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Abstract—Diamond and SiC are wide bandgap (WBG)
materials which can be used to fabricate high power devices with
improved performance. The combination of these materials into
one single device is expected to bring some benefits, like a better
thermal management with a corresponding increase in the
operating power. Diamond films deposited by Chemical Vapor
Deposition (CVD) can be doped with boron, making them p-type
semiconductors. Diamond films deposited on foreign substrates
are intrinsically polycrystalline, so the quality of the interface,
determined by deposition conditions and seeding method, plays a
critical role in the heterojunction characteristics, impacting both
reverse current and breakdown voltage. This work reports the
fabrication and characterization of p-diamond / n-SiC hetero-
junctions. P-type polycrystalline diamond (PCD) films were
deposited directly on the surface on n-type SiC commercial
wafers by Hot Filament CVD (HFCVD) using different seeding
techniques. I-V characteristics of the obtained heterojunctions
were measured at room temperature and the quality and
morphology of the diamond films were assessed by scanning
electronic microscopy (SEM) and Raman spectroscopy. The
influence of the different seeding techniques on the I-V
characteristics is discussed.
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I. INTRODUCTION

High temperature (HT) electronics is a common
denominator in many industries. For instance, petrochemical
industry or geothermal power plants require sensors to
monitor the environment around drilling equipment, where
temperatures exceed 200°C. Distributed control systems in
aerospace and automotive industries also pose additional
requirements in terms of temperature (up to 200°C in avionics
and 300°C in automotive applications) [1]. HT components
will also impact renewable energy systems: in photovoltaic
industry, they are expected to (i) increase inverters efficiency
to values higher than 98% and (ii) reduce failure rate of
passive components, footprint and installation costs [2]. Wind
turbines can also benefit from HT electronics, by an
improvement of 1% system efficiency that reflects in an
operation cost benefit of $1.50 per hour per MW for electricity
producers [3]. HT (> 300°C) devices also allow for a
simplification of bulky cooling units, which are often
implemented in common Si power converters.

SiC is considered a top material for these applications. It
can overcome the ultimate performances reached by Si
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devices, in terms of power handling, maximum operating
temperature and conversion efficiency in power module [4, 5].
The unique properties of the 4H-SiC poly-type include high
critical electric field (3 MV/cm), large bandgap (3.2 eV), high
saturation velocity (2x107 cm/s), high thermal conductivity
(4.9 W/(cm K)) and good electron mobility (~1000 cm?’/Vs for
//c-axis) [6]. SiC can operate efficiently in high-temperature
environments [7] and at high switching frequencies [8]. In
addition, as an indirect band gap material SiC is excellent for
both unipolar and bipolar power device applications under
high-temperature and high-power density conditions.

Diamond is a WBG material with properties such as high
thermal conductivity (~20 W/cm/K), band-gap (~5.4 eV),
critical field (~5.6 MV/cm) and chemical inertness [9]. It has a
huge potential for high power / high temperature applications,
whether as packaging or passivation material or as active
semiconductor layer. Diamond can be deposited in the form of
thin films by chemical vapor deposition (CVD) [9]; this
process enables a precise and reproducible control of sp*/sp®
ratio and consequently specific material properties important
for particular applications. Both p and n-type diamond films
can be prepared by CVD, meaning that the desirable electronic
properties exhibited by a few, very rare natural diamonds can
now be achieved in an engineered diamond material [10-12].
The electrical properties of diamond and diamond-based
devices have been widely published and different types of
diamond devices have already been fabricated [13-20].

The combination of SiC and diamond is expected to lead to
devices with improved thermal management and power
capability. In 1993, optically transparent SiC contacts were
deposited on natural semiconducting diamond [21]. More
recently, both doped and un-doped nanocrystalline diamond
(NCD) films were used as electrical contacts for both n- and p-
type 4H-SiC, allowing for simultaneous measurement of both
optical and electrical characteristics of the devices [22].
Highly-rectifying NCD / SiC hetero-junctions with high
forward current densities and on / off current ratios have been
demonstrated, with a curvature coefficient of 105 V™', amongst
the highest known values for a diode [23]. Diamond can also
be deposited directly on SiC devices to provide functionalities
such as passivation or improved thermal management [24].

