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Boron-doped diamond (BDD) has tremendous potential for use as an electrode R 0 0 R

material with outstanding characteristics. The substrate material of BDD can affect the ~r ~

electrochemical properties of BDD electrodes due to the different junction structures of BDD and N RNEANAN \

the substrate materials. However, the BDD/substrate interfacial properties have not been clarified. 5,
In this study, the electrochemical behavior of BDD electrodes with different boron-doping levels

(0.1% and 1.0% B/C ratios) synthesized on Si, W, Nb, and Mo substrates was investigated. S —
Potential band diagrams of the BDD/substrate interface were proposed to explain different

junction structures and electrochemical behaviors. Oxygen-terminated BDD with moderate boron-doping levels exhibited sluggish
electron transfer induced by the large capacitance generated at the BDD/Si interface. These findings provide a fundamental
understanding of diamond electrochemistry and insight into the selection of suitable substrate materials for practical applications of
BDD electrodes.

boron-doped diamond, substrate materials, interfacial capacitance, electrode, electrochemistry

superior biocompatibility, and surface functionalization capa-
bility.”* ™’

Conductive diamond is mainly synthesized by CVD.” In
particular, single-crystalline CVD diamonds are synthesized via
homoepitaxial growth on a single crystalline diamond

Diamond exhibits the highest hardness among known
materials, the highest thermal conductivity at room temper-
ature, high transparency over a wide range of wavelengths, and
remarkable physical and chemical stability in harsh environ-

29,30 L .
ments. Diamond is a highly resistive material with a bandgap of substrate st heteroepitaxial growth on nondiamond
5.47 eV and shows resistance values on the order of 10'¢ Q-cm. substrates.” " These CVD s_ingle-crystalline diamonds have
. . . . 35-37
It can be an electrically conductive material by surface broad applications in devices, and attempts to understand
termination or impurity doping. Hence, conductive diamond their conductive mechanism are in progress.’*™"’ However,
has tremendous potential as a material for electronics' ™ and single-crystalline diamond has drawbacks such as significant
electrode®™® materials. cost and difficulties due to the large size of single-crystalline
Landstrass et al. reported that the surface of diamond diamond substrates and limitation of the substrate materials for
synthesized by chemical vapor deposition (CVD) exhibits heteroepitaxial diamond growth, hindering its practical
electrical conductivity.' This conductivity is attributed to the application as an electrode material.
p-type conductivity of the hydrogen- (H-) terminated diamond In contrast, polycrystalline diamond as an electrode material
surface, which acts as acceptor like surface energy states,'’ demonstrates a rapid CVD growth rate as well as high carrier
owing to the surface dipole moment generated by the concentrations and tunable conductivity by controlling the
electronegativities of C (2.5) and H (2.1) atoms."””"* These boron-doping levels. Moreover, large-size substrates are
conductive surfaces of H-terminated diamonds can be used in available for industrial applications.**™*’ Polycrystalline
the construction of semiconductor devices such as p-n and diamonds are typically synthesized on substrates like single-

Schottky diodes as well as field effect transistors (FETs), which
have attracted significant attention especially in power
semiconductor devices due to their extremely high career
mobility and electric breakdown field."*"'°

Another approach for conductive diamond is impurity
doping. Phosghorus—doping affords n-type semiconductor
diamonds,"’~*" and boron-doping affords p-type semiconduc-
tor diamonds.*'™* In particular, boron-doped diamond
(BDD) could serve as a next-generation electrode material
owing to its large potential window, small background current,

crystalline Si substrates or metal substrates such as W, Nb, Mo,
Ta, and Ti.**** The conductive mechanism of polycrystalline
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diamonds has been studied in terms of surface termination and
boron-doping levels,”’ ™" but reports on the effects of the
substrate material are limited.”” In particular, the interfacial
properties between a BDD and its substrate have not yet been
investigated.

BDD acts as a p-type extrinsic semiconductor, because C
atoms are replaced by B atoms with fewer valence electrons,
thus making it an electron acceptor. Notably, metal—
semiconductor junctions are formed at the BDD/metal
substrate interface, whereas semiconductor heterojunctions
are formed at the BDD/Si substrate interface. In metal—
semiconductor junctions, Schottky barriers are possibly
formed. In semiconductor heterojunctions, energy barriers
called band discontinuities are possibly formed. In both cases,
the interfacial energy barriers are normally accompanied by
interfacial capacitances,”~®* which consequently influence the
electron transfer at the BDD—substrate interface and the
electrochemical properties of BDD electrodes. Therefore,
selecting a suitable substrate material and understanding the
electron-transfer mechanism at the interface are crucial.

