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ABSTRACT: We have previously reported pyrolyzed parylene C (PPC) as a
conductive carbon electrode material for use with micropipets, atomic force
microscopy probes, and planar electrodes. Advantages of carbon electrode
fabrication from PPC include conformal coating of high-aspect ratio micro/
nanoscale features and the benefits afforded by chemical vapor deposition of
carbon polymers. In this work, we demonstrate chemical surface doping of PPC
through the use of previously reported methods. Chemically treated PPC films
are characterized by multiple spectroscopic and electronic measurements.
Pyrolyzed parylene C and doped PPC are used to construct diodes that are
examined as both p—n heterojunction and Schottky barrier diodes. Half-wave £
rectification is achieved with PPC diodes and demonstrates the applicability of :
PPC as a conductive and semiconductive material in device fabrication. i :
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B INTRODUCTION

Future prospects of electronic devices rely on miniaturization
and advancement of new materials that possess properties, such
as transparency and flexibility. Carbon materials (e.g., p- or n-
type graphene and single-walled carbon nanotubes
(SWCNTs)) have been used as replacements for or in
conjunction with metal semiconductors in devices such as
rectifiers,’ diodes,” ¢ and field effect transistors (FETs).>*
However, these well-defined carbon materials can be difficult to
prepare, manipulate, or both. Further, the superior physical and
electronic properties the materials demonstrate, such as high
electron and hole mobilities”® and high current carrying
ability,”'° may not be necessary for certain applications.
Pyrolytic carbons are a class of disordered graphitic materials
usually formed through gas phase dehydrogenation of hydro-
carbon precursors. Despite long-range disorder, pyrocarbons
exhibit good electrical conductivity and acceptable durability."!
Pyrolytic carbon materials have been used previously as
replacements for metals in semiconductor devices, which
includes nanoscale vertical interconnect structures'” and gate
electrodes.”

Pyrolyzed parylene C (PPC) is a pyrocarbon utilized recently
as a three-dimensional conductive carbon electrode material for
nanopipettes'* and atomic force microscopy probes.'> How-
ever, little investigation of pyrocarbon chemical doping has
been explored and investigations of pyrolytic carbon, as a
component in semiconductor devices are limited. Pyrolyzed
parylene C is an excellent material to construct not only planar
semiconductor devices but also three-dimensional electrodes.
Pyrolyzed parylene C film thickness can be tuned from roughly
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200 nm to several mm, and PPC can be used to compare end-
on and side-on nanoscale contact geometries16 and to study
fundamental electron transport in doped carbon materials.

In this work, we describe diodes formed between a carbon
(PPC) and a semiconductor (n-type silicon) interface, likely
through a Schottky barrier. Carbon has a distinct advantage
over metals used in silicon-based Schottky diodes as metals
often form silicides at the silicon interface, which raises the
barrier height (¢b5)."” Lower barrier height in a Schottky diodes
means lower voltage is required to produce current in the
forward-bias direction and results in lower power loss across the
diode. Recently, pyrolyzed photoresist films (PPF) have been
shown to function as the ‘metal’ in Schottky barrier diodes.'® In
this work, a ¢y of 0.72 eV was measured for Schottky diodes
formed between PPF and n-type silicon.'® The lowest reported
¢ between silicon and a pyrocarbon is 0.46 eV," a value
higher than the typical value for a commercially available all-
silicon diode (~0.40 eV),*® which is undesirable. In both
experiments, high temperature processing was required, which
limits the use of these pyrocarbons on substrates that cannot
withstand high temperatures, such as polyimide or polyethylene
terephthalate. Although our method to pyrolyze parylene C
relies on high temperatures as well, we overcame this issue by
lifting-off PPC films from copper substrates with a mild etchant,
similar to methods reported for the manipulation of
graphene.”' ™
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To further investigate PPC as a carbon material in devices,
PPC thin films were chemically treated and a p-n
heterojunction diode, comprised of p-type PPC and n-type
silicon, was attempted. In this device, a p—n junction diode is
presumably formed at the interface between a p-type and an n-
type semiconductor. Fundamental characteristics of chemically
doped PPC were examined to ascertain the viability of future
semiconductor devices besides diodes that could be con-
structed, such as flexible or transparent FETs. PPC thin films
were chemically doped with nitric acid and hydrazine through
strategies previously used for graphene®'?**° and
SWCNTSs.>"*! As previously reported, nitric acid and
hydrazine chemical treatments have been performed with
very well-ordered carbons that were monolayers or several
monolayers in thickness. In work discussed here, chemical
treatments may only affect the first several PPC surface layers
and chemical modifications to PPC are considered from the
perspective of surface doping.

Doped PPC, characterized by photoelectron emission
spectroscopy (PES), X-ray photoelectron spectroscopy (XPS)
and Raman spectroscopy was used in diode construction.
Electrical characteristics of junction diodes were measured and
alternating current (ac) half-wave rectifiers were constructed
from PPC diodes.

