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Heterostructures such as Schottky diodes and
metal/oxide/semiconductor structures are the build-
ing blocks of diamond electronic devices. They are able
to carry large current densities, up to several kA/cm?,
if a heavily boron doped layer (p™™) is included in
the semiconducting stack, thus affording a metallic
reservoir of mobile holes close to the lightly doped layer
(p7)- In this work, hole injection effects are evidenced
experimentally in the two previously mentioned devices
and also simulated numerically. Although the potential
barrier height at metal/semiconductor interfaces is
a fundamental parameter, a more general approach
consists in defining the current density from the product

1 Introduction

Diamond heterostructures show huge potentialities
for high power and high temperature electronic devices
due to the astounding physical and electrical properties of
this semiconductor such as wide band gap (Fg =5.45eV),
high thermal conductivity (22 Wxcm™!xK™1), room
temperature mobility of holes close to 2000 cm? x V1 xs~!
and high breakdown field (/' > 7.7 MV/cm) as already
demonstrated recently [1,2]. P-type device operation can
also gain benefit from the ability of diamond to be heavily
doped with boron, above the metallic conductivity limit.
However, the ionization energy of boron acceptors, near
0.37 eV, induces complete ionization only around 550 K

of an effective velocity and carrier concentration at in-
terface. In accordance with experimental results, such a
view permits to describe both depletion and accumula-
tion regimes, which indeed can exist at the metallic or
oxide interface, and to take into account the increase of
the hole concentration above the thermal equilibrium one
in the p~ layer. The lower the temperature, the larger is
this second effect. For sufficiently thin p~ layers, typi-
cally below 2 pm, this effect frees device operation from
the limitation due to incomplete ionization of acceptors
and allows a strong decrease of the specific resistance
and forward losses while preserving breakdown voltages
in the range 1.4 to 2 kV.
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and above in lightly doped layers, which are necessary
to lower electric fields in depletion zones. Accordingly,
the hole concentration is one to two orders of magni-
tude smaller than the acceptor concentration at room tem-
perature, making the conductivity somewhat insufficient.
With a lightly doped layer (p~) thicker than 10 pum, the
current-voltage characteristics become strongly tempera-
ture dependent [3,4] and the specific electrical resistance
hardly smaller than 1 £2.cm? at room temperature [4]. Con-
versely, with a n-type layer not exceeding a few hundreds
nanometers, the operation of such a Schottky p-n junc-
tion [5] becomes completely governed by carrier injection,
which permits to reach several kA/cm? in the forward
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regime, but at the expense of a very limited breakdown
voltage in the reverse regime. Here, we show that stacking
a lightly doped layer (p~) with a well designed thickness
onto a heavily doped layer (p*™) or substrate can circum-
vent all these drawbacks. In lightly doped diamond layers
with thicknesses up to 2 pm, the heavily doped layer or
substrate is able to inject holes, thus increasing the hole
concentration well above the equilibrium one down to the
interface with the oxide or metal, as demonstrated both
experimentally and from simulation in this work. Calcu-
lations relying either on the numerical solutions of the
complete basic equations set or on transport equations
relevant only for holes are developed in order to attempt
predicting the optimal thickness of the p~ layer. In all the
structures, at sufficiently high injection level, the interface
with the metal or oxide comes into accumulation regime,
including the case of Schottky diodes. Hence, the diode
current relies more generally on the transport model based
on the majority carrier population and effective velocity
at interface rather than on the potential barrier height of
the junction. Finally, indications can be derived for the
design of devices based on vertical and pseudo-vertical
heterostructures in order to maintain an optimal trade-off
between lowest forward losses, minimal specific resistance
at room temperature and highest breakdown voltages.