In this study, we investigated the effects of the substrate
material on the electrochemical properties of the BDD
electrodes. Different BDD electrodes were synthesized with
different amounts of boron-doping on Si and metal substrates
(W, Nb, and Mo), and their electrochemical properties were
characterized. Subsequently, theoretical studies were con-
ducted on the electron transfer at the BDD/substrate interface
as well as at the BDD/electrolyte interface, and band diagrams
were proposed to explain their effects on the electrochemical
behavior of the BDDs. Then, the electrical properties of BDD
were experimentally investigated to validate the proposed band
diagrams.

Sulfuric acid (H,SO,), nitric acid (HNOj;), potassium chloride (KCI),
potassium ferrocyanide (K,[Fe(CN)4]), methanol, and acetone were
purchased from Wako Pure Chemical Industries, Ltd. and
hexaammineruthenium(III) chloride ([Ru(NH;)4]Cly) was pur-
chased from Sigma-Aldrich. These materials were used without
purification. Deionized (DI) water was obtained from a water
purification system (Milli-Q Reference A+, MERCK Millipore) with a
resistivity of 18.2 MQ-cm at 25 °C. The experiments were performed
at room temperature (25 °C) under atmospheric pressure, unless
otherwise stated.

Two-inch p-type Si wafers with a (100) orientation, resistivity of
0.005—0.01 Q-cm, and thickness of 0.75 mm were used as substrates.
The carrier concentrations of the p-Si wafer were estimated using a
resistivity of ~1.0 X 10" cm™ from the Irvin curve.** High-purity
metal sheets (W: 99.95%, Nb: 99.9%, and Mo: 99.95%) with a 1.0
mm thickness and 50 mm diameter were used, as well as ceramic
plates made from aluminum oxide (ALO) with a 1.0 mm thickness
and 10 mm square size. Before BDD deposition, the Si substrate was
abraded with microdiamond powder (~1 um), while the metal and
ALO substrates were polished with #320 sandpaper and then cleaned
by ultrasonication with methanol. The substrates were seeded via
ultrasonication in a diluted nanodiamond suspension for 30 min
(NanoAmando, NanoCarbon Research Institute Limited, Japan).
BDD thin films were grown on Si(100) and W, Nb, and Mo
substrates using a microwave plasma-assisted chemical vapor
deposition system (MWPCVD, AX6500X, CORNES Technologies
Corp.) as described previously.” The boron source, trimethylboron
(B(CHs,);), and the carbon source, methane (CH,), were supplied
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into the hydrogen plasma at B/C atomic ratios of 0.1% and 1.0%. The
deposition time was 6 h.

The surfaces of the as-prepared BDD films were characterized by
using a Raman spectrometer (Acton SP2500, Princeton Instruments)
with an excitation wavelength of 532 nm and a benchtop scanning
electron microscope (SEM, JCM-6000Plus, JEOL Ltd.). The Raman
spectra and SEM images of BDDs are shown in Figures S9 and S10.

A single-compartment, three-electrode PTFE cell was used for the
electrochemical measurements. A BDD electrodes, a Pt plate, and Ag/
AgCl (saturated KCl) were equipped as the working, counter, and
reference electrodes, respectively. An electrochemical station,
Modulab XM ECS (Solartron Analytical), was used for all
electrochemical measurements. An area of 9.62 cm? (diameter: 35
mm) of the working and counter electrodes was exposed to the
electrolyte solution.

H-termination treatments of the BDD electrodes were performed
by exposing them to the hydrogen plasma generated by the
MWPCVD system (AX6500X) at a 2 kW microwave voltage,
chamber pressure of 30 Torr, and hydrogen gas flow rate of 300 sccm.
Oxygen- (O-) termination treatments of the BDD electrodes were
performed via anodic oxidation using cyclic voltammetry (10 cycles
between potentials of —3.5 and 3.5 V and then 20 cycles between
potentials of 0 and 3.5 V at a scan rate of 1 Vs~ in a 0.1 M H,SO,
aqueous solution).