When diamond and SiC are brought into contact, a hetero-
junction is obtained at the interface. In order to have a useful
heterojunction, lattice constants of the two materials must be
well matched, as in the case of 4H-SiC [25] and diamond [26],
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since lattice mismatch can introduce dislocations which result
in interface states. In addition, challenges such as difficulty in
relating the conduction mechanism to a pre-determined band
structure or the causal variety of defect levels present in CVD
diamond justify a fundamental study for characterizing the
interface behavior and the parameters that affect it. Device
performance itself depends on the quality of the diamond film
and its surface termination, on the metal / diamond junction
characteristics and on geometrical factors [27]. Even more
critical than these parameters, however, is the diamond / SiC
interface. Deposition of diamond films on foreign substrates
requires a seeding procedure that enriches the substrate
surface with diamond nanoparticles that grow and coalesce
during the CVD cycle [9]. The density of these seeds, as well
as the speed at which they grow and coalesce, are critical
factors that determine the sp” / sp’ ratio at the interface. This,
in turn, deeply influences the rectifying ratio, as well as the
leakage currents at the interface.

This paper reports the fabrication of p-diamond / n-SiC
heterojunctions by HFCVD using different seeding procedures
and gas phase compositions. I-V measurements reveal
rectifying behavior as expected, however leakage currents are
extremely high. The influence of seeding step on the I-V
characteristics is discussed and a procedure to improve the
quality of the interface is proposed.

II. DIAMOND-SIC HETEROJUNCTIONS

A. Fabrication

P-type boron-doped diamond (BDD) films were deposited
on 25 mm? n-type 4H-SiC samples purchased from Cree Inc.
using HFCVD. Carrier concentration on the top epitaxial layer
was 1x10'® cm™ and bulk resistivity was < 0.025 Q -cm. The
samples were cleaned in acetone followed by ethanol in an
ultrasonic bath (US) for 3 min each. Half of the samples were
introduced into the HFCVD chamber and underwent pre-
treatment (PT) under diamond growth conditions (Table 1).
SiC samples (with and without PT) were then seeded with
diamond particles. Two methods were used: US bath in
aqueous nanodiamond (ND) slurry for 30 min and manual
scratching method (by pressing the sample against a tissue
with diamond particles). Seeded samples were introduced into
the HFCVD chamber and boron-doped diamond was
deposited for 4 hours, followed by a 1 hour-long cooling step.
Boron doping source, boron oxide (B,0;) diluted in ethanol,
was dragged by constant Ar flow at different CH4/H, gas
ratios and system pressures. Details can be found else-
where [28]. Two samples (with and without PT) were
simultaneously coated in each CVD run, to infer the effect of
the PT on the characteristics of the heterojunction, if any.

Various deposition parameters were varied (pressure,
composition of the plasma mixture and deposition time)
(Table 1). These factors are known to affect features of the
diamond film, such as crystalline size, and film roughness. For
all runs (PT and), the SiC samples were placed in the sample
holder and exposed during filament carburization.

TABLE L SUMMARY OF EXPERIMENTAL CONDITIONS. SAMPLES NOT
GIVEN PT ARE MARKED WITH .
. Substrate temperature CH4/Ar/H, | Pressure
Sample Seeding ©C) P o) (i)
Al/ATl" ND 720 3/6/100 45
A2/A2' ND 720 3/8/100 45
A3/A3' ND 736 3/10/100 45
A4/A4 scratch 720 3/8/100 45

The surface of the diamond-SiC heterojunctions was
observed with a scanning electron microscope (SEM) Hitachi
SU70 and diamond film quality was assessed using Raman
spectroscopy. Spectra were excited with a 514.5 nm Ar+ laser
focused to a 1 um-diameter spot and with 5 mW incident
beam power. Following the morphological characterization of
the film, 10 pm-diameter copper wires were attached to the
top surface of the diamond film and the back SiC side with
silver conductive paint, which makes ohmic contacts.
Estimated electrode area is ~ 2.5x107 cm®. I-V characteristics
of the vertical devices were measured at room temperature.

