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30° Si(g) partial dislocation mobility in nitrogen-doped 4H-SiC
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(Received 21 December 2006; accepted 21 April 2007; published online 13 June 2007)

Well-controlled population of dislocations are introduced in 4H-SiC by bending in cantilever mode
and annealing between 400 and 700 °C. The introduced defects consist of double stacking faults,
each bound by a pair of 30° Si(g) partial dislocations, and the expansion of which is asymmetric.
The velocity of each individual 30° Si(g) pair is directly measured as a function of stress and
temperature on the surface of samples etched after deformation. The activation energies of the 30°
Si(g) partial dislocation pairs are strongly stress dependent, ranging between 1.25 and 1.7 €V. These
values are lower than the ones derived from plasticity experiments. This is probably because 30°
Si(g) pairs and double stacking faults are generated in N-doped 4H-SiC (N=2X 10'8 cm™), with
their development being promoted by quantum well action. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2745266]

I. INTRODUCTION

4H-S51C is a very promising semiconducting material for
high power electronics, radiofrequency applications, and
more generally for devices that are operated at high tempera-
tures and under high irradiation conditions."” However, dur-
ing forward biasing of p-i-n diodes, defects that have been
identified as planar defects bound by partial dislocations
(PDs), can move over long distances causing electrical deg-
radation after hours or days of constant operation.™ The ac-
tivation energy of the PD propagation (Q) under such biasing
conditions was measured by Galekas er al.” at low current
densities and was tound extremely low (=027 eV) as com-
pared to what can be estimated from plasticity measurements
(1.8 eV<E,<2.5¢eV) (Refs. 6-8) in the low temperature
region. This marked discrepancy was attributed to the
recombination-enhanced dislocation glide’ (REDG) mecha-
nism, that is to a reduction in O obtained by subtracting the
energy of an electron-hole recombination which favors the
formation andfor the migration of kinks along the disloca-
tion. Hence it is interesting to directly measure the intrinsic
parameters of the dislocation glide (activation energy and
stress exponent) under well-controlled biasing or nonbiasing
conditions.

Dislocation velocities in semiconductors can be deter-
mined either by observation of their movements by in sifu
transmission electron microscopy (TEM) or at a larger scale
by measuring the displacement of individual dislocations us-
ing double etching or x-ray topography after deformation
tests (for review, see Ref. 10). The latter method seems more
suitable to achieve conditions similar to those of defect mo-
tion in biased diodes. Moreover, with this method the stress
state is better controlled, but high perfection crystals are
needed to avoid interactions between the dislocations, which
would impede their motion over large distances. Finally, the
dislocation movements should occur in glide planes as much
as possible normal to the surface to avoid image-force effects
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at their very emerging part. The availability of 4H-SiC wa-
fers parallel to the (1120) plane, that is with the (0001) glide
plane normal to the surface and with low micropipe and dis-
location densities, allows direct measurement of dislocation
velocities. Indeed this requires the exclusive use of nitrogen-
doped (N-doped) material, since this type of 4H-SiC is the
only one available with sufficient crystal quality, and suited
orientation and thickness.

Moreover, this will also help to understand the recent
observation of the development of double stacking faults
(DSFs) in highly N-doped 4H-SiC submitted to various high
temperature device processings. =

As shown in a previous paper‘” we were able to nucleate
and develop individual 30° Si(g) pairs under a well defined
state of stress. These pairs were precisely characterized" by
chemical etching and TEM in weak beam (WB) and high
resolution (HR) imaging modes. Their identification was
confirmed by large angle convergent beam diffraction
(LACBED).'®

In the present paper, we report velocity values based on
the direct measurement of the PD pair path length as a func-
tion of stress and temperature between 400 and 700 °C, The
stress exponent m and the activation energy Q can be ex-
tracted from the classical law of dislocation velocity v as a
function of the stress ¢ and temperature T,

v=Ad" exp(— Q/kT). (1)

The {m,Q} values are compared to those deduced from plas-
ticity measurements.””

