0.80 44427 0.84 529.86 1.25 530.00 0.92
3900 443,78 0.80 44421 0.85 529.58 1.25 530.02 0.97

The contribution of the bulk components of the O 1s and In 3d 5/2 increase nearly linearly with
increasing depth of analysis, while the total peak areas of the surface constituents remain
unchanged. As the analysis depth increased, the peaks became dominated by the bulk
constituents and the O 1s and In 3d fits converged on similar FWHM and BE positions across the
various surface pretreatments. For the deepest analysis, the In 3d 5/2 peak C binding energy
position was 444.22 + 0.01 with a FWHM of 0.88 + 0.03 for all three samples. The O 1s peak C
was 530.02 + 0.02, FWHM of 0.89 £ 0.08. Peak A of the In 3d converged on 443.77 + 0.02 and
peak A of the O 1s converged on 529.61 + 0.03.

The region of surface oxidation is of particular relevance for organic electronics, since it
represents an insulating barrier between the bulk ITO and the overlying organic semiconductor.
From the relative changes in peak areas, the thickness of the P3HT film was estimated along
with the thickness of the surface oxidized layer of the ITO substrate. Figure 39A shows the
change in analysis depth with the relative concentration of indium. Analysis depths were
estimated by 3 times the IMFP for O 1s and In 3d electrons through a carbon overlayer at the
respective excitation energies.®® The plot shows a y-intercept where indium concentration is
zero, thereby indicating the thickness of the P3HT films, 8.2 £ 0.9nm. Similarly, a plot can be
made relating analysis depth to the relative contribution from the bulk oxide constituent of the O
1s giving a y-intercept relating to the depth of the interface between the oxidized ITO surface
layer and the bulk oxide plus the thickness of the P3HT film, Figure 39B. The H,SO,-etched
ITO sample was the only sample that gave three data points for the bulk constituent yielding a y-
intercept of 10.5nm. This relates to a surface oxidized layer thickness of 2.3nm for the H,SO4-
etched ITO sample. For the solvent cleaned and UV/ozone cleaned samples, the layer is
presumably thicker since a bulk oxide constituent was not observed in the O 1s at 2.2keV. If the
analyses for these two samples are presumed to penetrate the full depth of the surface oxidized
layer, then a thickness of 3.6-3.8nm would be estimated. These calculations rely on a great
number of assumptions including the correct values of the IMFP for O 1s and In 3d electrons
through the P3HT film, uniformity and smoothness of the surfaces and interfaces, constant
densities and relative atomic concentrations of oxygen in the surface oxidized layer and
underlying bulk oxide, linear extrapolations, and accurate calculations of the atomic
concentrations of In, Sn, O, and C (which can be affected by a great number of parameters).
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Consequently, the thickness values given above are only rough estimates but do reliably
demonstrate a difference between the oxidized layer thicknesses of the ITO etched by H,SO,
versus the other two cleaning procedures, illustrated in Figure 40.
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Figure 39. (A) The analysis depth, based upon 3x(IMFP) values for the respective X-ray
energies, is plotted versus the atomic concentration of indium observed in survey spectra. A
linear relationship was observed extrapolating to a y-intercept of zero indium content, i.e. the
thickness of the P3HT film. (B) The analysis depth is plotted versus the relative content of the
bulk oxide constituent from the O 1s peak fits. A bulk oxide constituent of zero shows that the
only contribution to the O 1s spectra is from the oxidized surface layer. Consequently, the y-
intercept relates to the depth of the interface between the bulk oxide and the surface oxidized
layer, plus the thickness of the P3HT film.
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Figure 40. The analysis depth of XPS can be tuned in HAXPES by changing the energy of the
illuminating X-ray. For the P3HT films investigated in this work, the films were sufficiently thin to
allow for examination of the P3HT/ITO interface using three different X-ray energies. HAXPES



revealed a thicker surface oxidized layer in the ITO films cleaned solvent and UV/ozone
treatments.
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Figure 41. HAXPES allows for the use of different X-ray energies to probe various depths of
the near surface region. Higher photon energy probes deeper into the sample. Consequently,
an interface can be evaluated by simply changing the excitation energy to probe above, at, or
below the interfacial region.