2 Experimental transport characteristics of de-
vices

The current-voltage characteristics of Zr/oxidized
diamond diodes annealed at 450°C are firstly presented
(Fig. 1) and analyzed. The diamond stack comprises
a lightly doped layer, 1.3 pm thick and containing
5 x 10'5 B/cm?®, on a heavily doped layer, 0.2 um thick
and containing (2 — 4) x 10?° B/cm?3, epitaxially grown
on a Ib substrate. More detailed properties have been al-
ready presented in [6], specially the fabrication recipes
and the breakdown field in excess of 7.7 MV/cm under
reverse bias, confirming older results [2]. Fair uniformity
and reproducibility of the electrical characteristics of the
diodes fabricated on one or several substrates have been
demonstrated [6]. A complete analysis of the transport
mechanisms at stake in these Schottky junctions in the de-
pletion regime at various temperatures is currently under
submission[7]. In this later study, different methods able
to extract the true homogeneous potential barrier height
@%"m, free of the random barrier lowering due to interface
inhomogeneities and described by its standard deviation
og [8,9], are demonstrated and applied. The derivation of
parameters displayed in Fig. 1 is done here along three
steps: (i) the derivation of o4 from the adjustment of the
apparent barrier got from the current density .J; extrap-
olated at zero junction voltage as a function of tempera-
ture 7' (not shown here); secondly, the Richardson plot of
Js/T? corrected by the term proportional to o2 shown in
the inset of Fig. 1 which permits to derive the effective
Richardson constant A**; thirdly, the final adjustment of
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the homogeneous barrier height ®2°™ and ideality fac-
tor n (here 1.07) to the experimental current density as a
function of voltage in the linear part of the characteristics
plotted in a semi-logarithmic scale as in Fig. 1, taking the
image force lowering A®; s into account.
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Figure 1 Experimental current density of the diode as a function
of total voltage displayed with open symbols and fitting curves
based on the parameters indicated on the figure and determined by
the method described in the text; the Richardson plot is shown in
the inset. The hatched area close to upper right corner delineates
a constant dissipated power of 50 mW below which estimated
self-heating remains smaller than 5K.
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Figure 2 Specific resistance of the diode as a function of total
voltage displayed with full circles. Downward triangles feature
both dissipated power and temperature increase 67" sketched in K
on the right vertical scale.

In the present case, with an ideality factor n decreasing
from 1.07 at 300 K down to 1.04 at 600 K, the homoge-
neous barrier height of these almost perfect junctions turns
out to be 0.97£0.02 V, in good agreement with an other
determination for Zr on oxygenated diamond [10]. Taking
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Figure 3 Current-voltage characteristics in a MOS heterostruc-
ture for several temperatures.

into account the image force effect which adds 0.04 V to
the barrier at flat bands [7,9] and the calculated energy dif-
ference between the bulk Fermi level and valence band top
of 0.38 eV from data in [1], the applied voltage needed
to induce flat bands amounts to 0.63 V, as indicated on
Fig. 1. For larger junction voltages V', which are neces-
sary to reach current densities .J, higher than 0.4 A/cm?,
band bending is inverted, the interface turns into accumu-
lation regime and the apparent barrier for holes vanishes.
Consequently, it is advisable to describe the current den-
sity in the Schottky junction as the product of a collec-
tion velocity v..;, hole concentration p(zp) at the metal-
lic interface and elementary charge eg [11,12]. This hole
collection velocity v, is the same as the thermionic one,

kT

5=, kp being the Boltzmann constant and «

Veoll = &
the attenuation coefficient of the reduced thermionic emis-
sion due to the oxide interlayer which can be evaluated
from the ratio of the effective Richardson constant (see the
inset in Fig. 1) to the standard one (96 A/K%cm?) in dia-
mond. This approach remains valid in the depletion regime
where p(zg) is merely the product of the equilibrium hole
concentration pg in the bulk lightly doped layer and the
factor exp [(—=®%™ + V;/n)/(kpT)], but is now essen-
tial when p(zp) deviates in excess from the previous quan-
tity because of the hole injection from the heavily doped
layer. Such an effect is firstly evidenced from the devia-
tion existing between experimental data and the full volt-
age of the J, — V characteristic taking int o account the
effect of the 600 {2 series resistance R, due the resistiv-
ity of the lightly doped layer calculated at room temper-
ature and thermodynamic equilibrium (Fig. 1). The same
characteristics simulated with R, = 60f2 matches some-
what better the measured points at current densities higher
than 102A/cm? but very badly in the range 1-50 A/cm?.
This discrepancy shows firstly that the voltage drop in the
lightly doped layer is not linear with the current and sec-
ondly that it is lower than predicted from the equilibrium

concentration of holes which would induce a 600 (2 se-
ries resistance. A even more illuminating property emerges
from the plot of the derivative of J,, — V, which is noth-
ing other than the specific resistance of the diode, shown
in Fig. 2. In this graph, it clearly appears that this spe-
cific resistance decreases by a factor larger than ten below
R, = 600 {2 well before any significant increase of the
temperature due to self heating, calculated with a largely
overestimated thermal resistance of 100°C/W because of
the intimate contact of the rear side of the diamond sub-
strate with the silver heat sink of our sample holder.