After H- and O-termination treatments, the surfaces of BDD
electrodes were characterized with X-ray photoelectron spectroscopy
(XPS, JPS-9010TR, JEOL Ltd.). The Mg Ka line was used with a pass
energy of 10.0 eV. The C 1s spectra were deconvoluted with
Gaussian—Lorentzian sum functions after the subtraction of Shirley
background using SpecSurf: Analysis, a package of JEOL XPS
software. Four peaks deconvoluted from the C 1s spectra were
assigned to the following components: 284.0 eV (C—H bond), 284.8
eV (sp® C—C), 285.5 eV (C—O bond), and 286.3 eV (C=O bond).

The surface roughnesses of H- and O-terminated BDD samples
were evaluated by using a confocal 3D laser scanning microscope
(VK-X1000, KEYENCE CORPORATION.). Three-dimensional
roughness parameters S, and S, were estimated from the 100 ym X
80 pm area in 3D-images of BDD surfaces.

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were performed with 1 mM K,[Fe(CN),] dissolved in
1 M KCI. The cyclic voltammograms were collected in the potential
range from —0.4 to 0.8 V (vs Ag/AgCl) at scan rates of 10, 20, SO,
100, and 200 mVs™". The EIS spectra were collected in the frequency
range of 10 kHz to 0.1 Hz with a voltage amplitude of 10 mV and a
bias voltage of 0 V vs open circuit. All cyclic voltammograms and EIS
spectra were collected after degassing the electrolyte solutions by
nitrogen bubbling. EIS spectra were analyzed using ZView 4.0, a
software package for analysis of EIS measurements (Scribner
Associates, Inc.).

An inductively coupled plasma reactive ion etching system (ELIONIX
ELS-7000) was used to dry-etch the BDD layer to construct mesa
structures. O-Terminated 0.1%BDD samples on Si and Mo substrates
were partially masked with Al tape to afford 5 and 1 mm squares
(Figure S13a). The samples were then etched by exposing them to
0,/CF, plasma for 90 min (Figure S13b). Subsequently, Al tape was
removed from the samples. The mesa-structured BDD samples on the
Si and Mo substrates were cleaned with hot mixed acid (H,SO,/
HNO; = 3/1) and acetone, respectively (Figure S13c).

The current—voltage (I—V) characteristics of the 2-in. BDD
electrodes and BDD mesa-structures were evaluated with a manual
probe equipped with two gold spring probes for electrical contact with
the BDD electrode surface. The I-V curves were collected in the
voltage range from —8.0 to 8.0 V using an electrochemical station,
Modulab XM ECS (Solartron Analytical).
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Figure 1. Cyclic voltammograms of Fe(CN)>/* with H-terminated (a) 0.1%BDD and (b) 1.0%BDD and O-terminated (c) 0.1%BDD and (d)
1.0%BDD on Si (solid black line), W (solid red line), Nb (solid gray line), and Mo (dashed line) substrates.Abbreviations: BDD, boron-doped

diamond.

The capacitance—voltage (C—V) characteristics of the BDD mesa
structures were evaluated with a vacuum prober station (Nagase
Techno-Engineering Co., Ltd.) equipped with a high resistance
electrometer, Keysight B298SA and a precision LCR meter, Agilent
E4980A. The C—V curves were obtained at a frequency of 1000 Hz in
the voltage range from —1.0 to 1.0 V.

In this section, we experimentally investigated the effects of
surface termination, the boron-doping level, and the substrate
material. First, BDD electrodes were prepared on a p-type
single-crystalline Si substrate (0.005—0.01 Q-cm) as well as W,
Nb, and Mo substrates. The boron-doping amount was
controlled by using B/C atomic ratios of 0.1% and 1.0% in
the CVD feed gas mixture, where the resultant BDD types
were denoted as 0.1%BDD and 1.0%BDD, respectively. The
boron concentrations in 0.1%BDD and 1.0%BDD were
estimated to be 3.3 X 10%° and 1.9 X 10*! cm ™, respectively,
via secondary ion mass spectroscopy (SIMS) and glow
discharge optical emission spectrometry (GDOES).””% The
BDD films were pretreated to obtain H- and O-terminations
prior to performing their electrochemical measurements. The
effect of H- and O-termination treatments were confirmed by
XPS measurement and analysis of C 1s narrow scan peaks as
summarized in Figure S1 and Table S1.