B EXPERIMENTAL SECTION

Materials. Dichloro-[2,2]-paracyclophane (parylene C dimer) was
used as received (SCS Coatings, Indianapolis, IN). Ethyl acetate
(Macron Fine Chemicals, Center Valley, PA), 0.5 M ammonium
persulfate (>98%) (Sigma-Aldrich, St. Louis, MO), and 3M copper
conductive tape (Ted Pella, Redding, CA) were used to create lifted
PPC films. Pyroylzed parylene C thin films and n-doped silicon wafers
(AKI Corporation, Marumori, Yamaguchi, Japan) were cleaned with
ethyl alcohol (Pharmco-AAPER, Brookfield, CT), isopropyl alcohol
(IPA) (Macron Fine Chemicals, Center Valley, PA), or both.
Hydrazine (0.1 M) in tetrahydrofuran (THF) (Sigma-Aldrich, St.
Louis, MO) was used to chemically n-dope PPC films. Concentrated
nitric acid (Mallinckrodt Chemicals, Phillipsburg, NJ) was used to
create p-type PPC thin films. Poly(dimethyl siloxane) (PDMS)
(Sylgard 184, Dow Corning (Midland, MI)) and contact-mode, silicon
atomic force microscopy (AFM) probes (CSC17/no Al, MikroMasch
USA, Lady’s Island, SC) were used as received for atomic force
microscopy (AFM) characterization.

Preparation of Pyrolyzed Parylene C Electrodes. Copper tape
was immersed in ethyl acetate for 30 min to remove the adhesive film.
Silicon substrates were washed with IPA and dried under a flow of
nitrogen prior to chemical vapor deposition (CVD) Pyrolyzed
parylene C was prepared, as described previously.'*'> Briefly, CVD
of parylene C onto silicon or copper was carried out in a commercial
deposition system (Labcoater 2/PDS 2010, SCS Coatings), with 0.5—
1.0 g of dimer used per run. Parylene C films were pyrolyzed on
substrates in a tube furnace (Lindberg, Riverside, MI) at 900 °C for 1
h under constant flow of nitrogen to yield films of approximately 169
nm + 30 nm (N = 3), measured via AFM. Pyrolyzed parylene C
coated copper substrates were soaked in 0.5 M (NH,),S,0; until the
copper substrate was etched sufficiently to detach the PPC film (see
optical photographs of the process in the Supporting Information (SI),
Figure S1).** Films were washed with ethanol and then water to
remove any residual salts. Finally, films were transferred onto a desired
substrate (e.g., polyimide, silicon, quartz, etc.) and left to air-dry at
room temperature. To create PPC-silicon diodes, n-type silicon wafers
(n-type (100), measured work function (¢) = 4.83 eV, number of
dopant atoms (N,) = 2. 5%10"® atoms/cm®) were used. More detail is
provided in the SI. Both pristine and doped thin films were
characterized with equipment and parameters described in the SL

Chemical Doping of PPC Thin Films. Chemical doping of PPC
thin films was inspired by previously established methods for doping of

graphene and carbon nanotubes.”®*”***"3? Chemically surface doped
p-type PPC films were prepared by application of concentrated nitric
acid to the film for 1 h. Nitric acid was then removed with a pipette
and films were washed with ethanol and water. To surface n-dope PPC
films, 1 M hydrazine in THF was applied to films and allowed to
remain on the films for 1 h under an inert atmosphere. Hydrazine in
THF was removed and films were cleaned with ethanol and water. All
chemically treated PPC films were dried for several hours in air at
room temperature.

B RESULTS AND DISCUSSION

PPC Thin Film Characterization. To create thin film PPC
materials, lift-off and transfer procedures described in the
Experimental section were employed (Figure 1). Ammonium
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Figure 1. Schematic for thin film pyrolyzed parylene C (PPC)
preparation. Parylene C is deposited onto a copper substrate via
chemical vapor deposition and pyrolyzed at 900 °C under N, flow for
an hour. The PPC thin film is removed from the copper substrate by
submersion in 0.5 M (NH,),S,05 for 1-2 h, until the underlying
substrate is etched away. The free-floating PPC thin film then can be
cleaned and/or put onto a new substrate.

