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In this paper, the effect of boron doping on the electrical, morphological and structural properties of free-
standing nanocrystalline diamond sheets (thickness ~ 1 pm) was investigated. For this purpose, we used dia-
mond films delaminated from a mirror-polished tantalum substrate following a microwave plasma-assisted
chemical vapor deposition process, each grown with a different [B]/[C] ratio (up to 20,000 ppm) in the gas
phase. The developed boron-doped diamond (BDD) films are a promising semiconducting material for sensing
and high-power electronic devices due to band gap engineering and thermal management feasibility. The
increased boron concentration in the gas phase induces a decrease in the average grain size, consequently
resulting in lower surface roughness. The BDD sheets grown with [B]/[C] of 20,000 ppm reveal the metallic
conductivity while the lower doped samples show p-type semiconductor character. The charge transport at room
temperature is dominated by the thermally activated nearest-neighbor hopping between boron acceptors through
impurity band conduction. At low temperatures (<300 K), the Arrhenius plot shows a non-linear temperature
dependence of the logarithmic conductance pointing towards a crossover towards variable range hopping. The
activation energy at high temperatures obtained for lowly-doped sheets is smaller than for nanocrystalline
diamond bonded to silicon, while for highly-doped material it is similar. Developed sheets were utilized to
fabricate two types of diamond-on-graphene heterojunctions, where boron doping is the key factor for tuning the
shape of the current-voltage characteristics. The graphene heterojunction with the low boron concentration
diamond sheet resembles a Schottky junction behavior, while an almost Ohmic contact response is recorded with
the highly doped BDD sheet of metallic conductivity. The free-standing diamond sheets allow for integration with
temperature-sensitive interfaces (i.e. 2D materials or polymers) and pave the way towards flexible electronics
devices.

1. Introduction p-type semiconductor can be obtained. Due to its small atomic size,

boron easily incorporates into the diamond lattice [11]. At low tem-

Diamond has excellent properties for future electronics, such as its
high carrier mobility [1,2], high breakdown field [3,4], high thermal
conductivity [5], emission stability [6], low dielectric constant and
possibility of doping [7,8]. Doped with sulfur or phosphorus, diamond
behaves like an n-type semiconductor [9]. A single electron at a
nitrogen-vacancy can be controlled by radio waves and it behaves like a
qubit, useful for quantum memories [10]. In the case of boron doping, a
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peratures, boron-doped diamond (BDD) exhibits superconductivity with
the superconducting transition temperature T. = 4 K, which varies with
doping level [12-14].

The above properties make diamond an attractive material for high-
frequency and high-power devices. Recently, Jha et al. [15] fabricated
Schottky p-i-n diodes for high-power RF receiver protectors based on
single-crystal diamond, which are able to protect up to 100 W (50 dBm)
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of input power. At high temperatures, diamond Schottky barrier diodes
show low leakage current and high breakdown field (1.8 kV at 300 K)
[16]. In case of polycrystalline films, nanocrystalline superconducting
diamond resonators demonstrate the potential for sensitive inductance
detectors [17]. Recently, Klemencic et al. [18] showed that the
columnar crystal structure of boron-doped nanocrystalline diamond
forms an intrinsic Josephson junction array. Change of the super-
conducting states is possible by applying electromagnetic noise pulses.
Moreover, nanocrystalline diamond can be used as a field effect tran-
sistor to detect proteins or DNA [19,20]. However, with high carrier
density, it is difficult to achieve high mobility [21]. The possible solution
is to use hexagonal boron nitride as a gate dielectric [22].

The combination of diamond with other, two-dimensional, materials
is also achievable. To provide higher electrochemical capacitance,
nanodiamonds were chemically conjugated with molybdenum disulfide
[23]. MoS; on diamond with a graphitic shell was reported to reduce the
diffusion distance of ions and electrons leading to excellent electro-
chemical performance of the nanocomposite electrode. Zhao et al. [24]
reported that diamond as supporting material for graphene can over-
come the thermal capacity issue and improve carrier transport charac-
teristics of graphene devices. On the other hand, nanodiamond-on-
graphene decreases the sheet conductivity showing significant nega-
tive magnetoresistance at low temperatures [25]. Recently, we have
presented [26] a new method for realizing diamond membranes and
transporting them onto graphene substrates to obtain low-temperature
devices, such as field-effect transistor-like devices. Thin diamond
membranes can be used as pressure sensors for harsh environments [27],
electrochemical sensors [28] or electronic devices [29]. Additionally,
diamond thin single-crystal films exhibit high uniform tensile elasticity
[30] allowing for their use in flexible and high-power electronics.