To investigate the redox behavior of the BDD electrodes,
CV and EIS were performed using the typical redox couple
ferri/ferrocyanide (Fe(CN)>/#7) in a 1 M KCl aqueous
electrolyte. Fe(CN)~/* typically shows reversible redox
behavior with various electrode materials including BDD
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electrodes.”® The redox behavior of Fe(CN),>™/#" is known to
be influenced by surface termination of BDD electrodes.’”*¥*°

Figure 1 shows the cyclic voltammograms of Fe(CN)¢~/4~
with 0.1%BDD and 1.0%BDD synthesized on various substrate
materials at a scan rate of 50 mVs™. The CV measurements at
other scan rate (10, 20, 100, and 200 mVs™') are shown in
Figures S2 and S3. The H-terminated 0.1%BDD and 1.0%
BDD exhibited comparable cyclic voltammograms, regardless
of the boron-doping levels and substrate materials (Figures la
and b). However, the O-terminated 0.1%BDD showed an
obvious increase in peak separation (AEP) (Figure Ic). In
addition, the O-terminated 1.0%BDD exhibited AE, smaller
than that of 0.1%BDD (Figure 1d).

The peak separation (AE,) and peak current (I, I,.) with
each CV of BDD electrodes are summarized in Tables S2—S5
and Figure S4. H-0.1% and 1.0%BDD and O-1.0%BDD
showed AE, close to the theoretical value (59 mV)® in the
small sweep rate, while AE, increased along with the sweep
rate. And the ratios of anodic and cathodic peak current ([1,,]/
[Ipc]) were close to 1.0. This indicated that these BDD
behaved as quasi-reversible electrodes with Fe(CN)g /4.
Notably, 0.1%BDD showed a much larger value in AE, and
[Ipa]/ [Ipc]. This indicates the irreversible behaviors of the O-
terminated 0.1%BDD with Fe(CN)s~/*. This finding
suggests that the CVs of BDD are influenced by the surface
termination and boron-doping levels, but not by the substrate
material.

Typically, the current measured in a CV is affected by the
rates of electron transfer at the electrode—electrolyte interface
and the mass transfer of the redox species.”” As all CV
measurements were performed under the same conditions

https://doi.org/10.1021/jacsau.4c00006
JACS Au 2024, 4, 1184-1193
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Figure 2. Nyquist plots of Fe(CN)s>/* with H-terminated (a) 0.1%BDD and (b) 1.0%BDD and O-terminated (c) 0.1%BDD and (d) 1.0%BDD
on Si (black tilted square), W (red tilted square), Nb (gray tilted square), and Mo (open tilted square) substrates.
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Figure 3. (a) Cyclic voltammograms of Ru(NH,)s**/* with H-0.1%BDD/Si (solid black line), H-1.0%BDD/Si (solid red line), 0-0.1%BDD/Si
(solid gray line), and H-0.1%BDD/Si (dashed line). (b) Nyquist plots of of Ru(NH,)¢*/** with H-0.1%BDD/Si (black tilted square), H-1.0%
BDD/Si (red tilted square), O-0.1%BDD/Si (gray tilted square), and H-1.0%BDD/Si (open tilted square).

except for the working electrode, the mass transfer of
Fe(CN)~/* in the electrolyte solution should be compara-
ble. Thus, the change in the shape of the CVs in Figure 1c and
the increase in AE, can be attributed to the reduced rates of
electron transfer in the BDD electrodes.

Electrochemical impedance spectroscopy (EIS) is a powerful
tool to analyze the kinetics of electrochemical reactions. As
previous studies have not investigated the effects of Si and
metal substrates in detail,>>*”°%°%%® we obtained the EIS
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spectra of the BDD electrodes to investigate the charge and
mass transfer separately.