persulfate was used to etch copper because less salt residue was
observed on the PPC film, via contact-mode AFM and SEM
(data not shown), as compared with the use of a dilute nitric
acid etchant. An optical image of the PPC film “lift-oft”
procedure is shown in SI Figure S1. Once the PPC film
detached from the etched copper substrate, the film was
cleaned and transferred to a secondary substrate, such as a
flexible plastic substrate. PPC film thickness and quality were
investigated for films transferred to a silicon substrate via
contact-mode AFM and SEM (SI Figure S2a, b, and c). Film
thicknesses were determined from average height profiles of
each film sample and were found to be 169 + 30 nm (N = 3)
(SI Figure S2b). Ripples are evident in the AFM image and
corresponding line profile. We hypothesize these periodic strip
patterns are from a reconstruction of the underlying copper
substrate, which recently has been shown to form partial
dislocations at high temperatures due to strain of an overlying
carbon film.** The roughness (root-mean-square (RMS)) value
for the film on silicon in SI Figure S2a was found to be ~21 nm
for a 290 yum? area. From SEM (SI Figure S2c) the film appears
hole-free as well, over approximately a 319 ym? area.
Chemical Doping of PPC Thin Films. Doped p- and n-
type PPC films were prepared by drop-casting concentrated
nitric acid and 0.1 M hydrazine, respectively, onto the film
surface (see experimental section for details). Resistivity and
work function values were measured (Table 1). Resistivity
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Table 1. Work Function and Resistivity Values of Pristine, p-
type and n-type PPC Films

work function (eV) of PPC resistivity (Q-m) of PPC

pristine 5.10 2.08 X 107 + 1.90 x 107*
p-type 5.30 793 X 107" + 1.97 x 107
n-type 4.68 539 X 107 + 6.04 X 107°

values (2.08 X 10~ + 1.90 X 107" Qm (N = § films)) for
pristine PPC were at least 2 orders of magnitude higher than
the resistivity values obtained for recently reported pyrocarbons
(undoped) used to create Schottky barrier diodes.'”"® The high
resistivity of pristine PPC is possibly due to the mechanical
transfer of PPC films to the substrate. However, the resistivity
for both p- and n-type PPC films (7.93 X 107* + 1.97 *107* Q-
m and 539 X 107* + 6.04 * 1075 Qm (N = 5 films),
respectively) is 2 orders of magnitude smaller than the pristine
film, which suggests surface doping through increased film
conductivity. The resistivity of n-type PPC is slightly lower than
for p-type PPC, although both are comparable, which is
consistent with the trend for SWCNT's chemically doped with
HNO; and hydrazine previously reported.>" Work function
values found for chemically treated PPC films were found from
the incident photon energy (ionization potential) from the
photoelectron (PES) shown in SI Figure S3. There is some
inherent error with determining the work function from PES in
air in that the presence of a thick oxide layer on top of the film
of interest can produce deviations in the spectra, specifically
regions of nonlinearity on the curve after the onset potential.
However, there is no deviation in linearity of curve after the
onset potential in PES spectra in SI Figure S3, which suggests
little influence of any oxide layer present. From PES spectra,
the work function was found to be 5.30 and 4.68 eV for p- and
n-type films, respectively. A shift of ca. +0.20 eV for p-doped
PPC films and —0.42 eV for n-doped PPC films from the work
function value (¢p = 5.10 eV) for pristine PPC was observed.
Thus, PES measurements acquired in air show relative shifts in
work function for p- and n-type films, compared to the pristine
sample, and further suggest surface doping. Yet, work function
and resistivity values do not conclusively demonstrate the
mechanism of doping (i.e, whether molecules are bonded
covalently or are physisorbed to the film). X-ray photoelectron
spectroscopy and Raman spectroscopy measurements of the
films were conducted to further investigate doping mechanisms.

Survey XPS spectra for pristine, p- and n-type PPC thin films
prepared on silicon are shown in SI Figure S4. Significant peaks
identified are assigned to Si 2p, Si 2s, Cls, N1s, Ols, and the O
KLL Auger shells. Although the parylene C precursor contains
chlorine, no significant Cl 2p peak was identified in the pristine
PPC XPS survey spectra. Presence of Si 2s and Si 2p peaks are
attributed to influence from the underlying silicon substrate.
The C/O ratios for pristine, p- and n-type PPC were
approximately 0.90, 0.90, and 0.70, respectively. From survey
spectra, we also note the appearance of a nitrogen peak for
chemically treated PPC samples.

High-resolution Cls XPS spectra for p-type, pristine, and n-
type PPC thin films are shown in Figure 2a. Graphite is known
to exhibit an asymmetric Cls XPS spectrum,*® and the core
level Cls peak observed for pristine PPC is also asymmetric.
The primary Cls peak for pristine PPC at 284.6 eV is attributed
to sp* carbon.****** In addition, the presence of a small tail at
287-290 eV is indicative of 7—7z* shakeup peaks and is
characteristic in the Cls spectra of carbon materials.”*** Peak
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Figure 2. X-ray photoelectron spectra (XPS) for p-type, pristine, and
n-type PPC thin films, prepared on n-type silicon. The high-resolution
Cls (a), N1s (b), and Ols (c) spectra are shown for all three types of
PPC thin films. XPS data was taken with a monochromatic Al Ka X-
ray source and spectra were averaged over 10 scans.