Unfortunately, there is a significant lack of knowledge regarding the
effects of boron on the optical, electrical and morphological properties
of free-standing diamond films. Most studies focus on the effect of boron
incorporation on single-crystal diamond [31], nanodiamond powder
[32], or polycrystalline diamond films on silicon/quartz [33,34]. Jans-
sens et al. [35] presented the influence of the [C]/[H] ratio on the
transport properties of nanocrystalline boron-doped diamond with
constant [B]/[C] ratio in the gas phase. By changing the boron con-
centration, the type of conductivity, optical band gap, and morphology
of diamond were strongly modified [33,36-38]. Our previous research
[26] manifested that medium boron-doped diamond sheets with [B]/
[C] = 10,000 ppm in the gas phase form a junction with graphene but no
doping impact nor morphological influence on the junction interface
was revealed. The interactions between graphene and highly/lowly
boron-doped diamond sheets are marginally reported up-to-date.

In this paper, for the first time, we report the electrical, morpho-
logical and optical properties of nanocrystalline diamond thin sheets as a
function of boron doping. For this purpose, we used thin-film diamond
sheets fully delaminated from tantalum. Additionally, as proof of prin-
ciple, we studied the I-V characteristics of graphene coupled with low
and highly doped diamond sheets, respectively.

2. Materials and methods
2.1. Preparation of diamond sheets

Free-standing BDD sheets with a thickness of 1.3 + 0.3 pm were
obtained by spontaneous delamination following growth on tantalum
substrate (10 mm x 10 mm x 0.25 mm) in a microwave plasma-
enhanced chemical vapor deposition reactor using CH4 and Hy plasma
(1:100 M ratio). The deposition was performed using a Seki Technotron
AX5400S system with the following parameters for 3 h: microwave
power 1100 W; temperature 500 °C; pressure 50 Torr. Before growth,
the mirror-polished tantalum substrates were seeded ultrasonically in an
aqueous suspension containing nanodiamond powder (4-7 nm in size).
The boron doping was controlled by adding diborane to the gas phase.
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We fabricated differently doped BDD sheet samples by varying the [B]/
[C] ratio in the gas phase: undoped (0 ppm), lowly-doped (250, 500,
1000 ppm), medium-doped (5000, 10,000 ppm) and highly-doped
(20,000 ppm). The various samples will be denoted by this [B]/[C]
ratio from here onwards.

2.2. Structural and electrical characterization

The surface morphology was investigated using scanning electron
microscopy (JSM-6500F, JEOL) in secondary electron imaging mode. To
obtain the average size of the surface grains, we manually outlined every
single grain in the specific surface area. Next, using Gwyddion software
and following the planimetric procedure [39], we calculated the average
projected area and mean planar grain radius (i.e., half of the mean
planar grain diameter). A micro-Raman microscopy system (LabRAM
HR, Horiba Scientific) operating at 514 nm wavelength was used to
study the bonding structure of the BDD sheets. The laser output power
was set to approx. 450 pW and a laser spot size of about 2 pm was used to
probe the samples. The boron concentration was determined by Hall-
effect measurements at room temperature using a Secondary Ion Mass
Spectrometer (Atomika 4500, Cameca) and 0.55 T Hall-effect setup
(HMS-3000, Ecopia). Before the measurements, the BDD sheets were
transferred to (polydimethylsiloxane) PDMS, as reported previously in
[40]. Next, the sheets were analyzed using Van der Pauw geometry with
and without a magnetic field. For SIMS investigations, the diamond
sheets were transported directly onto a p-type silicon substrate. The
temperature dependence of the electrical conductivity was measured
using the HFS600E-PB4 Linkam system, employing a sandwich config-
uration. The ohmic contacts for the top and bottom layers were made of
Ti/Au. Charge transfer was observed through the diamond sheet struc-
tures. Optical absorbance measurements were done in the range from
340 nm to 1100 nm using a UV-9000 Metash system with a scan step of
1 nm. The optical band gap energy was obtained using Tauc's plot [41].