B. Results and Discussions

Fig. 1 shows SEM images of deposited films. Images
revealed that after 4 hour deposition, samples seeded with ND
suspension (a,c) were covered with closed and highly adherent
polycrystalline diamond films, with an average crystal size of
600 nm. On the contrary, films deposited on samples seeded
with scratch method showed areas where the film was not
fully closed yet (b,d). The same tendency was observed with
other samples. These results are not surprising since it is
known that the exposure of the substrates to diamond growth
conditions before the seeding step increases nucleation density
and decreases coalescence time [29].

Raman spectra (Fig. 2) showed the characteristic diamond
sp® peak at 1332 cm™. The G band of graphite is clearly seen
in all spectra around 1550 cm™. The smaller band around
1150 cm™ has been associated to NCD [30], however, A.C.
Ferrari and J. Robertson [31] showed that this band is a
signature of trans-polyacetylene and is connected to the
presence of hydrogen in the films.

Fig. 1.SEM images of (a,c) ND seeded sample A2 and (b,d) scratch seeded
sample A4.
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Fig. 2.Raman spectra of samples of series A.

The heterojunctions exhibit poor rectifying behavior (Fig
3a) with correspondingly low rectifying indexes (Table 2).
The predicted energy band diagram is shown in Fig 3b [32].
Electrons that flow from the SiC towards the diamond face a
high barrier and the current in reverse mode is expected to be
negligible [22]. The high leakage currents observed in our
case suggest a high density of defects at the interface.

To get further insight on the conduction mechanisms

across the heterojunctions, the /-V characteristics were plotted
dlog!

dlogVv
gives information on the conduction mechanisms: when the
number of thermally generated free carriers is larger than the
number of injected carriers, the current follows Ohm’s law
(a=1), otherwise it switches to space charge limited current
(SCLC). In this regime, the current (in the absence of traps) is
described by the Mott-Gurney law [33]:

on a log-log scale, as shown in Fig 4a. The function a =
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where ¢ is the dielectric constant of the material, ux is the
mobility and L is the electrodes distance. In the presence of
shallow traps, the current shows the same behavior but is
decreased by a factor 6, which is the ratio between free charge
density and total charge present inside the film. In both cases,
a=2. In the presence of deep traps or distribution of
exponential traps, o> 2 [34]. In our case (Fig 4a), « increases
to a value larger than 2 in all samples, suggesting the presence
of deep traps or an exponential distribution of traps.
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Fig. 3. (a) I-V characteristics of the heterojunctions. (b) Qualitative energy
band diagram of a p-type diamond / n-type SiC heterojunction [32].
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Fig. 4.Log([) vs. log(¥) under (a) forward and (b) reverse bias.

Current under reverse bias (Fig 4b) does not follow
common Fowler-Nordheim or Poole-Frenkel mechanisms.
Instead, log(/)-log(¥) can be fitted by a straight line, which
suggests Poole conduction. This type of transport occurs when
the density of states is so high that the Coulomb potential of
neighbor states overlap and trapped carriers escape from one
of the centers through a lower barrier according to Poole
Law [35]. Again this is evidence of a high density of interface
states that influence the /-7 behavior of the devices.