HAXPES was shown to be suitable for evaluating the buried interface between ITO and P3HT.
The P3HT overlayer acted as a protective barrier to adsorption of adventitious contaminants such
that the surface of ITO could be strictly analyzed as a function of surface pretreatment. Robust
fitting parameters with clear chemical assignments were identified and could be applied to all
samples. This allowed for identification of a surface oxidized layer, distinct from the underlying
conductive bulk oxide. A clear discrimination of the surface components from the bulk
component were observed. The bulk component exhibits an asymmetry due to the high
conductivity in the bulk film, while the surface is fully oxidized and depleted of oxygen
vacancies. The thickness of the surface oxidized layer was estimated, and, even after several
days of exposure to air, the H,SO4-etched sample showed a thinner layer than the other two
surface pretreatment conditions.

4.3. Photoelectronic Characterization of Discontinuous P3HT Films
on ITO

The discussions above have evaluated the role of surface modification on photoemission analysis
of various substrates as well as the interface between the substrate and the polymer. Here it was
attempted to evaluate the role of direct patterning on the overlying conducting polymer.
Additionally, differences in the P3HT films were investigated according to the deposition
conditions used for the P3HT films.

P3HT is one of the most commonly used conducting polymers used in bulk heterojunction solar
cells. P3HT has good light absorption properties, hole conduction, ease of processing, and phase
separates to give continuous, but tortuous, interfaces with the electron transporting material in
these devices. The performance of OPV devices utilizing P3HT have been shown to be
extremely dependent on the deposition conditions and subsequent processing of the P3HT
films.*® P3HT films were spun coat on ITO under ambient lab atmosphere as well as under dry
nitrogen. To evaluate the effect of patterning, a grid of scratches was produced directly into the
P3HT films. Regions without patterning and patterned regions could be evaluated
independently. Figure 43 shows the optical images of the cross-hatched patterns on the P3HT
films. The width of the lines was tightly controlled by the use of a ball-on-disc tribometer to
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make the scratches in the P3HT. The distance between lines was not as strictly controlled, but
the orientation of the cross hatched pattern was perpendicular and gives a good comparison to
unpatterned regions.

vacuum

Figure 42. Optical images of cross-hatch patterns on P3HT films on ITO. Images are
480microns by 580microns. Samples Il and VI were 20nm thick P3HT films, and samples IV
and VIII were 10nm films. Samples Il and IV were spin coated under under dry N,. Samples VI
and VIII were spin coated under ambient atmospheric conditions.

P3HT films were evaluated by XPS and UPS in patterned and unpatterned regions as shown in
Figure 44. In the unpatterned regions on the samples spun coat under dry nitrogen, only the
P3HT constituents were observed, C and S, with some oxygen from adventitious contaminants.
In the two samples spun coat in air, there was a silicon impurity as well as a higher concentration
of oxygen. The cross-hatched regions showed evidence of the ITO substrate along with the
P3HT film. The lineshapes of the UPS spectra were not dramatically different between patterned
and unpatterned regions, however, there was a significant difference between the P3HT films
spun coat in air versus those spun coat under dry nitrogen. Table 4 summarizes the percent
compositions observed via XPS and the work function values obtained from UPS for all four
films in patterned and unpatterned regions.
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Figure 43. (Top) XPS spectra are shown for the P3HT films in (left) unpatterned regions and
(right) patterned regions. The In and Sn from the substrate are observed through the patterned
scratches in the XPS of the patterned P3HT films. (Bottom) UPS spectra are shown for the
(left) unpatterned and (right) patterned P3HT films. Samples Il and VI were 20nm thick P3HT
films, and samples IV and VIII were 10nm films. Samples Il and IV were spin coated under
under dry N,. Samples VI and VIII were spin coated under ambient atmospheric conditions.
The “_x” nomenclature indicates the region on the film where lines were cross-hatched into the
P3HT film exposing ITO.
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Table 5. Work function values and atomic concentrations for the various P3HT films on ITO.