downshifts of approximately 0.2 and 0.1 eV are noted in the
main peak in the Cls XPS spectra for p- and n-type PPC films.
A downshift of 0.2 eV has been reported previously for HNO;-
treated carbon nanotube films and the small shift was attributed
to nitric acid desorption in a UHV environment.”’ In addition,
a downshift is consistent with a shift in the Fermi level toward
the valence band edge for p-type doping. An upshift of the
primary peak in Cls core level spectra is expected for
hydrazine-treated SWCNT samples due to the shift of the
Fermi level toward the vacuum level with n-type doping.
However, a small downshift of 0.2 eV for SWCNTSs doped with
hydrazine in THF has been reported.”® We attribute the 0.1 eV
downshift of the primary peak noted in the Cls core-level
spectrum to the destabilization of hydrazine from the surface of
the PPC film in UHV, which may occur more readily if the
majority of N,H, is physisorbed to the surface. Of note is the
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absence of large, distinct peaks associated with sp® carbon
bonding (typically found at 290—300 eV>") for pristine, p-type,
and n-type PPC films. Thus, the primary mechanism for n-type
doping is likely charge-transfer of physisorbed molecules, rather
than covalent bond formation to carbon. A study of the short-
term stability of pristine and chemically treated PPC films over
time was also undertaken. High-resolution Cls spectra are
shown for PPC thin films (SI Figure SSa). An upshift in the
primary peak in the Cls spectra for pristine (284.4 eV), p-type
(284.5 eV), and n-type (284.4 V) samples was observed after
storage in ambient conditions for one week. Instability of nitric-
acid treated SWCNT films has been reported previously and is
a known drawback of this chemical treatment.> Thus, the same
doping instability is observed for chemically treated PPC thin
films when exposed to air for one week, when exposed to a
UHV environment, or both.

Spectra for high-resolution N1s scans are shown in Figure 2b.
Presence of nitrogen in the n-type PPC thin films is observed,
whereas the pristine PPC spectrum which does not show any
discernible peaks. There may be a peak at approximately 399.4
eV in the p-type Nls spectrum, although the signal-to-noise
ratio is low, which could be the result of NH," groups®
physisorbed to the film after treatment with (NH,),S,05 and
lift-off from copper substrates. However, for pristine, p-type,
and n-type PPC, we cannot conclude (due to the low signal-to-
noise of the peak between 399 and 400.2 eV for pristine PPC)
that the chemical preparation methods used here do not
contribute a significant amount of nitrogen from ammonium
persulfate after lift-off from copper substrates. A N1s peak at
406—407 eV is expected in the spectrum of a p-type PPC film,
as this is the range normally consistent with HNO; and NO,,
but this was not observed experimentally.”® Similar absence of
peaks between 406 and 407 eV in Nls XPS spectra of
SWCNTs treated with concentrated nitric acid for only 1 h of
treatment have been reported.”® Thus, peaks within this range
may be absent due to the short (1 h) exposure of PPC films to
nitric acid or desorption of physisorbed nitrogen in UHV. In
the case of n-type PPC films, a large N1s peak at approximately
400 eV was observed, which is attributed to amine grousps,
which likely arise from chemical treatment with hydrazine.>>*'
However, N1s peaks at ca. 400 eV have been observed for n-
doped graphene sheets, and the peak observed here may be the
result of pyrolytic nitrogen, embedded in the z-conjugated
carbon environments of the film, as well.*® After one week in
ambient storage conditions, the large N1s core peak for n-type
PPC films (400 eV) decreases in intensity (SI Figure SSb).
Absence of nitrogen peaks for n-type PPC films after 1 week of
aging supports the idea that chemically treated films are not
stable in ambient conditions for a prolonged period of time.

Finally, high-resolution Ols spectra for pristine, p-type, and
n-type PPC were investigated (Figure 2c). The presence of
ambient oxygen on the film is evident from the peak (532.4 eV)
shown for pristine PPC. An additional peak at 534.8 eV is also
evident in the pristine PPC sample, which may be from
COOH.* The most intense O1s core level peaks for p- and n-
type PPC thin films are approximately 532.8 and 533.0 eV and
correspond to C=0 and C—OH, respectively.”” A peak at
approximately 532.6 eV corresponds to oxides of nitrogen, and
would be expected in both p- and n-type PPC.** The absence
of peaks at approximately 535 eV suggests there is neither
chemisorbed oxygen nor adsorbed water.*' Inspection of the
O1s spectra shown in SI Figure S5c shows that peak positions
all downshift to approximately 532.0, 532.0, and 532.1 eV for p-

type, pristine, and n-type PPC thin films, respectively, after one
week of aging in air. In addition, peaks appear more symmetric
and occur at a similar binding energy, which suggests a return
to same oxygen-functionality. Thus, these observations support
the hypothesis that chemically treated films are not stable in
ambient conditions for a week since the Ols signature for
doped films becomes similar to the pristine with time.
Conclusions from XPS related to charge-transfer and the
effect of surface treatment were further confirmed with Raman
spectroscopy and Raman spectral mapping. Raman spectros-
copy is an excellent method for the evaluation of carbon
materials and also for analyzing the effects of doping as the D
bands are present in sp* carbons with defects,** which can be
greatly increased with n-type doping, especially. Raman spectra
for pristine, n-type, and p-type PPC thin films are shown in
Figure 3. The G, D, and 2D bands, typical of many carbon
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Figure 3. Raman spectra for p-type, pristine, and n-type PPC films in a
given location for films prepared on quartz. The D, G, and 2D band
peaks are highlighted for the pristine PPC spectrum with a dotted line
for comparison to the n- and p-type.