In metal/oxide/semiconductor (MOS) heterostructures
made on diamond[13], the forbidden bandgap of the oxide
is often very similar to that of diamond or it overcomes it
by only one or two eV. Consequently, band offsets on oxy-
genated diamond surfaces are almost systematically close
to 1 eV or lower, leaving the thermionic currents over the
oxide barrier at an easily detectable level when a sufficient
forward polarization is applied. This is the case in our MOS
structures consisting of Al on AlyOgs, 25 nm thick, on a
p~/ptT diamond stack, with an acceptor concentration of
3x10'7 B/cm? in the lightly doped layer which is 500 nm
thick. Current density-voltage characteristics over a large
range of temperatures (103 - 353 K) of such a MOS capac-
itor are displayed in Fig. 3 as a function of bias voltage
applied on the metal electrode. Thermionic current over
the barrier of 1.34 eV due to the band offset between the
valence band edges[14] and determined like in reference
[15] but for an oxygenated diamond surface is responsible
for the highest slope in the characteristics. If the current
was controlled by the equilibrium concentration of holes
at the oxide/diamond interface, it would experience more
than fifteen decades of variation over the whole tempera-
ture range, relying on a calculation by the formula (1) in
[1]. Conversely, current density at a given voltage changes
by at most two decades (see Fig. 3), firmly indicating that
the hole concentration is not governed by its equilibrium
value but rather by a concentration which is strongly de-
pendent of that in the p* layer, practically independent
of temperature since diamond is a degenerate semiconduc-
tor in this layer. This is the second evidence which demon-
strates that current-voltage characteristics in heterostruc-
tures comprising a buried heavily doped layer must take
hole injection from this p™ layer into account.

3 Simulation of the hole transport

In order to check the properties previously evidenced
and to gain quantitative insight into the transport mecha-
nisms, simulations and calculations are performed. Firstly,
using the finite elements software COMSOL Multiphysics,
profiles of the valence band top and quasi-Fermi level of
holes are simulated at 300 K in a stack p*+/p~/metal,
with a Schottky barrier of 1 V, for applied forward voltages
spanning the range 0 to 5 V, each 0.5 V (Fig. 4). The soft-
ware makes use of all the basic equations which describe
semiconductor junctions, as one can find in textbooks like
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[16], including both minority and majority carriers trans-
port although the former are unnecessary in the case we are
dealing with. The doping concentrations are respectively
2x10%° B/cm? and 10'® B/cm? in the p™* and the p~ lay-
ers, the latter being 2 pim thick. Other boundary conditions
are defined on the figure for the electric potentials while
the field at the beginning of the p*™ layer is assumed to
be zero because of a perfect ohmic contact, and the carrier
velocities at the Schottky contact (at abscissa 2 pum) are
given by the product of the mobility [1] and electric field.
Saturation of the hole velocity which happens for fields
larger than 10* V/cm [17] is ignored, involving a shift of
the curves in figures 4 and 5 of only a few nanometers
toward larger abscissa as estimated from following equa-
tions. Depletion regime can be observed close to the metal-
lic interface (at abscissa 2 um) for applied voltages zero
and 0.5 V. But for 1 V and above, band curvature near the
metallic interface is inverted and the depletion regime is re-
placed by accumulation, fully confirming the observations
detailed in the previous section. The corresponding hole
concentrations are plotted in Fig. 5. Here again, one can
see that the hole concentration falls below the equilibrium
one pp = 3.5 x 10'3cm™3 near the Schottky interface for
applied voltages zero and 0.5 V, while it increases and stays
above and above pg for larger and larger voltages. Due to
this behavior, it is clear that the voltage drop inside the
p~ layer can neither follow linearly the current nor be de-
termined by the equilibrium hole concentration py, the real
one remaining several times larger up to distances typically
near 2 zm from the p™+ layer boundary.