Figure 2 shows the Nyquist plots of 0.1% and 1.0%BDD
deposited on Si, W, Nb, and Mo substrates. The H-terminated
BDDs exhibited identical Nyquist plots regardless of the
boron-doping level and substrate material (Figures 2a and b).
This finding is consistent with their reversible CV behaviors
(Figures la and b) and the EIS measurements reported by
Long et al.>® The linear plots with a slope of 45° of the H-

https://doi.org/10.1021/jacsau.4c00006
JACS Au 2024, 4, 1184-1193
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heterojunction.

terminated BDDs exhibited negligible charge transfer resist-
ance, and the electrode reaction corresponds to a typical
diffusion control model.*’

In contrast, the O-terminated BDDs exhibited a semicircle
trend in the high-frequency region, which indicates decelerated
electron transfer at the electrode/electrolyte interface. The
Nyquist plot of the O-terminated 0.1%BDD (Figure 2c)
indicates an influence of the substrate material, which is not
observed in their cyclic voltammograms (Figure 1c). The
diameters of semicircles in Nyquist plots are interpreted as the
relative charge transfer resistances, where 0.1%BDD exhibited
its resistances (>500 ) much larger than those of 1.0%BDD
(~50 ). This finding is consistent with their different relative
peak separations (AE,) in Figures lc and d. Notably, 0.1%
BDD/Si exhibited a charge transfer resistance (~1500 Q)
larger than that of the 0.1%BDDs with metal substrates.

Figure S5 shows the corresponding Nyquist plots zoomed
into high frequency regions. The series of resistances (R;) can
be determined from the high frequency limit of each Nyquist
plot. R, includes solution resistance, substrate resistance,
contact resistance between substrates and current collectors
(Cu plates), and interfacial resistances between electrolyte/
BDD and BDD/substrates. The R, seems larger in BDD
synthesized on Si substrates, which can be attributed to the Si
substrates. But the further clarification is needed to understand
the influence of R; on the electrochemical properties.

Additionally, CV and EIS were performed using another
redox couple, Ru(NH;)s2*/** in a 1 M KCl aqueous electrolyte.
Ru(NH;)>*/3" was reported as an outer-sphere redox active
species and not sensitive with the surface termination of BDD
electrodes.”®’® The CV is shown in Figures 3a and S6 and
summarized in Table S6 and Figure S7. The results showed
that Ru(NH,)s2*/** exhibited reversible or quasi-reversible
behaviors with all BDD electrodes. However, a slight increase
of AE, observed in the CV of O-0.1%BDD indicated the
decelerated electron transfer between the BDD surface and
Ru(NH,)s**/* (Figure 3a). The Nyquist plots of 0-0.1%BDD
with Ru(NH;)s*/3" also showed increasing of the charge
transfer resistance at the BDD/electrolyte interface (Figure
3b). The results suggested that the rate of electron transfer
depends on the redox species, but the same trend observed in
electrochemical measurements with Fe(CN)¢~*~ and Ru-
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(NH;)¢**/*" confirmed the influence of the substrate of BDD
electrodes as well as surface termination and boron-doping
level.

In this section, we compare the electrochemical behaviors of
the BDD electrodes (Nyquist plots in Figure 2), which were
influenced by the surface terminations, boron concentrations,
and substrate materials with those in the literature to explain
the observed trends.

Hens reported an equivalent circuit to explain the surface
state-mediated electron transfer of semiconductor electrodes,
which includes charge transfer at the electrode—electrolyte
interface and mass transfer via diffusion process.”’ According
to the Hens’s model, a linear plot with a 45° slope is
anticipated if the charge transfer resistance is assumed to be
extremely small.”

The surface states of H-terminated diamond demonstrate
surface conductivity through acceptor-like surface states,'"'”
which are stabilized by anions such as chloride (CI7).”* Thus,
the Nyquist plots of our H-terminated BDDs (Figures 2a and
b) suggest negligible charge transfer resistance at the
electrode/electrolyte interface, where the impedance is
associated with diffusion process. In addition, these plots
(Figures 2a and b) are comparable regardless of the boron-
doping level and substrate material, suggesting that H-
terminated BDD experiences surface state-mediated rapid
electron transfer with a small charge transfer resistance.
Moreover, as the surface states are generated due to the
difference of electronegativity between C and H atoms, the
surface-state-mediated electron transfer is not affected by the
boron-doping levels or substrate materials. Sachsenhauser et al.
also reported a model of the surface state-mediated electron
transfer.”” Based on Sachsenhauser’s model, a possible band
diagram and electron transfer mechanism of H-terminated
BDD is described in Figure S8.