materials, for pristine PPC are noted at approximately 1337,
1602, and 2804 cm ™, respectively. The G band results from in-
plane vibrations of sp> carbon atoms (E,q symmetry group) and
has often been used to describe the graphitic content of a
carbon material.****** The D band is generally believed to
originate from the A;; mode of small, carbon crystallites or
grain boundaries of larger crystallites within the material,**
although the exact assignment has been the subject of debate.*
The 2D band (second order overtone of the D band) is a
prominent peak in graphene and truly graphitic samples,*
although it is weak in PPC thin films. In amorphous carbon
structures the so-called Raman selection rule (wavevector (k) ~
0) becomes relaxed and peaks become broadened instead of
sharp (as is the case in Figure 3 spectra).*® For example, the
full-width at half-maximum (fwhm) for the G and D peaks were
determined to be approximately 248 and 155 cm™', which is
much broader than peaks found for graphene films.>>* The
broad 2D peaks observed (Figure 3) also make identification of
this exact peak position and fwhm challenging.

Doping effects in carbon materials are often noted in Raman
spectroscopy,>>*"?83132353847 aqpecially through comparison
of D, G, and 2D peak shifts and peak intensity ratios. At a laser
excitation of 532 nm (2.33 V), the D, G, and 2D peaks of p-
type PPC occur at 1346, 1608, and 2831 cm™! and have
FWHMs of approximately 248 and 155 cm™' for D and G
bands, respectively (Figure 3). The D, G, and 2D bands in the
n-type PPC Raman spectrum are found at 1330, 1596, and
2807 cm™' and the fwhm for these D and G bands are ~271
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Figure 4. Raman spectral mapping for p-type (a), n-type (b), and pristine (c) PPC for an approximately 250 X 250 um? area for the same samples
shown in Figure 3. Raman spectra mapping shows the ratio of D to G band peaks across three samples.

and 136 cm™' (Figure 3). As in the case of pristine PPC thin
film Raman spectra, we found the fwhm difficult to determine
in the doped PPC sample spectra due to the low S/N ratio of
the 2D peak. We note there is a small, but observable red-shift
of the G band of about 6 cm™ for hydrazine-treated PPC films
and a G band blue-shift of about 6 cm™ for the nitric-acid
treated PPC films, compared to the pristine PPC peak position.
However, we note that the intensities of both the D and G
bands for p-type, pristine, and n-type PPC are quite similar. Yet,
the peak shifts observed confirm hydrazine chemical treatment
makes the PPC film strongly n-type through the donation of
electrons, which shifts the Fermi level toward the conduction
band, and that nitric acid treatment makes PPC p-type by
withdrawing electron density, which shifts the Fermi level
closer to the valence band.

To further investigate the PPC thin films, Raman spectral
mapping over a 250 X 250 um?” area was performed for p-type,
n-type, and pristine PPC (Figure 4a, b, and c). Information
about the variability of the D and G bands over a large area
would provide a greater wealth of information than point
Raman spectra. Despite difficulties in the assignment of D and
G peak positions on a given spectrum due to peak broadening,
we mapped the intensity ratio of the D and G bands (I/I;;) for
each sample. The Ip/I; ratio can reveal in-plane and edge
defects in carbon materials (i.e., the relative disorder and order
within a carbon sample). In addition, the I/I;; ratio can reveal
topological defects from doping, especially in the case of n-type
carbon materials, where nitrogen insertion into the sp* matrix
can induce defects.*> Therefore, the I/l value was plotted as
color gradations in the Raman spectral mapping experiments
for 10 pum step sizes. The color scale in Figure 4 represents I,/
I from 0 to 1.3 and each sample has been normalized to the
same scale. For I,/I; > 1, we can conclude the area contains
significant defects and for I/Ig < 1, more graphitic or ordered
carbon content is present. The pristine PPC sample appears to
have large areas of defects and some areas where Ip/Ig ~ 1.
From the Raman spectral map for n-type PPC, we noted that