The presence of interface states that compromise the
behavior of diamond-based devices has already been
reported [34, 36, 37]. In addition, polycrystalline diamond
films may be regarded as a network of grains (sp> carbon) and
grain boundaries (non-sp’ carbon) [38]; the latter act as
conductive paths and, if their density is high enough, the
current that flows through them dominates the conduction
under reverse bias. For each seeding procedure used (ND vs.
scratch), the PT has a positive influence, since it increases the
rectification index. In fact, the PT is known to lead to higher
diamond nucleation densities and improved interface
uniformity [29], with the decrease of grain boundaries density
at the diamond/SiC interface — and corresponding decrease of
interface states.

Regardless of this, and even taking into consideration the
intrinsic polycrystalline nature of the diamond film, reverse
currents are still abnormally high. The origin of this effect
may be related with the fact that, due to limitations of the
HFCVD system, the SiC sample was exposed to the plasma
during the filament carburation; during this step, non-sp’
carbon species were deposited on the SiC surface, creating an
abnormally high density of defects at the interface. This layer
may have been partially removed by the manual scratch given
to samples A4 and A4’, hence the higher rectification indexes.

III. FUTURE WORK AND CONCLUSIONS

P-diamond / n-SiC heterojunctions were fabricated by
HFCVD using different seeding methods. Even though
rectifying behavior was observed, reverse currents are
extremely high. Analysis of I-V curves (both in forward and
reverse bias) show evidence of the presence of a high density
of interface states that compromise the devices’ performance.
These states may have been created by the exposure of the SiC
surface during filament carburation. In order to improve the
performance of the devices, the SiC substrates should be
protected during this step.



ACKNOWLEDGEMENT

This work is funded by National Funds through FCT -
Fundagdo para a Ciéncia ¢ a Tecnologia under the projects
PEst-OE/EEI/LA0008/2013 and UID/EEA/50008/2013. J.C.
Mendes acknowledges FCT through POPH/FSE (Programa
Operacional Potencial Humano/Fundo Social Europeu) for the
grant SFRH/BPD/90306/2012 with FEDER/COMPETE funds.

REFERENCES

[1] N. Kaminski, "State of the art and the future of wide band-gap devices,"
in Power Electronics and Applications, 2009. EPE '09. 13th European
Conference on, 2009, pp. 1-9.

[2] M. Willander, M. Friesel, Q.-u. Wahab, and B. Straumal, "Silicon carbide
and diamond for high temperature device applications," Journal of
Materials Science: Materials in Electronics, vol. 17, pp. 1-25, 2006/01/01
2006.

[3] R. Ghandi, C.-P. Chen, L. Yin, R. Saia, T. Johnson, P. Sandvik, K. Fang,
and R. W. Johnson, "Reliability of SiC Digital Telemetry Circuits on AIN
Substrate," Journal of Microelectronics and Electronic Packaging vol.
11, p. 25,2014,

[4] J. C. Z. F. Ren, Wide Band Gap Electronic Devices World Scientific,
Singapore, 2003.

[51 S. R. M. Shur, M. Levinshtein, SiC Materials and Devices World
Scientific, Singapore, 2006.

[6] K. Sheng, Y. Zhang, M. Su, J. H. Zhao, X. Li, P. Alexandrov, and L.
Fursin, "Demonstration of the first SiC power integrated circuit," Solid-
State Electronics, vol. 52, pp. 1636-1646, 2008.

[7] J. C. B. T. Funaki, J. Junghans, A. S. Kashyap, H. A. Mantooth, F. and T.
K. a. T. H. Barlow, "Power conversion with SiC devices at extremely
high ambient temperatures " IEEE Trans. Power Electron Device Letters,
vol. 22, pp. 1321-1329, 2007.

[8] A. V. R. A. M. Abou-Alfotouh, H. Chang, and C. Winterhalter, "A 1-
MHz hard-switched silicon carbide DC-DC converter," IEEE Trans.
Power. Electron., vol. 21, pp. 880-889, 2006.

[9] J. J. Gracio, Q. H. Fan, and J. C. Madaleno, "Diamond growth by
chemical vapour deposition," Journal of Physics D: Applied Physics, vol.
43, p. 374017, 2010.

