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Comparative Material Properties (for Electronic Applications)

Material Eg g 1 Ec vsat A i
eV cm2/Vs 106 V/cm 10~7 cm/s W/cmK cm-3

Si 1.1 11.8 1350 0.3 1 1.5 1.50E+10
Ge 0.66 16 3900 0.1 0.5 0.6 2.40E+13
GaAs 1.4 12.8 8500 0.4 2 0.5 1.80E+06
GaP 2.3 11.1 350 1.3 1.4 0.8 7.70E-01
GaN 3.39 9 900 3.3 2.5 1.3 1.90E-10
3C-SiC 2.2 9.6 900 1.2 2 4.5 6.90E+00
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Material M MIM KM Qft o}7) BM(Qf3) BHFM
(Ecvsat”_l)z AWM A Vsa1871 __/’i’o-A_ ﬂ‘o-AEc_O-A = SIUES '_IUECZ_ “‘G“ VOLTAGE
si 1 1 1 1 1 1 1
Ge 0.03 0.01 0.24 0.06 0.02 0 0.32
GaAs 7 2 0 5 7 16 11
GaP 37 20 1 11 46 20 5
GaN 756 655 2 587 6454 677 81
3C-SiC 64 192 5 104 417 35 11
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Requirements for Diamond Electronics

¢ Need charge carriers

¢ Electrons in conduction band

CB
¢ Holes in valance band 4 Phosphorous (P) | |0.57ev M-type T=300K
B diamond
¢ Need High Mobility Nitrogen (N) n/[P]=10+6

55eV

Boron (8) Soinoed /[B]=10-3
s damond p/[B]~




Traditional Issues Limiting Diamond Electronics

¢ Impurities and Defect structure

¢ Natural Diamonds — Lack on Uniformity: “they are like
snowflakes, no 2 are identical”
¢ N impurities
+ dislocations
¢+ HPHT
¢+ N, Metal solvent impurities l‘

¢ Dislocations Sl
¢ CVD Diamonadview UV Nitrogen 1282 cm’

¢ Dependent on substrate seed crystallography
¢ Good control of purit

€  1_300K

b Phosphorous (P) | |0.57ev A-tyPe
diamond
1.7eV

Nitrogen (N) n/[P]=10-6

Boron (B) Pt /[B]=10-3
damond /8]

0.38eV



Diamond as a Semiconductor
Creating Charge Carriers in Diamond
¢ Bulk Doping

¢ P-type - Boron 0.37 eV
¢ N-type - Phosphorous 0.6 eV

5.45 eV conduction
¢ Surface Doping 5 o bmairr:lcjlmum
¢ P-type - surface adsorbate 4.85 eV
creates 2D hole gas in

neutral jonized




Doping diamond with Boron (bulk)
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Carrier Concentration

Room temperature
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FIGURE 1. Hole concentration vs. dopant concentration of boron doped diamond at room mt;pﬁmm;e Jor T(K)
different concentrations of compensafing donors. At higher boron concentrations higher than 107 cm™ the ) ) ) ) 1l
= : 2 5 : FIGURE 2. antmlmrrrmtumv.ttarrpa’aﬂn'eofborondopeddmmaudmthdopan!commb'anonlv_,=4MI
activation increases rapidly to full activation and conduction becomes metallic-type. o’ and fing donor concentration Ny =2 10" i’

Diamond Electronic Devices CP1292, 2010 Wide Bandgap Cubic Semiconductors: From Growth to Devices
edited by G. Ferro and P. Siffert
© 2010 American Institute of Physics 978-0-7354-0847-0/10/$30.00

J. Isberg®



I I a.I I M O b i I ity PHYSICAL REVIEW B 81, 205203 (2010)

Hall hole mobility in boron-doped homoepitaxial diamond

J. Pernot,® P. N. Volpe, F. Omnés, and P. Muret
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FIG. 1. Temperature dependence of the Hall mobility (oRp).
Experimental data are illustrated by symbols: full circles—
Yamanaka ef al. (Ref. 8), triangles—Teraji et al. (Ref. 12), open
circles—Mortet ef al. (Ref. 13), and open squares Volpe ef al. (Ref.
15). (a) The lines show the calculated mobility with Ny
=10' ¢m™ and different compensation densities: Np=0—solid
line, Np=10" cm——dotted line, Np=10" cm——dashed line,
and Np=>5x 10" cm™—dashed-dotted line. (b) The solid lines
show the theoretical contribution of various scattering modes and
the total mobility (tot) with Ny=10"® cm™ and Np=10" cm™.
The scattering mechanisms are ii, ni, ac, and op, calculated respec-
tively from Egs. (1), (4), (6), and (7).