Ip/I; is less than 1 (~ 0.7 throughout) and conclude that there
appears to be more graphitic content than for the pristine
sample. The Raman spectral map for p-type PPC shows
isolated areas with I/I < 0.9 intermixed with regions where
Ip/Ig > 1.0. Previously, Raman spectral studies of n-doped
graphene® and one type of amorphous carbon***’ have shown
an increase in the D band intensity with doping, relative to the
G band intensity, as compared to the pristine sample, which is
opposite to the trend we observed here. Most likely, the
pristine PPC films in this work are characteristic of a carbon
between nanocrystalline graphite and low sp® amorphous
carbon (between stage 1 and stage 2), according to the
characteristics outlined by Ferrari et al.’® Based on the inverse
linear relationship between graphitic cluster size (L,) and the
I/I; ratio, proposed by Tuinstra and Koenig,** the in-plane
graphitic microcrystalline size in the PPC film appears to
increase with doping from the trend observed in Figure 4.
However, Cho et al. observed that when the I,/I; ratio is above
1.1 for amorphous carbons, which is seen in the Raman spectral
maps for pristine PPC, the Tuinstra and Koenig trend no
longer holds.>" The failure of the relationship can be attributed
to carbons where L, is extremely small and there are a small
number of crystallites.’®>> Ferrari and Robertson previously
showed that the development of a D peak indicates order in
amorphous carbons, which is opposite to the trend observed in
graphite.*® Thus, we hypothesize that the decrease of the Ip/Ig
ratio is due to a decrease in I, with respect to I; (since the
strength of the D band is proportional to the crystallite area for
small L,* and the G band is simply a measure of sp* carbon
vibration) when the film is doped.

PPC/Silicon Schottky Diode Fabrication and Electrical
Characterization. Fabrication of pristine PPC/n-type Si
diodes is detailed in the SI. Both Schottky and p—n junction
diodes can be described by the ideal diode equation,>

I= Is(qu/nkBT _ 1) (1)
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Figure S. Current—voltage (I-V) curves for constructed Schottky barrier (a) and p—n junction (b) diodes. Error bars are shown for N = 3 diodes
with measurements performed at room temperature. The current axis of the I—V curves in (a) and (b) is shown as a log-scale in (c) and (d),
respectively. p—n heterojunction diodes were made from p-type PPC and n-type silicon. Schottky diodes were made from pristine PPC and n-type

silicon.

where I is current, I is the reverse-bias saturated leakage
current, q is fundamental electron charge, V is voltage applied,
ky is Boltzmann’s constant, T is temperature, and n is the
ideality factor for a given diode material. The ideality factor is
assumed to be unity, but it usually is much larger.5 Many of
these parameters can be found experimentally from current—
voltage (I-V) curves of the device.

Averaged I-V curves for fabricated Schottky diodes (N = 3
diodes), are shown in Figure Sa. A positive bias was applied to
the PPC film and a negative bias was applied to the n-type
silicon substrate with a voltage range of +10 V. The I-V curve
behavior between different devices was in good agreement and
suggests reproducibility of the preparation method. The PPC/
n-type silicon assembly shows a rectified I-V curve (Figure Sa),
characteristic of a diode. In contrast, the -V curve for a PPC
film shows no rectification (SI Figure S6). Here, we consider
the current rectification ratio (R,.), obtained from current—
voltage curves, as the following:

Rdc = |I+/I_| (2)

Where I, and I_ are currents at the same corresponding
positive and negative applied voltages. For these devices, the
average R, was approximately 4.2 (at +4 V). The turn-on
voltage for the diode, defined as the forward voltage required to
conduct current through the diode greater than the leakage
current in the reverse-bias regime, is approximately 1.8 V. A
semilog plot of the I-V curve is shown in Figure Sc. In the
reverse-bias direction, the current becomes saturated, as evident
from the I-V curve in Figure Sa. The reverse-bias behavior can
be noted by a gradual saturation of current in the semilog plot
shown in Figure 5c. However, the reverse-bias behavior does
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deviate from the behavior of an ideal diode, which has a much
more abrupt current saturation at reverse-bias. Deviation from
ideal behavior is possibly the result of high electric fields
produced by the edges of our diode, not accounted for in egs 1
and (S1), which assume a parallel electric field on the
substrate."”

An initial evaluation of PPC/n-type silicon diode parameters
was undertaken with the Norde method.>® An account of
mathematical evaluations can be found in the SI text and Figure
S7. Due to the limitations and suppositions of this model,
mostly the assumption of a low series resistance (R;), a method
described originally by Cheung and Cheung®® and undertaken
by Yim et al.'® to extract ¢y, 1, and R, was utilized. Further
correction to obtain more accurate values of ¢y, n, as described
by Aubry et al,, were also performed.”” With these treatments, a
value of ¢pg of 0.64 eV was extracted, in good agreement with
values previously reported for hydrocarbons.'®" The ideality
factor was determined to be 4.16, which suggests a high R..
Based on the experimentally measured and derived parameters,
a band dia§ram was constructed for the Schottky diode (SI
Figure S8). 3 The high R, and n could be improved with our
device if the contact resistance of PPC to Si was lowered.