2.3. Fabrication of diamond-graphene vertical junction (D-on-G)

The fabrication procedure of the diamond-graphene junctions is
presented in Fig. 1. Graphene (6 mm x 6 mm) on 300 nm SiOy/Si
(Graphenea, Spain) was patterned by lithography and etched by oxygen
plasma to achieve 2.5 mm x 0.8 mm lines on SiO (Etchlab 200, Sentach
Instruments). Next, titanium (5 nm) and palladium (95 nm) layers were
evaporated on the graphene edges and silicon dioxide for drain and
source contacts (FC-2000, Temescal). At the end, diamond sheets ([B]/
[C] = 500 ppm and 20,000 ppm, respectively) on PDMS were trans-
ferred on a graphene monolayer to form the D-on-G junctions. The
nucleation surface had direct contact with the surface of graphene.
Current-voltage characteristics of realized devices were obtained by a
probe station (PMS5, SUSS MicroTec) and source measure unit (B2912A,
Keysight).

3. Results and discussion

Scanning electron microscopy was used to evaluate the morphology
of the growth and nucleation surfaces of the diamond sheets, shown in
Fig. 2. Increased boron concentration in the gas phase results in smaller
average grain size (Fig. 2 (a,b)) and consequently lower surface rough-
ness. A particularly dramatic decline is observed in the range between
500 and 5000 ppm. Cifre et al. [42] suggested that boron enhances
nucleus formation during the initial stage of diamond film growth. In
addition, diamond renucleation processes occur during chemical vapor
deposition [43,44] which are enhanced by applying a higher [B]/[C]
ratio in the gas phase. As a consequence, the fabricated microstructures
should exhibit different thermal and electrical conduction levels
[36,45].

The samples do not exhibit any preferred crystalline orientation as a
result of random nucleation. As was reported elsewhere [46], the


http://mostwiedzy.pl

/\__/__\> MOST WIEDZY Downloaded from mostwiedzy.pl

M. Rycewicz et al.

Evaporation

through the mask

Ygen plasma
ective graphene
etc ing)

Graphene

Silicon

Lower
side

Up er/
e

?)%

Au

Diamond & Related Materials 128 (2022) 109225

Diamond sheet
4 [B)/[C]=20 000ppm

i zDiamond sheet

[BJ[C]=500ppm
Nucleation side
faced to graphene

Diamond transfer

PDMS Evaporatlon
through the mask

Fig. 1. The fabrication procedure of the diamond-graphene junctions.

Fig. 2. The growth surface morphology of diamond sheets produced with different boron concentrations in the gas phase: (a) [B]/[C] = 250 ppm, (b) [B]/[C] =
20,000 ppm. (c) Nucleation surface morphology of the diamond sheet grown with [B]/[C] = 20,000 ppm.

nucleation surface is very smooth (Fig. 2c) and the grain boundaries
(darker narrow trenches) and the bottom side of the grains (light gray
regions) are well visible. The low surface roughness of approx. 12 nm
was measured on the bottom nucleation surface using Atomic Force
Microscopy, while average roughness of 67 nm was recorded on the top
surface ([B]/[C] = 10,000 ppm) [40]. Few nano-sized gaps in the
nucleation surface can be observed as well. These are likely caused by
the detachment of individual grains. The average grain radius at the
nucleation side is approx. 50 nm and an averaged grain (nucleation)
density of 2 x 10! ecm™2 is calculated [40]. The mean planar grain
radius (extracted from the growth surface) as a function of the boron
level in the gas phase is presented in Fig. 3. The strong reduction in grain
size, even for relatively low boron levels (250-1000 ppm), is evident.

Fig. 4 shows the Raman spectra of the BDD sheets as a function of the
[B]/[C] ratio in the gas phase. At a relatively low [B/C] ratio, the dia-
mond zone center phonon line located at around 1332 cm™! [47] is the
most pronounced signal. Increasing boron level up to 20,000 ppm leads
to the appearance of the asymmetric bands centered around 500 cm ™
and 1200 cm . These two features appear to be strongly connected to
the boron concentration and, although their origin has been considered
controversial [37,48], they have been linked to the disorder, intra-band
optical transitions and B—C vibrations, among others.