Energy (eV)

+ } + } + +
0.0 0.5 1.0 1.5 2.0
Distance (um)

Figure 4 Energy of the valence band top in full lines and
quasi-Fermi level of holes in dotted lines, along the depth of a
stack p™/p~/metal measured from the p™ T /p~ interface, with a
Schottky barrier of 1 eV, for applied forward voltages spanning
the range O to 5 V, each 0.5 V. Data are obtained from a simu-
lation performed with the software COMSOL Multiphysics for a
temperature of 300K. See text for other conditions.
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Figure 5 Hole concentration at 300 K as a function of the dis-
tance measured from the p™/p~ interface for forward applied
voltages from zero to 5 V, each 0.5 V. The equilibrium hole
concentration py = 3.5 x 10*®cm ™ and acceptor concentra-
tion N4 = 10"cm™? are respectively indicated by dash and
dash-dotted lines. Accumulation regime is clearly visible near the
Schottky interface, at the 2 psm abscissa.

An other approach relies on usual equations describ-
ing transport of charge by majority carriers [16] in the p~
layer. Along the z direction, perpendicular to interface, the
hole current density equation is the sum of the drift and dif-
fusion components, &, (z) being the electric field and p(z)
the hole concentration, with 3 = eo/kgT and a constant
mobility y,, as previously assumed:

1 dp(z)
B B dz

Jp = eopp |P(2)€:(2) (0
In accordance with the results of the simulation, the two
currents have similar magnitudes but opposite direction
close to the origin (p* layer edge) because the very strong
diffusion current must be partially compensated by an op-
posite conduction current so that the constraint imposed by
the effective current .J,, can be satisfied. Consequently, no
terms can be neglected in the previous equation. Moreover,
Poisson equation must be satisfied:

dé.(z)
dz

= € [p(z) - Ni?m} /(eoesc) @)

where IV, is the net, negatively charged, ionized impu-
rity concentration. Elimination of the hole concentration in
Eq.(1) with help of Eq.(2) gives the following second order

field equation:

B d*E.(2)
dz?

b BE() d€.(z) . eoNion | _ By

dz EoESC

E0ESC Hp

3)
where the second member is a constant because the current
is conservative since there is no recombination. It will be
named C in the following.
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The two boundaries conditions are: (i) p(0) = p™ at
z = 0, the interface between the heavily and lightly doped
layers and pT the hole concentration in the heavily doped
layer; (ii) at the interface with the metal supposed to be lo-
cated at z = z, the carrier collection velocity v.,;; must be
equal to the thermionic one, so that p(zo) = Jp,/(€0Veour)-
In terms of the first derivative of the electric field, these two
boundary conditions read:

(i) d(‘:z(o) — €eq [p+ _ N—

ion]

dz EpESC
and (ii) dgjii(;“) = 2= [Jp/ (e0veor) — Nigy,-

As we are interested primarily by the extension of the
region where the hole concentration largely exceeds the
ionized impurity one, the last term of the first member of
Eq.(3) is neglected and this equation can then be integrated
one time:

€o

@

[pT—p(2)] + 5 [E:(2)? = £.(0))] = Cz (&)

€oEsc

Because the concentration p(z) and the square electric field
£.(z)? decrease very rapidly from the origin z = 0, a good
approximation consists to neglect the terms depending on
2, so that £,(0)? = (2e9p™)/(Beoesc), resulting in the

2eopt
Beoesc

approximated initial condition : £,(0) = —

-1 /2pt
BLp Po
the lightly doped layer. For other abscissa, the remaining
differential equation to be solved reads :

g
552(2)2

where Lp is the appropriate Debye length in

B d€.(z)

= Cz 5)

where the first and second terms are respectively due to
drift and diffusion components of the current. An exact
solution can be found for a vanishing second member, rig-
orously valid near zero voltage bias: £,(2) = —2 1