Atomic Concentration [%]
P3HT Atmosphere | Area of P3HT
thickness [ during P3HT film under

(nm) deposition analysis Carbon|Oxygen| Sulfur [Indium | Tin [ WF (eV)
1l 20 Dry N, Continuous 87 3 10 3.7
\Y 10 Dry N, Continuous 89 2 10 3.2
VI 20 Ambient Continuous 86 6 8 3.7
VIl 10 Ambient Continuous 87 5 8 3.4
Il X 20 Dry N, Discontinuous 81 8 8 3 0.3 35
IV x 10 Dry N, Discontinuous 81 7 8 4 0.3 3.3
VI X 20 Ambient Discontinuous 80 11 7 2 0.3 3.3
VII_x 10 Ambient Discontinuous 82 9 7 2 0.3 34

There was very little change in work function observed between any of the patterned P3HT
films. Work function values varied from 3.3-3.5eV with no obvious trend corresponding to the
film deposition conditions or percent composition of exposed ITO. The work function of the
unpatterned regions of the P3HT films correlated more closely to the thickness of the polymer.
The 10nm films showed a low work function, 3.2-3.4eV, while the thicker P3HT films showed a
higher work function, 3.7eV. The cross-hatching of the P3HT films, exposing ITO in the area of
analysis, increased the apparent work function of the thin P3HT films and decreased the apparent
work function of the thick P3HT films.

The P3HT films and underlying ITO provide a significant chemical contrast which can be
observed via XPS imaging. Figures 45-48 show the XPS images for the patterned films. The
spectrum corresponding to the respective intensity image is shown for each sample. The P3HT
films were clearly observed in the open regions of the cross-hatched pattern. In the lines of the
pattern the In, Sn, and O signals were observed from the ITO substrate. C and S were also
observed in the lines of the cross-hatched pattern showing that there must still be a very thin
P3HT film in the lines of the pattern. This result was consist for all four samples and even
included the observation of the silicon peaks in the lines of the two samples spun coat in air.

NEXAFS imaging was also performed on all four samples. Images are shown for the two
samples spun coat under dry nitrogen, Figure 49 and 50. The NEXAFS spectra for the P3HT
coated areas were nearly identical for these two samples. The thinner P3HT sample also yielded
a spectrum for the material in the lines of the pattern.

Imaging results confirm that the work function differences between patterned and unpatterned
regions were influenced by the discontinuous nature of the P3HT films in the patterned regions.
It is interesting that the large differences in WF between the two films deposited in air versus the
two films deposited under nitrogen, converged to nearly the same WF in patterned regions. This
result shows that any attempt to develop an energy level alignment from an imaging technique,
where polymers of varying thicknesses could be patterned and imaged to give a sequence spectra
from varying thicknesses, would likely encounter confounding interferences from the pattern
itself.
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Figure 44. XPS images are shown for the two components showing the greatest contrast for
the P3HT patterned film Il (20nm thick P3HT spin coat under dry N,). The P3HT layer,
composed of C and S, is observed in between the lines where the ITO constituents are
observed. The images are 400microns by 400 microns. Images correspond to the intensity of
the spectra shown to the left of the image.
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Figure 45. XPS images are shown for the two components showing the greatest contrast for
the P3HT patterned film IV (10nm thick P3HT spin coat under dry N,). The P3HT layer,
composed of C and S, is observed in between the lines where the ITO constituents are
observed. The images are 400microns by 400 microns. Images correspond to the intensity of
the spectra shown to the left of the image.
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Figure 46. XPS images are shown for the two components showing the greatest contrast for
the P3HT patterned film VI (20nm thick P3HT spin coat under ambient conditions). The P3HT
layer, composed of C and S, is observed in between the lines where the ITO constituents are
observed. The images are 400microns by 400 microns. Images correspond to the intensity of
the spectra shown to the left of the image.
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Figure 47. XPS images are shown for the two components showing the greatest contrast for
the P3HT patterned film VIII (10nm thick P3HT spin coat under ambient conditions). The P3HT
layer, composed of C and S, is observed in between the lines where the ITO constituents are
observed. The images are 400microns by 400 microns. Images correspond to the intensity of
the spectra shown to the left of the image.
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Figure 48. A NEXAFS image, and the corresponding spectrum, is shown for the P3HT
patterned film 1l. Red coloration relates to the intensity of the given spectrum. The black lines
indicate no data collected in those regions. A -100V bias was applied to the grid at the entrance
to the partial electron yield detector.
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Figure 49. A NEXAFS image, and the corresponding spectra, is shown for the P3HT patterned
film IV. White and blue coloration relates to the intensity of the indicated spectra. A -100V bias
was applied to the grid at the entrance to the partial electron yield detector.
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5. INTERDIGITATED ELECTRODES