O-Terminated BDD shows different trends in the Nyquist
plots (Figures 2c and d). As BDDs are p-type semiconductors,
band bending along with the generation of depletion layers
occurs due to the electron transfer between the semiconductor
electrodes and redox species in the electrolyte solution (Figure
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4a) The depletion layer width (W) is calculated by eq 1, which
is derived from the Poisson equation.”*

2eV,
\/ qN, (1)

where ¢, V};, q, and N, are the dielectric constant of diamond,
the built-in potential, the elementary charge, and the acceptor
concentration, respectively. As the 0.1% and 1.0%BDD contain
high carrier concentrations (N, > 1 X 10 cm™), the Fermi
level is assumed to be incorporated into the valence band
maximum (Eg = Ey).”"”" In this model, the built-in potential
(Vyy) is calculated from the electron affinity (qyp) and the
bandgap (E,p) of the diamond, and the Fermi level of the
redox species (Eg,.,,) is expressed as follows:

‘/bi = (q){D + Eg,D) - EF,redox (2)

In addition, Eg .4,y is expressed in terms of the standard redox
potential of the redox species based on the vacuum level
(Ulgex) and the standard hydrogen electrode (Ulgy,) as
follows:”°

_ql']r\e/dox = _q(Ux?edox + 444) (3)

The depletion layer width (W) was calculated to be 1.4 and
0.6 nm for of 0.1%BDD and 1.0%BDD, respectively, based on
the following values from the literature: gy, = 0.5 eV, E;pp =
5.47 eV, and U, = 0.449 eV.””~" Notably, 0.1%BDD has a
lower carrier concentration and a larger depletion width, which
contribute to the large charge transfer resistance. The proposed
band diagram (Figure 4a) rationally explains the different
charge transfer resistances of O-terminated 0.1%BDD (>500
Q) and 1.0%BDD (~50 Q) observed in their Nyquist plots
(Figures 2c and d).

Moreover, the electrochemical behavior of the O-terminated
0.1%BDD is influenced by the substrate material. The 0.1%
BDD on the Si substrate exhibited a larger charge transfer
resistance (~1500 Q) than those on the metal substrates
(~500 Q) (Figure 2c). The CVD gas composition and all
CVD parameters were identical during the preparation of all
BDDs. Furthermore, all 0.1%BDDs exhibited identical Raman
spectra, indicating identical composition (Figure S9a—d). The
SEM images (Figure S10a—d) of the BDDs showed
comparable grain sizes with small differences in the facet
distribution. Although the (100) and (111) facets of single-
crystalline BDDs exhibited different reactivities,"”*' the
influences of small differences in the facet distributions of
are not observed in CV and EIS (Figures 1 and 2).
Additionally, surface roughness of the BDD electrodes were
evaluated (Figure S11). The larger roughness of BDD
electrodes synthesized on metal substrates originates from
scratches created by sandpaper polishing of metal substrates
for the seeding of BDD growth. The data showed almost no
change of surface roughness after H-termination and O-
termination of the 0.1%BDD/Si. Therefore, the difference
observed in Figure 2c is attributed to the diamond—substrate
interface.

The 0.1%BDDs synthesized on metal substrates comprise
metal—semiconductor junctions. The work functions (q®,,) of
W, Nb, and Mo are 4.5, 4.3, and 4.6 €V, respectively.82 These
work functions of metals, and electron affinity (g@D =0.5eV)
and bandgap of diamond (E,p = 547 eV)"”’® suggest the
possibility of Schottky contacts between the BDD and metal
substrates. Assuming the formation of Schottky contact, we

E F,redox =
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propose a possible band diagram for the metal/p-BDD
interface (Figure 4b). Band bending occurs at the interface
due to the Fermi level difference between the metals and BDD,
generating depletion layers. The depletion layer width (W) was
calculated by using eq 2. As the model in which the Fermi level
incorporated into the valence band maximum was employed as
shown in Figure 3b, built-in potentials (V};) can be expressed
as follows:

Vo = (‘JZD + Eg,D) —4q9, (4)

The depletion layer widths with the W, Nb, and Mo substrates
were calculated to be 1.4, 1.7, and 1.4 nm, respectively, using
eqs 1 and 4.