FIG. 4. Hole Hall mobility (oRy) as a function of doping level
in homoepitaxial diamond: (a) at 300 and (b) at 500 K. The Sym-
bols are experimental data ( @ —Ref. 15, ®@—Ref. 11, C0—Ref. 12,
O—Ref. 13, V—Ref. 14, A—Ref. 7, and +—Ref. 9). The theoret-
ical contribution of various scattering modes are illustrated by
dashed and dotted line for lattice (lat=ac+op), dotted line for ii
mode and dashed line for ni mode, calculated from Egs. (1), (4),
(6), and (7).




Delta Doping of Diamond with Boron

Carrier density vs distance
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Figure 1 (online color at: www.pss-a.com) Delta-boron-doped %
diamond stacks simulated in this work. o7k //
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Simulations of carrier confinement in

boron 6-doped diamond devices

Alexandre Fiori®, Julien Pernot™, Etienne Gheeraert, and Etienne Bustarret

Phys. Status Solidi A 207, No. 9, 2084-2087 (2010) / DOI 10.1002/pssa.201000062




Delocalization of Holes
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Figure 4 (online color at: www.pss-a.com) Delocalized holes Peaks of heavy holes probability density are localized by wide
fraction in an infinite diamond structure with a boron concentration  arrows. The vertical position of the energy level indicates its energy,
of 1 x 10*' em ™2, the horizontal position its spatial extension, and the color contrast its
probability density. The Fermi level is drawn in black. Only the
ground state and first excited state are represented to simplify the
drawing.

seven atomic bilayers, three energy levels were occupied by
holes (HH, LH, and SO). These energy levels correspond to

Simulations of carrier confinement in
boron 8-doped diamond devices

Alexandre Fiori®, Julien Pernot*”", Etienne Gheeraert, and Etienne Bustarret

Phys. Status Solidi A 207, No. 9, 2084-2087 (2010) / DOI 10.1002/pssa.201000062




Delta-doping:

Mobility of previous experiments

» Other materials- enhancement:
* GaAs, GaN — mobility 2D structures even higher than in 3D

» Diamond (other research groups 2000-now): no enhancement

[G. Chicot et al. Appl. Phys. Lett. 101, 162101 (2012)]

_ S )
French group: (s chicot ot al. J.ApplPhys., 116, 083702(2014)] Mobility = 3.6 (0.8) cm?/Vsec




OUR STRATEGY

¢ High Quality, low dislocation
density HPHT (100) substrates

¢ Polishto 0.1 t0 0.3 nm Ra

¢ Remove polishing damage
¢ Design ultra fast gas switching




Substrate preparation for atomically smooth surface

o _ Zygo Opt. Interferometer
1. Polishing of substrate, single Crystal

(100) diamond (Ra < 0.3 nm)
80 x80 microns

Sa=0.15nm
Sg =0.19 nm

2. ICP(Inductively coupled plasma)-RIE
etching

ICP etching of diamond is highly homogeneous,
does not increase surface roughness and
eliminate polishing damages.

[A.B. Muchnikov et al., Phys. Status Solidi A, 2015]
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3. Surface after CVD growth, Ra<0.25 nm

2X2 microns
AFM

¥ A, um
0 02 04 06 08B 10 12 14 16
0 02 04 06 0B 10 12 14




Main features of delta doping reactor

1. Rapid gas switching allows achieving fast changing of gas mixtures

containing B2He and without B2He

2. Laminar gas flow in reactor —vortexes and stagnant regions are absent
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Ar (750.4 nm) intensity (a.u.)

Intensity of Ar (added in diagnostic
purposes) line on time after changing gas
mixture from H>-CH4 to H>-CH4-Ar and
back. Total gas flow 950 sccm.



Interfaces are barely seen, full epitaxy. substrate




SIMS sputter profiling
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CV of vertical mesa with delta layers

Formation of the mesa structure with contact to the bottom P* layer

Delta layers

Non doped diamond
Heavily doped p* diamond
Diamond substrate

Ohmic contact

Schottky contact
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Previous Hall Measurements
(vdp and Hall bar)
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Il Mobility

Initial Hall Measurements
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Initial Hall Measurements
(vdp config.)
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Summary

¢ Diamond Electronics is becoming a Reality!

¢ Why?
¢ Available High Quality Substrates (HPHT)
¢ High Purity Epitaxial Layer Growth (CVD)
¢ Reliable Doping Methods

Traditional titutional ing with B, P
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