Moreover, the Raman spectra of the diamond sheets consist of two
characteristic bands around 1350 ecm™! and 1550 cm™!, which are
attributed to the sp2 phase [47,49]. The Fano effect, i.e. ‘deformation’
and notable red-shift of the diamond line, is only observed for the
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Fig. 3. The average planar grain radius of the diamond sheets as a function of
[B/C] ratio (in ppm) in the gas phase. Experimental data (circles) are shown
with logarithmic fitting curve. The error bars represent the standard error of
the mean.
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Fig. 4. Raman spectra of the diamond sheets as a function of [B]/[C] ratio in
the gas phase.

samples prepared with a [B/C] ratio of 10,000 and 20,000 ppm. The
shift of the sp>-carbon Raman peak position is caused by the increase in
B-doping level [50], different grain sizes and shapes [45], and boundary
densities [51]. As a result, a variation in residual stresses is observed
[52].

The ‘500 cm ™Y band for the diamond sheets prepared with a [B/C]
ratio of 10,000 and 20,000 ppm can be fitted by a Lorentzian and a
Gaussian component to determine the boron concentration in the films
[48]. The results are shown in Fig. 5. Unfortunately, the equations
proposed by Bernard et al. [48] and Mortet et al. [37] do not allow the
estimation of the boron concentration in the low-doped BDD samples.
Furthermore, the sample grown with [B]/[C] = 10,000 ppm is at the
limit of applicability of the respective formulas. For this reason, the
SIMS and Hall-effect measurements were used to determine the boron
concentration within the two specific samples produced with a gas-
phase [B/C] ratio of 250 and 10,000 ppm, respectively. The lowest
doped sample is characterized by the boron concentration of 4.5 x 107
atoms/cm®, while the boron concentration for the highest doped
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Fig. 5. The variation of the sp>-carbon Raman peak (black) and the boron
concentration in the BDD sheets (red) as a function of the boron level in the gas
phase. The calculated B-concentration data in the samples were derived from
Raman spectral data whereas the measured data were derived from SIMS and
Hall-effect measurements. The error bars represent the standard error of the
mean. The standard error of the mean boron concentration did not exceed 4 %
of the mean value.
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diamond sheet is four orders of magnitude higher. The differences in
boron concentration (BDD with [B]/[C] = 10,000 ppm) obtained by
Raman spectroscopy and Hall effect measurements, respectively, are
because Hall measurements estimate only the distribution of the acti-
vated implanted atoms [53].

The determination of the optical band gap (Eg) was done via the Tauc
plot; (ch)? was plotted against the phonon energy (hv). Here, o rep-
resents the optical absorption coefficient calculated from absorption
spectra of the diamond sheets. The obtained results were determined
from the intercept of the straight-line portion of the Tauc plots at o = 0.
The variation of the calculated optical band gap of the diamond sheets
on PDMS and absorbance are presented in Table 1. The optical band gap
decreases with increasing [B/C] ratio, i.e. boron doping level. For
undoped diamond sheets it is 2.34 eV, while for [B]/[C] = 10,000 ppm it
is 1.50 eV. The reduction of the optical band gap is accompanied by a
reduction of ordered sp3 carbon (diamond phase) [54]. Our results
confirm that the optical band gap strongly depends on boron doping
level showing values comparable with previous results on BDD thin films
deposited on fused silica [36] and low-roughness thin C/diamond
membranes obtained by Silva et al. [55]. The low optical band gap for
the undoped sheets could be also affected by the termination of H atoms
[56]. H-terminated surface will induce a p-type surface channel under
atmospheric conditions [57]. Moreover, the optical properties of nano-
crystalline diamond are strongly correlated with the size of sp? clusters
[58,59]. Their increase causes a decrease in the optical band gap [60].
Ultimately, this experiment demonstrates the possibility of band gap
widening/narrowing of diamond nano/micro-sheets by boron doping
[61-64].