T Bzt
where z1 = 2Lp\/po/(2pT) = 2

coesc/(2e0p™)
close to 0.3 nm here. This solution shows that the De-
bye length has still a significance in terms of attenuation
distance, despite a non exponential damping law. It still
describes satisfactorily the field and hole concentration
as long as each of the two terms in the first member of
Eq.(5) has a comparable absolute value, much larger than
the second member, at abscissa z < z. of few z;. With the
help of Eq. (2), one gets p(z) ~ 22550 ﬁ, which
therefore can be retained for the initial hole concentration
close to the p* layer till z.. If p(z.) = 2 x 10'4cm~3,
where z. is the distance where the hole concentration has
dropped from its initial value p(0) by a factor of 10°, a
fairly good estimate of 0.3 pum is derived, in agreement
with the curves plotted in Fig.(5). Beyond such an ab-
scissa, one of the two terms in the first member of Eq.(5)
may become dominant and of the same magnitude as C'z.
Then, assuming that either the first or the second term can
be neglected, solutions based on fractions depending of z

and +/z could be found. If only the first term, related to the
drift component, is retained, &£.(z) ~ Bz—%mw/z + 21 and
€0EScC

1 . . .
2) ~ C—— can be derived, in agreement with
ple) ~ S &

the law given in [5] without justification. But this solution
is not correct because the order of magnitude of the con-
stant 2o = (28C) /3 makes the second term dominant,
contrary to the hypothesis. Similarly, if only the second
term, related to the diffusion component, is retained, non
physical solutions can be obtained. Such steps show firstly
that the drift and diffusion components of the whole hole
current remain intimately linked and secondly that Eq.(4)
in which the last term of Eq.(3), due to ionized impurities,
has been neglected, is no longer appropriate. However, the
previous solution obtained for a vanishing second member
of Eq.(5) cannot be used because the decrease of the hole
concentration would be far too steep in comparison with
simulated concentrations in Fig. 5. Consequently, only a
numerical solution is able to match the physics of the hole
transport in the abscissa range where the hole concentra-
tion is close to doping one and decreases in a much softer
way. The variation law could resemble better the inverse
square root law, leading finally to an estimate of several
times z. for the length where the hole injection affects
seriously the equilibrium hole concentration.

A solution valid also near the interface with the
Schottky metal or oxide must depend on the current density
like what is seen in Fig. 5, or total applied voltage and on
boundary conditions at this second interface. It would rely
on the same equations using in addition the pseudo-Fermi
level of holes ¢, (z) in p(z) = Ny exp [B(¢,(2) — ¥ (2))]
and potential ¥(z), with Ny the effective density of states
in the valence band:

d%f)Z‘%éavﬂﬂmﬂﬂ—wAan (©)
de(z) _ 1 Nyexp[B(dp(z) =D = Nigw, )
dz  BL% 70

T = ®)

Boundary conditions must define the differences
¢p(2) —¥(z)at z = 0and z = zp:

(i) ¢p(0) — w(0) = (1/B)In(p* /Nv) and
(i) ¢p(z0) — U(z0) = (1/8)Inl],/(eoveonNy) —
N;,../Nv] where ¥(z) can be chosen as the origin of
electrical potentials for example. The numerical solver of
the COMSOL software solves in fact this set of equations,
however taking the current due to minority carriers into
account in addition. But because they have a completely
negligible influence since the barrier height is much less
than half the diamond band gap and no recombination cen-
ters are included, the results obtained by an other solver
would not be different than those presented at the begin-
ning of this section.
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4 Conclusion

In vertical or pseudo vertical Schottky diodes and
MOS heterostructures comprising a stack of lightly doped
on heavily doped layers, injection of holes play a very sig-
nificant role in the transport mechanism. Combined with
the advent of accumulation regime at sufficiently high for-
ward bias, this effect induce both the decrease of the for-
ward losses and specific resistance when the current den-
sity increases, provided the lightly doped layer is less than
about 2 um for doping concentration below 10¢ B/cm?
like usual for high voltage devices. It allows high current
densities higher than 1 kA/cm? under a few volts even at
room temperature because the hole concentration in the
lightly doped layer becomes largely independent of the
temperature, thus alleviating the limitation due to incom-
plete ionization of acceptors in diamond. However, reverse
operation would be preserved with breakdown voltages in
the range 1.4 kV to 2 kV as long as breakdown fields in
the range 7-10 MV/cm like already achieved[2,6] are im-
plemented in p~ layers 1.4 to 2 um thick because they are
fully depleted and bear the whole reverse voltage. These
advantages may have a very positive impact on the perfor-
mance of high power diamond devices in comparison to
components made with other wide bandgap semiconduc-
tors.
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