Il. EXPERIMENT

Rectangular  samples (L=20 mm: w=5mm; ¢
=0.25 mm) were cut from N-doped (2 < 10" cm™) 4H-SiC
wafers purchased from CREE-Research [Fig. 1(a)]. The sur-
face of these samples was parallel to the (1120) plane and
their length close to the [2201] direction. In that orientation,

the (0001) glide planes were normal to the surface and at 45°
from the sample length. Some as-grown specimens were

© 2007 American Institute of Physics
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FIG. 1. (a) Geometry of the 4H-SiC rectangular sample and (b) bent sample
on the deformation holder.

characterized by x-ray transmission topography to verily the
absence of micropipe and to obtain information on the initial
dislocation density. Figure 2 shows some screw dislocations
(S) parallel to the [0001] growth direction and a homoge-
neous density (mean density of less than 10* em™) of dislo-
cations in the (0001) glide planes.

Dislocation sources were created by scratching the
sample surface in a direction parallel to the sample length
using a diamond tip loaded with a 100 g weight. The scratch

was located at the half-width of the (1120) face [Fig. 1(b)].
except when the samples were annealed at 700 °C., In that
case, the scratch was performed close to one edge of the
sample in order to increase the dislocation paths. The refer-
ence axes were chosen so that the {X, ¥} plane is located at
half of the sample thickness (which becomes a neutral plane
under stress).

The samples were then bent in cantilever mode at room
temperature around the ¥ direction [Fig. 1(b}], resulting in
compressive stress on the (1120) face and in tensile stress on
the (1120) face [see Egs. (2) and (3) below]. The bent
samples were annealed under stress in Ar flux at tempera-
tures ranging from 400 to 700 °C in a conventional furnace.
Then the defects were revealed by chemical etching (Fig. 3)
with molten KOH (550 °C, 20 min).

FIG. 2. X-ray topograph of a 4H-51C sample before any deformation pro-
wdure, Diffraction vector g=1101. Different types of dislocations can be
ohserved: screw dislocations parallel to the growing direction (S). glide
dislocations (general direction. G) in the glide planes (0001) (viewed edge
o) whose mean density was evaluated to be less than 10" em?,
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FIG. 3. Optical micrographs after KOH etching showing the regularity of
the etching traces parallel to the (0001) glide planes. (a) (1 120) face. com-

pressive stress, 550 “C. (b} (1120) face. tensile stress, 620 °C. The disloca-
tion path length d(X) is also displayed in (a).

In previous ]::aapnzrs.‘s'Iﬁ it was shown that three different
populations of double stacking faults (DSFs) are nucleated
from the scratch on the face under compressive stress and
develop in the P1 direction (DSFAs and DSFBs) or in the
opposite P2 direction (DSFCs). Tt was also observed that
DEFSAs and DSFBs expand on this face from one edge of the
sample. Each DSF is dragged by a pair of 30 Si(g) partial
dislocation with the same Burgers vector, gliding in adjacent
(0001) slip planes and is separated by about 65 nm, whatever
the temperature (400-700 °C) or the stress (<200 MPa).
Among the three populations, only the DSFAs are driven far
from the scratch by the bending stress, giving rise to an
asymmetric etched pattern. Indeed, the two 30” Si(g) partial
dislocations driving the DSFAs are characterized by a line
L=[1210] and a Burgers vector b=a/3[1100] and thus are
submitted to the highest resolved shear stress m=0.5, The
measurement of the velocities as a function of the resolved
shear stress was performed on these PD pairs.

In the determination of the average shear stress (o)
which causes the dislocation motion three aspects must be
taken into account.

(i) The variation of the resolved shear stress (o) in a
bent sample as a function of X and Z. that is, o,(X.Z), has to
be measured. This can be done either by recording the local
radius of curvature R(X) via the measurement of a laser
beam deflection by the sample surface [Eq. (2)] or by mea-
suring the bending amplitude & [Eq. (3)].

aglX.Z) = sZ,

R(X) @

3E
rJ'r(X,Z)=F5$Z(L—X), (3)
where E 13 the Young modulus, s the Schimd factor, and L
the sample length (18 mm in our case).