PPC/Silicon p—n Heterojunction Diode Fabrication
and Electrical Characterization. Fabrication of p-type PPC/
n-type Si diodes is detailed in the SI. A similar approach to
evaluate p—n heterojunction diode parameters as described for
fabricated PPC/n-type silicon diodes in the previous section
was used. Forward and reverse sweeps of averaged I—V curves
(N = 3 diodes) operated at +10 V are shown in Figure Sb. A
rectified I-V curve is observed when p-type PPC is biased and
an Ry (at £10 V) of approximately 9.6 was determined. The
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Figure 6. (a) Circuit diagram for the rectifier made through incorporation of either the p-type PPC/n-type Si diode or the PPC/n-type Si Schottky
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1kHz ac waveform was applied between ground and one of the constructed diodes. The values of the resistor (R) used in the circuit

with p—n junction and Schottky diode were 2 kQ and 4.6 k€, respectively. The input and output waveforms are shown for fabricated p—n

heterojunction (b) and Schottky barrier (c) diodes.

turn-on voltage for the diode was approximately 2.2 V. The
subtle difference in turn-on voltage between the p—n junction
and Schottky diodes were used to differentiate between the two
I-V curves. The turn-on voltage for the p—n junction diode is
expected to be higher,>® which was shown experimentally here.
However, the small difference in turn-on voltage between the
Schottky and p—n junction diode suggests that the performance
of the p—n junction diode is poor. This may be the result of
only chemically doping the surface of the p-type PPC film. The
error bars shown for the I-V curve in Figure 5b show good
reproducibility between different devices. A semilog plot of the
data in Figure Sd shows a slow current saturation at high
positive voltages, which is characteristic of an ideal diode (as
described in eq 1). The forward-bias current levels off, which is
most likely the result of surface doping, high R, and poor
contact between the n-type Si and p-type PPC. The reverse-bias
current behavior, however, deviates from an ideal diode (i.e.,
there is not an abrupt current saturation). The device reverse-
bias breakdown voltages were evaluated with a semiconductor
parameter analyzer (see Experimental section). For a typical p-
type PPC/n-type Si diode device, breakdown voltages were
—4.67, —8.52, and —25.7 V for —10, —50, and —100 A of
anode current at the breakdown voltage, respectively. In future
studies, to definitively verify the nature of the p—n junction
diode, additional characterization techniques, such as a
temperature-dependent -V curves and capacitance—voltage
measurements are required.

To evaluate parameters of the p-type PPC/n-type silicon
diode, eq 1 was fitted to the forward-bias region of the semilog
plot shown in Figure Sd. The saturation current, I, was
determined to be 1.19 ;A and n to be 5.46. However, n from eq
1 may not be reliable due to the assumption of a low R,. For
clarity, a band diagram of an idealized p-type PPC/n-type Si
diode is shown in SI Figure S8. Most likely, R, in this device is
high, as noted in the fabricated PPC/n-type silicon Schottky
diode, which results in a voltage-dependent n. Unlike a
Schottky barrier diode, the charge-transport mechanisms in
the forward-bias direction of a p—n junction diode can be due
to many phenomena, dependent on the voltage applied and the
n."% In the case of a SWCNT diode fabricated by Biswas et al,,
deviation from the ideal diode equation was seen at high
forward-bias voltages due to a large R, which resulted in a high
n.! Since the semilog I-V curve (Figure 5d) shows a similar
deviation from the ideal diode equation at high forward-bias
voltages and a high # is observed, a high R, is probable. A more

detailed capacitance—voltage analysis is necessary to determine
additional attributes of the diode (e.g, size of a depletion
region, doping density).

Half-Wave Rectifier Circuit with PPC Thin Film Diodes.
Rectifiers are one important application of diodes. In this work,
a simple, half-wave rectifier circuit, shown in Figure 6a, was
constructed. Performance of both p-type PPC/n-type Si p—n
heterojunction and PPC/n-type Si Schottky barrier diodes were
evaluated as the diode represented in this circuit. Half-wave
rectification of an ac waveform results in an output waveform
that only exhibits current from one voltage polarity and is thus
transformed to a direct current (dc). To quantify the degree of
ac waveform rectification, the rectification ratio (R,.) (not to be
confused with the rectification ratio of an I-V curve) can be
evaluated, which is defined by>”