BDD synthesized on a Si substrate comprises semiconductor
heterojunctions at the interface, which generate energy barriers
called band discontinuities.”’"*> As both BDD and the
conductive Si used in this study are p-type semiconductors,
we propose a band diagram for p-/p-anisotropic hetero-
junction at the p-Si/p-BDD interface (Figure 4c).*’ Semi-
conductor heterojunctions also form depletion layers (Figure
4b). The depletion layer width (W) and the energy barrier
height (V,;) are expressed as eqs 5°”** and 6 when the Fermi
level is incorporated into the valence band maximum (Ep =

Ey):

_ | 2SSifDVbi(l\TSiz + NDZ)
\/ q(esiNg; + epNp) NNy,

(5)

Vi = (g, + Eg,D) - (q@g; + EgrSi) (6)

where g is the elementary charge, €5, €p, Ny, Np, @, qPp,
Egs» and E,  are dielectric constants, acceptor concentrations,
electron afhinities, band gaps of Si and diamond, respectively.
The energy barrier height (V};) is calculated to be 0.80 eV
using q®p, E,p, 9@, and Egg; from the literature.”””®** The
estimated depletion width (W) of 0.1%BDD/Si was 10.0 nm,
which is much larger than those of 0.1%BDD/metals (1.4—1.7
nm). The larger W could have contributed to the larger charge
transfer resistance of 0.1%BDD/Si (~1500 Q) than that of
0.1%BDD/metals (~500 Q).

We aimed to validate the electrochemical behaviors and
proposed band diagrams by obtaining the electrical properties
of the BDD electrodes synthesized by using different substrate
materials. First, we obtained the I-V curves of the BDD films
synthesized on 2-in. substrates. Two spring probes were
attached to the surface of the BDDs and the applied DC
voltages (Figure S12). The conductivity of BDD was
influenced by the boron-doping levels and substrate materials.
In particular, 1.0%BDD exhibited higher conductivity than
0.1%BDD for all substrates (Figure S). Although the
conductivities of both 1.0%BDD/Si and 0.1%BDD/Si were
lower than those of the BDD/metal substrates, this trend is
more pronounced in 0.1%BDD. In addition, 0.1%BDD was
synthesized on an ALO substrate, which demonstrated an even
lower current than that of the BDD/Si electrodes (Figure S).
This confirms that the conductivity of the substrate materials
influences the conductivity of the BDD electrodes.

Next, we fabricated BDD mesa structures with O-terminated
0.1%BDD/Si to clarify the conduction mechanism (Figure
S13). The mesa structures comprised several 5 and 1 mm
squared BDD pads. Figure 6 shows the I-V curves of the mesa
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Figure 5. [-V characteristics of 1.0%BDD/Si (black dashed line),
1.0%BDD/W (red dashed line), 1.0%BDD/Nb (dark gray dashed
line), 1.0%BDD/Mo (light gray dashed line), 0.1%BDD/Si (black
solid line), 0.1%BDD/W (red solid line), 0.1%BDD/Nb (dark gray
solid line), 0.1%BDD/Mo (light gray solid line), and 0.1%BDD/ALO
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Figure 6. I-V curves of single-pad ¢2 in. (black solid line), S mm
square (red solid line), and 1 mm square (gray solid line), as well as
dual-pad 1 mm square (dashed line), 0.1%BDD electrodes on Si
substrates.

structures. First, I-V curves were collected using single BDD
pads of different sizes (Figure Sl4a). All I-V curves were
almost identical (Figure 6). Subsequently, I-V curves of dual
pads were obtained (Figure S14b). These I—V curves were also
identical with those of single pads. This suggests that
conduction predominantly occurs through the BDD/Si
interface and Si substrate and not the horizontal direction
(Figure 6).