[10]C. J. H. Wort and R. S. Balmer, "Diamond as an electronic material,"
Materials Today, vol. 11, pp. 22-28, 2008.

[11]Y. Mukuda, T. Watanabe, A. Ueda, Y. Nishibayashi, and Y. Einaga,
"Electrochemical  properties of phosphorus doped diamond,"
Electrochimica Acta, vol. 179, pp. 599-603, 2015.

[12]H. Kato, T. Makino, M. Ogura, D. Takeuchi, and S. Yamasaki,
"Fabrication of bipolar junction transistor on (001)-oriented diamond by
utilizing phosphorus-doped n-type diamond base," Diamond and Related
Materials, vol. 34, pp. 41-44, 2013.

[13]A. D. A. Aleksov, E. Kohn, "Prospects of bipolar diamond devices,"
Solid-State Electronics, vol. 44, pp. 369-375, 2000.

[14]K. W. P. Y. Gurbuz, J.L. Davidson, D.V. Kerns, Jr., Q. Zhou, "PECVD
diamond-based high performance power diodes. ," Power Electronics,
IEEE Transactions, vol. 20, pp. 1-10, 2005.

[15]1. D. A. Vescan, P. Gluche, W. Ebert, E. Kohn, "High temperature, high
voltage operation of diamond Schottky diode," Diamond Relat. Mater.,
vol. 7, pp. 581-584, 1998.

[16]M. F. M. Willander, Q.-u. Wahab, B. Straumal, "Silicon carbide and
diamond for high temperature device applications," J Mater Sci: Mater
Electron, vol. 17, pp. 1-25, 2006.

[17]M. 1. Landstrass and K. V. Ravi, "Resistivity of chemical vapor deposited
diamond films," Applied Physics Letters, vol. 55, pp. 975-977, 1989.

[18]H. Kawarada, M. Aoki, and M. Ito, "Enhancement mode metal -
semiconductor field effect transistors using homoepitaxial diamonds,"
Applied Physics Letters, vol. 65, pp. 1563-1565, 1994.

[19]K. K. Ueda, M., Y. Yamauchi, T. Makimoto, M. Schwitters, D. J.
Twitchen, G. A. Scarsbrook, and S. E. Coe, "Diamond FET using high-
quality polycrystalline diamond with fT of 45 GHz and fmax of 120
GHz," Electron Device Letters, IEEE, vol. 27, pp. 570-572, 2006.

[20]H. M. Matsudaira, S. Ishizaka, H. Umezawa, H. Kawarada, H., "Over 20-
GHz cutoff frequency submicrometer-gate diamond MISFETs," Electron
Device Letters, IEEE, vol. 25, pp. 480-482, 2004.

[21]T. P. Humphreys, J. D. Hunn, B. K. Patnaik, N. R. Parikh, D. M. Malta,
and K. Das, "Silicon carbide/diamond heterostructure rectifying
contacts," Electronics Letters, vol. 29, pp. 1332-1334, 1993.

[22]M. J. Tadjer, K. D. Hobart, T. J. Anderson, T. I. Feygelson, R. L. Myers-
Ward, A. D. Koehler, F. Calle, C. R. Eddy, D. K. Gaskill, B. B. Pate, and
F. J. Kub, "Thermionic-Field Emission Barrier Between Nanocrystalline
Diamond and Epitaxial 4H-SiC," Electron Device Letters, IEEE, vol. 35,
pp. 1173-1175, 2014.

[23]M. J. T. e. al, "On the high curvature coefficient rectifying behavior of
nanocrystalline diamond heterojunctions to 4H-SiC," Appl. Phys. Lett.,
vol. 97, pp. 193510-1, 2010.

[24]S. C. T. D. Mukherjee, S.Z. Rotter, L.N. Alves, J.C. Mendes, "Deposition
of diamond films for effective passivation of SiC devices," in
WOCSDICE - Workshop on Compound Semiconductor Devices and
Integrated Circuits held in Europe, Smolenice, Slovakia, 2015.