Fig. 6 (a) shows the systematic variation of the conductance versus
temperature for boron levels ranging from [B]/[C] = 250 ppm to [B]/
[C] = 20,000 ppm. The highest doped sample ([B/C] = 20,000 ppm)
exhibits the highest conductance, being virtually constant across the
entire temperature range (153-473 K) studied. Reduced boron concen-
tration in our samples leads to a dramatic decrease in conductance,
particularly visible at lower temperatures (<250 K). A similar trend is
also observed at higher temperatures (393-473 K), although the varia-
tions between the samples are less pronounced, except for the sample
prepared with [B]/[C] = 250 ppm, which shows an overall much lower
conductance.

In further analysis, a model applied by Mott and Twose [66] and
Fritzsche [67] was used. The electrical conductivity of the diamond
sheets can be expressed by the below equation:

6 = Ajexp(—E, /kT) + Ayexp( — E» /kT) + Asexp( — E; /KT) (@D)]

where k is the Boltzmann constant, A;, As, A3 are doping and
compensation-dependent constants, T is the absolute temperature and
E;q, Ep, E3 represent activation energies associated with three different
conduction mechanisms. Empirically, activation energies follow the
relation E; > Ey > E3 where E; is the energy required to lift an electron

Table 1
The optical band gap and absorbance of the B-doped nanocrystalline diamond
sheets transferred to PDMS versus [B]/[C] ratio in the gas phase.

[B]/[C] ratio in the gas Optical band gap
phase (ppm) (eV)

Absorbance (a.u.)

400 700 1000

nm nm nm
0 2.34 0.26 0.17 0.14
250 2.32 0.32 0.18 0.16
500 2.30 0.38 0.22 0.19
1000 2.09 0.33 0.22 0.20
5000 1.97 0.33 0.35 0.44
10,000 1.50 0.44 0.63 1.03
20,000 0.75 0.94 0.88

* The sample exhibits metallic conductivity (see Fig. 6 (a)). The impurity band
of the BDD sheet seems to be merged with the conduction band [65].
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Fig. 6. Electrical measurements as a function of temperature and [B]/[C] ratio in the gas phase: (a) conductance of the diamond sheets versus 1000/T, (b) extracted
activation energies calculated for the high-temperature range (> 393 K) with exponential fitting curve. The standard error of the mean conductance did not exceed

2.5 % of the mean value for a single measurement.

from the valence to the conduction band, around 5.47 eV in diamond
[68]. E3 can be neglected [67,69] as it occurs in a narrow doping range,
and Ej is the energy required for thermally activated nearest-neighbor
hopping between boron dopants in the impurity band which lies 370
meV above the valence band [33]. The contribution from the first term
in eq. 1 to the total conductivity is negligibly small compared to the third
term, because E; is much larger than E3. Thermal activation from the
valence band into the impurity band thus dominates charge transport.
The valence-band conduction can be written as follows:

G = qUp 2

where q is the elementary charge, p is the mobility, and p the hole
concentration. Constant Az in eq. 1 can be expressed as:

As = Asjexp(— (AuNA ') (3)

where A3, = 283.3 Qlem™, Azy = 2.16 x 107 cm™!, and Nj is the
acceptor concentration [69].

Each measurement (except for [B]/[C] = 20,000 ppm in the gas
phase) in Fig. 6 (a) is fit to 6 = Agexp(—Eg/kT) using the method of least
squares, where Ags is defined in eq. 3. N and E3 are fitting parameters. E3
represents the activation energy for thermal hopping across an energy
barrier. Extracted activation energy E3 versus boron dopant concentra-
tion in the high-temperature regime (393-473 K) is plotted in Fig. 6 (b).
The activation energy decreases with increasing boron concentration as
the impurity band is formed. At the lowest doping level (i.e., [B/C] =
250 ppm in the gas phase), the activation energy derived is 150 meV,
more than a factor of two off from the theoretically expected activation
energy of 370 meV for a single crystal diamond [70]. Lower doping
levels are assumed to approach this literature value. We conclude that
transport at room temperature is due to thermally activated nearest-
neighbor hopping between boron dopants through impurity band con-
duction. At low temperatures (<300 K), the Arrhenius plot shows a non-
linear temperature dependence of the logarithmic conductance pointing
towards a crossover towards variable range hopping [71], following
results obtained in previous studies [26,72].