5.1. PEDOT on Gold IDE

PEDOT is highly conducting, cheap, water soluble, easily processable, and electronic properties
can be tuned through deposition procedures, annealing conditions, and/or introduction of various
cationic species.* 3% ® 99 PEDOT is often used to cover the roughness of an inorganic
substrate to give a smooth, amorphous layer for interfacing with additional organic layers.
PEDOT has also become of interest as a transparent conducting electrode to replace more
expensive inorganic oxides.***® Consequently, PEDOT can be used to tether conducting regions
of a substrate thereby circumventing less-conducting regions.

As mentioned previously, an interdigitated electrode (IDE) was conceived as an ideal substrate
for evaluating electronic materials via XPS, since one set of electrodes could be electrically
grounded while the other set could be electronically floating. The floating electrodes represent
insulating regions of the substrate, similarly to poorly conducting regions of a substrate used in
OLED or OPV devices. The electrically floating electrodes of an IDE substrate will charge in
the presence of an electric field. Since both the grounded and floating pairs of electrodes are
gold, then shifted gold peaks in an XPS spectrum can be clearly identified from the insulating
regions of the IDE substrate. The area of the charged gold peaks and the shift of the peaks relate
to the total electric field produced by the emission of electrons from the sample during X-ray
illumination.

Gold IDEs were evaluated via XPS with and without SAM-modifications. Figure 51 shows the
gold IDEs with 50 and 70 micron interdigit spacings for the unmodified gold electrodes. Figure
52 and 53 show the spectra for C10 and C10F8 modified electrodes, respectively. Also shown
are spectra for thin layers of PEDOT cast across the respective IDE substrates. In all cases there
was still a significant gold signal observed indicating that the PEDOT films were exceptionally
thin, less than three times the escape depth of Au 4f electrons through a carbonaceous overlayer
(<10nm). For all cases where PEDOT was deposited, there were no shifted peaks observed in
the XPS spectra indicating that the floating gold IDE electrodes were electronically connected to
the grounded IDE electrodes. Various thicknesses of PEDOT were attempted and it was
observed that no thickness of PEDOT could be deposited to leave the floating electrodes isolated
from the grounded components. Additionally, the presence of the various SAM layers did not
influence the charging of the isolated gold electrodes in the presence of PEDOT.

65



(A) 50um gold IDE

. (B) PEDOT on 50um gold IDE
f 10

(C) 70um gold IDE

(D) PEDOT on 70pm gold IDE

B
.
5
-
=
5
o

T 1
600 500 400 300
Binding Energy (¢V)

Figure 50. XPS spectra for unmodified gold IDEs with and without PEDOT overlayer using two
different dimensions of interdigitated electrodes.
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Figure 51. XPS spectra for C10-modified gold IDEs with and without PEDOT overlayer using
two different dimensions of interdigitated electrodes.
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Figure 52. XPS spectra for C10F8-modified gold IDEs with and without PEDOT overlayer using
two different dimensions of interdigitated electrodes.

The results from the above studies on conducting polymer films showed that the conduction in
the polymers was sufficient to effectively distribute charge into the organic semiconductor
uniformly. For the case of conducting polymers, the interface was dominated by an interfacial
dipole associate with the difference in work function between the substrate and the overlying
polymer. For PEDOT over the variously treated IDE substrates, an extreme case is represented
where regions of the substrate were electronically isolated, i.e. fully insulating. The PEDOT
films, even as extremely thin films, effectively wired the two regions of the gold substrate
together. This is shown schematically in Figure 54 where the Au 4f is observed at around 84 eV
for the electrically grounded set of gold IDEs. A second set of Au 4f peaks was observed at
~165 eV due to the charging of the isolated gold IDEs. In the presence of the conducting
polymer film, which was still thin enough to allow for significant Au 4f emission, there was only
a set of Au 4f peaks observed at 84 eV as would be expected for an electronically grounded
substrate.

67



Figure 53. The schematic for the change in BE position of the Au 4f peaks is shown for the
case of an IDE substrate used in XPS. In the case where there is no electronic communication
between the grounded and floating pairs of IDE electrodes, there is a large shift in the BE of the
emission from the floating gold due to static charging. When PEDOT is cast over the interdigit
spacing, the ungrounded IDE electrodes are effectively wired through the PEDOT to the
grounded electrodes. Consequently, the charging effect is removed and only one set of Au 4f
peaks is observed.