Rac = |Vout+/Vout—| (3)
where V. is the positive output circuit voltage and V,_ is the
respective negative output voltage. A waveform of 5 V,,, and 1
kHz was applied in circuits with both types of devices. Resistors
(noted as R in Figure 6a) with values of 2 and 4.2 kQ were used
in circuits that contained p-type PPC/n-type Si p—n
heterojunction and PPC/n-type Si Schottky barrier diodes,
respectively. The value of R was selected based on best half-
wave rectification (ac waveform, 5 V,,/1 kHz) ratio found for
devices. The input and output waveforms for a p-type PPC/n-
type Si p—n heterojunction and PPC/n-type Si Schottky barrier
diode are shown in Figure 6b and c. In both cases, the current
output is much less than the input voltage, which is the result of
the voltage drop across the diode. From the output response in
Figure 6b, the circuit with a p-type PPC/n-type silicon diode
does not show significant ac waveform rectification. Evaluation
of eq 3 shows the rectification ratio to be approximately 1.9 for
a circuit that contains a p-type PPC/n-type Si diode. The
rectification value found from ac measurements does not agree
well with the rectification ratio (approximately 9.6) of the
device I-V curve (shown in Figure Sb). Discrepancy between
ac and dc measurements may be the result of a voltage-
dependence on R; found with eq 3, which has been shown
previously.® The output response for a PPC/n-type Si
Schottky diode, shown in Figure 6c, shows much more
significant rectification and very little current for negative input
voltages. The R, value found for the rectifier circuit that
contains the PPC Schottky diode is approximately 7.2, which is
much higher than for the circuit with the PPC p—n junction
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heterojunction diode. Also, the R,  is comparable to previously
reported values for rectifier circuits that contain carbon
nanotubes.”*>®" Some distortion of the ac output waveform
is noted in Figure 6¢ and this may be the result of a low carrier
mobility relative to silicon or SWCNTs." Interestingly, the
value of the resistor used in the rectifier circuit should match
the R; value obtained for Schottky diodes found by fitting I-V
curves in the previous section. We found successful half-wave
rectification with a resistor value of 4.2 k€2, which is smaller
than Ry, found from fitting experimental I—V curves (14.6 k).
Kirchoff’s circuit laws state that for the circuit shown in Figure
6a, in which the PPC-silicon junction and the resistor lie in
series, the current flowing through this junction and the resistor
are equal.®> Thus, we can assume that experimentally in this
case, the resistance of the Schottky diode is approximately the
same value as the resistor used in the circuit (42 kQ).
Differences in these resistance values could be the result of the
mathematical models used to fit the device I-V curves, which
assume a low series resistance across a Schottky diode and
which were likely not valid for our devices.

B CONCLUSIONS

In conclusion, PPC thin films were created and chemically
treated to yield two types of diodes. Surface chemical doping of
PPC was explored and p- and n-type PPC films were created
from nitric acid and hydrazine chemical treatments, respec-
tively. Detailed analysis of chemically doped films suggests that
nitric acid is weakly adsorbed to PPC and is chemically
reversible with time. Hydrazine-treated PPC films were found
to be more stable both in air and UHV. In addition, chemical
treatments decreased the Ip/I; ratio, as compared to the case of
pristine PPC.

Devices described demonstrate that a pyrocarbon, PPC, can
be tuned to a desired thickness and transferred to an arbitrary
substrate to create diodes. Pristine PPC was used with n-type
silicon to create a Schottky barrier diode, which has been
accomplished for pyrocarbons only in two other instances.'®"”
We found that the pristine PPC/n-type silicon Schottky barrier
diode had a very high series resistance. Barriers calculated for
Schottky diodes here (¢ ~ 0.64 eV) were comparable to
previously reported pyrolyzed carbons.'®'® The ideality factor
for the Schottky diode and R, were determined to be 4.16 and
14.6 k€2, respectively. In addition, an attempt to create a p-type
PPC/n-type Si heterojunction diode was undertaken. The p—n
junction diode performance was poor, as noted from the low
turn-on voltage in the I-V curves. Also, the electrical behavior
of the p-type PPC/n-type Si junction diode is not dramatically
different from the electrical behavior of the pristine PPC/n-type
PPC diode, which suggests that a true p—n interface may not
have been formed. The ideality factor of this type of diode was
found to be about 5.46, which suggests a high R. Both types of
diodes were placed in a half-wave rectification circuit to
demonstrate the applicability of the diodes. We found that the
fabricated Schottky barrier diodes showed good rectification
and had a R, of about 7.2, significantly higher than the R,
found for the p—n heterojunction diode (~1.9).

Overall, the creation of amorphous carbon films for transfer
to a variety of substrates, the chemical treatment of the films to
make n- or p-type carbon and the fabrication of diodes was
demonstrated. As used here, chemical doping is likely to only
influence the surface layers of the carbon film. Additionally,
with the lift-off method used here, intimate contact between the
p-type PPC and n-type silicon was poor, which contributed to

the diminished performance of the p—n junction diode. Diode
performance could be improved if chemical treatments
described here pervade the entire PPC film, the PPC doping
density is comparable to that of silicon or the resistance
between the films is minimized. In the future, these films may
find use in the construction of Schottky barrier and p—n
heterojunction diodes solely from PPC (with no silicon) on
flexible substrates, such as poly-(imide). Further, investigations
of three-dimensional diodes from PPC-coated electrodes (such
as an AFM probe) and planar surfaces provide an interesting
avenue to develop future devices.
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