[25]C. Persson and U. Lindefelt, "Relativistic band structure calculation of
cubic and hexagonal SiC polytypes," Journal of Applied Physics, vol. 82,
pp. 5496-5508, 1997.

[26]P. P. W. Paszkowicz, W. Lasochac, 1. Margiolaki, M. Brunelli, A. Fitch,
"Lattice Parameter of Polycrystalline Diamond in the Low-Temperature
Range," ACTA PHYSICA POLONICA A vol. 117, pp. 323-327,2010.

[27]C. Verona, W. Ciccognani, S. Colangeli, F. Di Pietrantonio, E. Giovine,
E. Limiti, M. Marinelli, and G. Verona-Rinati, "Gate-Source Distance
Scaling Effects in H-Terminated Diamond MESFETS," Electron Devices,
IEEE Transactions on, vol. 62, pp. 1150-1156, 2015.

[28]M. A. Neto, G. Pato, N. Bundaleski, O. M. N. D. Teodoro, A. J. S.
Fernandes, F. J. Oliveira, and R. F. Silva, "Surface modifications on as-
grown boron doped CVD diamond films induced by the B203—ethanol—
Ar system," Diamond and Related Materials, vol. 64, pp. 89-96, 2016.

[29]S. Z. Rotter and J. C. Madaleno, "Diamond CVD by a combined plasma
pretreatment and seeding procedure," Chemical Vapor Deposition, vol.
15, pp. 209-216, 2009.

[30]R. E. Shroder, R. J. Nemanich, and J. T. Glass, "Analysis of the
composite structures in diamond thin films by Raman spectroscopy,"”
Physical Review B, vol. 41, pp. 3738-3745, 1990.

[31]A. C. Ferrari and J. Robertson, "Raman spectroscopy of amorphous,
nanostructured, diamond-like carbon, and nanodiamond," Philosophical
Transactions of the Royal Society of London. Series A: Mathematical,
Physical and Engineering Sciences, vol. 362, pp. 2477-2512, November
15,2004 2004.

[32]H. Weishart, V. Heera, and W. Skorupa, "n-type conductivity in high-
fluence Si-implanted diamond," Journal of Applied Physics, vol. 97, p.
103514, 2005.

[33]N. F. Mott, Gurney, Ronald W., Electronic Processes in Ionic Crystals.
New york: Dover Publications Inc., 1964.

[34]J. Madaleno and L. Pereira, "The modulation of electrical carrier transport
in metal-MPCVD diamond due to the microcrystalline inhomogeneous
barriers," Diamond and Related Materials, vol. 14, pp. 584-588, MAR-
JUL 2005 2005.

[35]G. Conte, M. C. Rossi, S. Salvatori, F. Fabbri, S. Loreti, P. Ascarelli, E.
Cappelli, and D. Trucchi, "Grain boundary transport in x-ray irradiated
polycrystalline diamond," Journal of Applied Physics, vol. 93, pp. 6078-
6083, 2003.

[36]J. Madaleno, G. Cabral, E. Titus, L. Pereira, J. Gracio, and N. Alj,
"Comparative study of the electrical properties of diamond films grown
by microwave plasma assisted and hot-filament chemical vapor
deposition," Thin Solid Films, vol. 515, pp. 106-112, SEP 25 2006 2006.

[37]]). Madaleno and L. Pereira, "Deep traps influence in polycrystalline
diamond electrical transport charge," Journal of Non-Crystalline Solids,
vol. 352, pp. 1327-1331, JUN 15 2006 2006.

[38]J. Madaleno and L. Pereira, "Electrical imaging map on polycrystalline
diamond films and diodes and structural relationship obtained by micro-
Raman," in Advanced Materials Forum Iii, Pts 1 and 2. vol. 514-516, ed,
2006, pp. 48-52.