5.2. TiOPc and Cg, on Gold IDEs

Further studies on interdigitated electrodes were performed to investigate less conducting
materials and the role of the electric field on charge transport and charge injection. Cg and
titanyl phthalocyanine (TiOPc) films were deposited to expected thicknesses of 8nm on gold IDE
substrates that had been cleaned via sputter etching. The samples were prepared entirely under
vacuum conditions thereby preserving the cleanliness of the substrates and purity of the
deposited films. Effects from adventitious species could be excluded. The resulting XPS spectra
for sputter cleaned gold IDEs, and films of C60 and TiOPc over sputter cleaned gold IDEs are
shown in Figure 55 for three different electrode spacings. The charging of the Au 4f for the
sputter cleaned gold IDE was insensitive to the distance of the interdigit electrode spacing.
However, in the presence of semiconducting organic thin films, the charging of the electrically
isolated gold IDE electrodes was shifted greater for the larger interdigit spacings. The overall
shift in the Au 4f for the charged gold substrate was significantly less in the presence of an
overlying organic film. This was expected as the film should act to provide a pathway for
electrons to partially neutralize the ungrounded gold electrodes.
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Figure 54. XPS spectra are shown for (left) sputter cleaned gold IDE, (middle) Cg, On sputter
cleaned gold IDE, and (right) TiOPc on sputter cleaned gold IDE. (*) indicate emission from the
grounded gold IDE. (**) indicate emission from carbon in electrically grounded environments.
(***) indicate N 1s emission from electrically grounded environments. (1) indicate emission from
electrically charged gold IDEs. (%) indicate emission from charged carbon environments.
Significant charging of the floating electrodes is observed for the sputter cleaned gold, where
there is no conductive pathway from the grounded electrodes to the floating electrodes. There
is only a slight shift in the charged components corresponding to the difference in interdigit
spacing. For Cg, in which electron mobility is significantly greater than hole mobility, the
charged gold components are shifted much closer to the grounded Au 4f emission. Alternatively,
for TiOPc, where hole mobility is highest, the shift of the charged Au 4f emission is less than
was observed for Ce.
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Figure 55. The shift of the charged gold and charged carbon components are not equivalent.
The shift of the charged gold components relative to the grounded components, are shown as a
function of interdigit spacing. The shift is much greater for the TiOPc films than for the C60
films. (The value at 50microns probably has additional charging due to an inadequate contact.)
The difference between the shift of the charged gold components and the charged carbon
components are shown on the right-hand y-axis. Gold components shift to a greater extent that
the carbon components.
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C 1s was also observed at 284 eV, for the electronically grounded component of the overlying
organic film, while additional C 1s components were observed at various shifted binding
energies. The grounded C 1s component is from the organic semiconductor overlying the
grounded gold IDEs, while the charged C 1s component arises from the organic semiconductor
overlying the floating gold IDEs. The broad distribution of spectral intensity observed between
the grounded C 1s component and the charged C 1s component is likely due to emission from the
carbonaceous material in the interdigit gap where there is an electric field across the material.

The shift in the Au 4f and C 1s from their respective grounded components are shown in Figure
56. The sample with TiOPc over an IDE spacing of 50 microns was additionally charged,
probably due to a poor electrode contact. The shifts of the gold and carbon peaks were
significantly greater in the presence of the TiOPc, relative to the shifts observed for C60 films.
This would be expected since C60 is a much better electron conductor than TiOPc and should
neutralize the charged gold electrodes more effectively than TiOPc. Additionally, the shift of the
carbon and gold peaks was not equal for any of the films or interdigit spacings. Since electrons
must transverse the gap between electrodes, with charge injection steps at each electrode, it
would be anticipated that the charged gold electrodes would be additionally shifted by the energy
barrier associated with charge injection from the organic film into the gold electrode. This
appears to be the case since the carbon peaks are shifted less than the charged gold peaks. The
difference in the shift was much greater for the TiOPc films indicating a larger barrier for charge
injection from TiOPc to gold. Figure 57 shows a cartoon of the pathway for electron flow in the
material leading to differential charging of the organic and the ungrounded gold electrodes.