The proposed band discontinuities created by the p-Si/p-
BDD semiconductor heterojunction are shown in Figure 4c.
The I-V curves of the 0.1%BDD mesa structures revealed the
BDD/S:i interface and the Si substrate as the main conduction
routes. Hence, the depletion layer capacitance is anticipated at
the p-Si/p-BDD interface. To demonstrate the validity of the
proposed band diagram and the conduction pathway, we
evaluated the capacitance—voltage (C—V) characteristics of the
Si and Mo BDD mesa structures. Two spring probes were
attached to the BDD and substrate surfaces (Figure S15a). An
AC voltage was applied at a frequency of 1000 Hz with a DC
voltage from —1.0 to 1.0 V to investigate the voltage
dependency. The capacitance of the Si surface was used as
the baseline (Figure S15b). The capacitances of 0.1%BDD/Si
and 0.1%BDD/Mo were significantly and slightly larger than
that of the baseline, whereas the capacitance of 1.0%BDD/Si
was nearly identical with that of the baseline (Figure 7). As the
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Figure 7. C—V plots of O-terminated 0.1%BDD/Si (black solid line),
1.0%BDD/Si (red solid line), 0.1%BDD/Mo (gray solid line), and
baseline (dashed line) BDD mesa-structures.

BDD mesa-structured samples for C—V measurements were O-
terminated, C—V characteristics of H-terminated BDD are also
of interests. But the method of capacitance measurement is not
sensitive enough to distinguish H- and O-termination of BDD
samples. The further investigation for the improving surface
sensitivity is undergoing.

The larger capacitance of 0.1%BDD/Si shown in Figure 7 is
attributed to the larger electron transfer resistance observed in
the Nyquist plot (Figure 2c). The depletion layer widths of
0.1%BDD on Mo and Si substrates were estimated to be 1.4
and 10.0 nm, respectively. The large depletion layer width of
the Si substrate could have increased the capacitance of 0.1%
BDD/Si, thus influencing its electrochemical properties.
Moreover, the interfacial capacitance and charge transfer
resistance of 1.0%BDD/Si did not increase (Figure 7), despite
the generation of a large depletion layer width (10.2 nm). This
suggests that the BDD/Si interface is not involved in the
conduction mechanism at high boron-doping levels. Further-
more, the high carrier concentrations of highly doped BDD
likely contribute to reducing the charge transfer at the
electrode/electrolyte interface.

An equivalent circuit has been previously proposed to
explain the electron transfer at the interface of the semi-
conductor electrode and the electrolyte.””** In this study, we
propose a new equivalent circuit by considering the substrate
and the substrate-electrode interface (Figure 8). The new
equivalent circuit will explain the influence of the substrate
materials and substrate/BDD interfaces on the electron
transfer at the electrode/electrolyte interface. In this model,
O-terminated BDDs exhibit depletion layer resistances at the
electrode/electrolyte interfaces (Rgc). In addition, the boron-
doping levels could explain the differences in the depletion
layer capacitances (Cgc) and resistances (Rgc) at the
electrode/electrolyte interfaces. The different electrochemical
behaviors of O-terminated 0.1%BDD on Si and metal
substrates (Figure 2c) are explained by the differences in the
depletion layer capacitances (Cgy, ppp) and resistances
(Rgub/spp) due to the substrate materials.

The EIS spectra shown in Figure 2 were simulated by using
this equivalent circuit. The simulated EIS spectra showed good
fitting with the corresponding experimental spectra (Figures
S16—S19). The simulated values for each component are
summarized in Table S7. As expected, O-0.1%BDD exhibits
larger Rg,/spp and Ry, particularly with the Si substrate. The
results supported the validity of the proposed equivalent
circuit.
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Figure 8. Proposed equivalent circuit considering the BDD/electrolyte and BDD/substrate interfaces.

In this study, we experimentally and theoretically investigated
the influence of the substrate materials on the electrical
properties of boron-doped diamonds (BDD). Oxygen-
terminated BDD/Si with moderate boron-doping levels
exhibited sluggish electron transfer induced by the large
capacitance generated at the BDD/Si substrate. Band diagrams
were proposed considering BDD as a p-type semiconductor to
understand the electron transfer at the BDD/electrolyte and
substrate/BDD interfaces. Metal-like ohmic behaviors of the
highly doped BDDs were explained by the small width of the
depletion layers at the BDD/electrolyte interfaces. The
different band structures generated at the metal—semi-
conductor junctions and semiconductor heterojunctions of
the BDD electrodes resulted in different electrochemical
properties. This study provides a fundamental understanding
of diamond electrochemistry and new insights into the
appropriate selection of substrate materials for practical
applications of BDD electrodes.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00006.
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