To investigate the interactions between diamond sheets and gra-
phene, we fabricated two types of heterojunctions (D-on-G) presented in
Fig. 1. The diamond sheets with [B]/[C] = 500 ppm and 20,000 ppm
were used, respectively. Fig. 7 shows the current-voltage characteristics
of realized devices.

The key factors influencing the behavior of graphene-diamond ver-
tical junctions includes boron doping and surface termination. Grown
diamond sheets are predominantly hydrogen-terminated revealing a

Voltage (V)
-12 -6 0 6 12
150 T T T T T 150
-e- [BJ/[C] = 20 000 ppm
-e— [BJ/[C] = 500
1004 [BYIC] ppm L 100
< 50 t50 <L
3 =
5 05
5 5
O -50 F-50 O
-100 4 +-100
-150 T T T T T -150
-2 -1 0 1 2
Voltage (V)

Fig. 7. I-V characteristics of fabricated graphene-diamond vertical junctions.
Experimental data (circles) are shown with polynomial fitting curves. Note the
different voltage scales on the respective x-axes.

highly conductive surface channel [73], while the electrons are trans-
ported from the conduction band irrespective of the surface termination
[74]. Wan et al. [75] showed that the graphene causes a strong band
bending on hydrogen-terminated diamond surface, lowering the binding
energy of the valence band by approx. 150 meV. A descending surface
band bending is also achieved by boron doping and hydrogen surface
termination. As a consequence, the Fermi level of BDD films lies above
values reported for graphene [76]. Thus, the electron transfer is
observed across the junction reducing the diamond downward band
bending. Furthermore, the lattice defects induced by the dopants favor a
more pronounced charge transfer between graphene and diamond [77],
and increase of the boron concentration weakens the bonds between the
carbon bilayers, resulting in the formation of sp? bonds [78]. As a result,
the current-voltage characteristic involving the diamond sheet prepared
with [B]/[C] = 20,000 ppm is more linear than that recorded with the
sample [B]/[C] = 500 ppm. The value of the Pearson's correlation co-
efficient is 0.99 for the device with [B]/[C] = 20,000 ppm, while for
[B]/[C] = 500 ppm it is equal to 0.97. The vertical heterojunction with
the lower boron concentration resembles a Schottky junction [79], while
an almost Ohmic contact response is recorded with the BDD sheet of
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metallic conductivity along with hydrogen termination.

Moreover, the transport of charges is facilitated for the device with
higher doping. The obtained current (at 2 V applied voltage) for the
device with [B]/[C] = 20,000 ppm is 118 pA, while it is only 2.2 pA for
the one realized with [B]/[C] = 500 ppm.

Presented data confirms that thin-film diamond sheets with different
boron concentrations allow for tailoring shapes of I-V curves in elec-
tronic junctions. Such an approach could be applied in the fabrication of
elastic high-power devices utilizing ultra-thin flexible silicon or fused
silica substrates since diamond could be elastically stretched even up to
10 % [30,40].

4. Conclusions

In this work, we have investigated the electrical, morphological, and
optical properties of nanocrystalline diamond sheets as a function of
boron doping. BDD thin sheets were fabricated in a microwave plasma-
enhanced chemical vapor deposition reactor by varying the [B]/[C]
ratio in the gas phase. The morphological studies revealed that the
average surface grain size is nonlinearly dependent on the boron level.
Additionally, an increase of disordered carbon content is accompanied
by a lowering of the optical band gap with increasing boron levels.

The electrical properties of the diamond sheets are controlled by the
concentration of boron. Metallic type of conductivity is observed for
[B]/[C] = 20,000 ppm, while the rest of the samples present p-type
conductivity. Charge transport at room temperature is due to thermally
activated nearest-neighbor hopping between boron dopants through
impurity band conduction. At low temperatures (<300 K), the Arrhenius
plot shows a nonlinear temperature dependence of the logarithmic
conductance pointing to a crossover towards variable range hopping.

Finally, as a proof of concept, we presented the I-V characteristics of
vertical heterojunctions of graphene and low/highly doped BDD sheets.
The current-voltage characteristic of the device structure realized with
diamond using [B]/[C] = 20,000 ppm is more linear than that obtained
with [B]/[C] = 500 ppm. Moreover, the transport of charges is greatly
facilitated for a device with higher boron doping. This experiment could
serve as a stepping stone in the future production of flexible high-power
devices.
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