Figure 56. A cartoon of electron flow is shown for a simplified IDE electrode. Arrows relate to
electron flow. Electrons are emitted from all illuminated areas of the sample leaving core holes
which must be refilled. The only path for electrons back into the system is through the
grounding of the sample to the electron spectrometer. Electrons must then inject into the
organic film and then transport across the interdigit gap through the organic, and reinjected into
the electrically disconnected gold IDE. Since there is an additional charge injection step to
neutralize the floating gold IDEs, the charged gold components are always shifted more than
the charged carbon components. Background emission form the quartz substrates is either not
observed, due to an insufficient escape depth through the overlying organic film, or are so
charged as to be broadened and shifted out of the spectrum.

5.3. Pentacene Conversion on IDE
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Pentacene is a known hole conductor and has been used to yield OPV devices with good overall
photoconversion efficiencies.!®  Pentacene is typically deposited via vacuum deposition;
however, soluble pentacene-based molecules have been synthesized.’®* % Soluble pentacene
precursors can be cast into thin films on a desired substrate using cheap, large area processing
methods, such as spin coating, under atmospheric pressures. In some cases, the precursors can
be converted to pentacene by thermal treatment. 13,6-N-sulfinylacetamidopentacene is soluble
in chloroform and has been used to prepare pentacene thin films from spin coating followed by a
thermal treatment to convert the precursor film to a film of pentacene, Figure 58.%" 13

In this study a film of the soluble pentacene precursor was deposited over gold IDE substrates.
The samples were then placed into the analysis chamber for XPS characterization. The
insulating precursor film was analyzed. The film was then thermally treated, in the UHV
analysis chamber, to convert the precursor film to a semiconducting film of pentacene. The
sample was then reanalyzed via XPS. The key to this experiment, as discussed above, was to
make the films sufficiently thin such that Au 4f emission could be observed through the organic
overlayer.

CHs

o~

N A
O=s OO —) OOOOO + N-sulfinylacetamide

¥ +

Figure 57. The pentacene precursor was deposited via spin coating from solution. The sample
was then placed under vacuum where it was analyzed via XPS. Conversion to the pentacene
molecule was performed by heating the sample in situ. Analyses of the resulting films were
then performed without breaking vacuum. The film of the pentacene precursor should not have
any appreciable conductivity, while the pentacene film would be expected to be conducting.

Figure 59 shows the XPS spectra for the film of the pentacene precursor on gold IDEs of varying
interdigit spacings. Close-up regions of the Au 4f and C 1s are also shown. A uniform area of
the gold substrate was used as a control to evaluate the relative thickness of the precursor film
over gold and also to more clearly evaluate changes after the thermal conversion to pentacene.
Sulfur and nitrogen were just observable above baseline noise for the precursor film.
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There was a shift in the Au 4f and C 1s for the electrically isolated gold electrodes as well as a
carbon component associated with charged precursor material. The shift in the charged
components was consistent with larger interdigit spacings. Since the precursor film would be
expected to be insulating, the shifts were quite large. A broad shoulder on the low binding
energy side of the C 1s was observed, most likely due to a range of differentially charged
precursor material in the interdigit gap.

Figure 60 shows the corresponding XPS spectra for the thermally treated film. Sulfur and
nitrogen were not observed in the converted films. Additionally, the Au 4f signal increased in
intensity as the overall carbon intensity decreased. This was partially due to the loss of
adventitious species which previously added to the carbon signal. The converted pentacene may
have also migrated on the surface and preferentially deposited in the interdigit gap, thereby
moving off of the gold surface during thermal treatment. Evaporation of pentacene from the
substrate is unlikely, since the conversion temperature was below that of the evaporation
temperature.

The shift of the Au 4f and C 1s for charged components of the pentacene film was less than was
observed for the pentacene precursor film. This was the anticipated result, as the pentacene film
should be much more conducting and should allow for partial neutralization of charging. Figure
61 shows the changes in the shifting of charged species for the precursor and pentacene films.
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Figure 58. XPS spectra of the pentacene precursor on cleaned gold interdigitated electrodes
are shown for (red) a uniform film on gold, (green) 15um IDE, (pink) 20 um IDE, and (blue) 25
pum IDE. Spectra shown are (left) survey spectra, (middle) Au 4f and charged Au 4f
components, (right) C 1s and charged C 1s components.
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Figure 59. XPS spectra of the converted pentacene on cleaned gold interdigitated electrodes
are shown for (red) a uniform film on gold, (green) 15um IDE, (pink) 20 um IDE, and (blue) 25
pum IDE. Spectra shown are (left) survey spectra, (middle) Au 4f and charged Au 4f
components, (right) C 1s and charged C 1s components.

The shift of the gold and carbon peaks in the precursor film was approximately 10eV greater
than the shift observed for the same peaks in the pentacene film. The shift in peaks was nearly
linear with the interdigit spacing for both films. Also shown is the difference in shift between
the gold and carbon for each respective film at each interdigit spacing. The differences in shifts
were greater for the precursor film.
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Figure 60. The shift in the charged gold and charged carbon components are shown relative to
their respective grounded components, as a function of interdigitated electrode spacing. The
shift in the charged gold components is greater than that of the charged carbon components,
and the difference is shown on the right-hand y-axis.

As was observed for the TiOPc and C60 films on gold IDEs, the shift in gold and carbon was not
the same. This is an interesting result since differential charging is usually observed to shift all
components of an XPS spectra equally. However, given the design of this experiment, where
there is an interdigit gap, the flow of electrons has to occur through the organic material with an
additional charge injection step from the organic into the charged gold IDE, as shown
schematically in Figure 57. Consequently, the shifted gold peaks should be shifted more than the
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carbon peaks and the shift should be proportional to the charge injection barrier between the
organic and the gold.
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6. CONCLUSIONS

This study has shown a thorough examination of multiple surface treatments and interfaces with
organics. Additionally, multiple emerging photoemission analysis techniques were utilized and a
new technique for characterization of materials was discovered.

Thiol SAMs could be patterned via shadow mask UV/ozone patterning, however, the intended
nature of the deposited SAMs were altered by the process. NEXAFs imaging, as one of the
earliest demonstrations of this technique, proved the existence of patterned thiol SAMs. The
corresponding spectra show that the thiol deposited after patterning appears to displace the
existing SAM. Additionally, the quality of the SAM film was be influenced by the hysteresis of
any previous SAM. Walker and coworker have evaluated SAMs deposited after UV exposure of
a previous SAM. %1% Here, as supported by NEXAFS, XPS, and UPS, it would appear that the
secondarily deposited SAM is either denser or more uniformly aligned over large areas. Work
function changes were more substantial for SAM films deposited after an initial SAM was
removed. Additionally, the C 1s lineshapes were more distinct for the different SAMs when they
were deposited after an initial SAM was removed. C10 appeared to displace patterned C10F8 in
a uniform and consistent manner, since no NEXAFS image was observed where C10F8 was
previously patterned and backfilled by C10. C10F8 also displaced patterned C10, however, the
result gave a pattern of C10F8 SAMs. Angle dependent NEXAFS imaging would be an
important avenue for future work to prove orientational differences between thiols deposited
before and after patterning. Work function variations were observed for unimolecular SAMs of
C10 and C10F8 where the area of coverage was varied by the shadow mask patterning. This
may be the first demonstration of such work function changes for patterned SAM films. Further
examination of patterned SAMs deposited by a soft-lithographic technique may better preserve
the intended unimolecular and bimolecular patterns. Additionally, a greater range in pattern
dimensions could be investigated to evaluate a cross-over point between superimposed spectra
versus spatially averaged spectra.

HAXPES was shown to be suitable for evaluating the buried interface between ITO and P3HT.
The P3HT overlayer acted as a protective barrier to adsorption of adventitious contaminants such
that the surface of ITO could be strictly analyzed as a function of surface pretreatment. Robust
fitting parameters with clear chemical assignments were identified and could be applied to all
samples. This allowed for identification of a surface oxidized layer, distinct from the underlying
conductive bulk oxide. A clear discrimination of the surface components from the bulk
component was observed. The bulk component exhibits an asymmetry due to the high
conductivity in the bulk film, while the surface is fully oxidized and depleted of oxygen
vacancies. The thickness of the surface oxidized layer was estimated, and, even after several
days of exposure to air, the H,SO4-etched sample showed a thinner layer than the other two
surface pretreatment conditions.
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