(ii) We have to take into account that o, decreases lin-
early along the depth and that its sign changes beyond the
neutral plane [Eq. (2} and (3}]. Thus, o, decreases along the
partial dislocation segments as they penetrate deeper into the
sample. On the basis of the Hirth and Lothe theory for the
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double kink mnvement,“? it was demonstrated' " that under
such varying stress, in the kink collision regime, the disloca-
tion moves always parallel to the Peierls valleys and thal the
stress a,, which must be specifically coupled with the veloc-
ity is the average stress undergone by the dislocation seg-
ment, that is, the one at halfway between the surface and the
neutral plane, =0 X Z=t/4)=1/20(X,Z=¢/2). It
should be noticed that in the 400—700 °C temperature range
this averaging is particularly adequate, since the observed
dislocation lines are straight and lying in the Peietls
va]leys‘l‘\

(iii) We must consider that although (X, Z) is constant
along the sample width [¥ direction, see Eq. (2) and (3)] o,
and thus @, is not constant in a (0001) glide plane since this
plane is inclined at 45° to the X direction. Consequently, the
dislocation glide along path d (Fig. 3) takes place under
varying siress conditions: in compression as the dislocations
move toward lower X values the stress increases linearly,
while in tension they move toward lower stress values. The
average resolved shear stress on a given dislocation is taken
equal to o, (X,Z) where X=X,+d/2,2, X, being the ab-
scissa of the point where the DSFAs are nucleated and
d/2 2 the projection of point at midlength 4/2 of the DSFAs
on the X axis. The relative uncertainty Ao/, introduced
by this estimation is maximum when d is maximum: it can
reach +10% for the experiments at 700 and 620 °C {dnax
=4.5 mm, scratch performed close to the sample edge) and
+59% for the other temperatures (dp,,=2.5 mm, scraich per-
formed in the middle of the sample) but drops to +0.3% for
the smallest DSFAs lengths (dq;, ~ 130 pwm).

The velocity of a dislocation pair, v, was determined by
measuring its wake length d revealed by etching and dividing
d by the annealing duration f. The experimental uncertainty
on v comes mainly from the evaluation of ¢. Indeed. despite
a special master/slave temperature regulation system, the
temperature profile is not a perfect gate function. We esti-
mate this error to vary linearly with the temperature from
Av/v=25% at 400 °C 1o Av/v==10% at 700 °C.

1ll. RESULTS

In the present work, it is noteworthy that the envelope of
the fault tips is very regular. This is true for the dislocations
nucleated from the scratch or from the sample edge, whether
the face has been submitted to a compressive stress [Fig.
3(a)] or 1o a tensile stress [Fig. 3(b)]. This means that the
length of the defect is actually determined by a stress depen-
dent velocity and not by the influence of any obstacle, which
validates our experimental approach.

The dislocation velocities measured on the (1120) face
submitted to a compressive stress are displayed on Fig. 4 as
a function of . for various temperatures. Two distinct
stress exponents can be extracted from this figure: m
=1.38+0.05 for the highest temperature range (550, 620, and
700 °C) and m=2.1+0.1 for the lowest onc (400 and
470 °C). As already suggestcd.m these variations of the
stress exponent may be ascribed to stress sensitivity of the
dislocation motion activation energy. The Arrhenius plots of
the dislocation velocities (sometimes extrapolated from Fig,

J. Appl, Phys. 101, 113533 (2007}
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FIG. 4. Velocity measurements of 30° Silg) partial dislocation pairs as a
function of the average resolved shear stress at different temperatures.

4) for different stress levels are presented on Fig. 5, showing
a strong variation of the activation energy Q as 4 function of
Ty

t Finally, the dislocation velocities measured at 550 and
620 °C on the (1120) face submitted to tensile stress are
compared to those measured on the (llfl]) face. The 30°
Si(g) PDs dragging the DSFs in the P2 direction on the
(1120) face are characterized by L=[1210] and b
=a/3[1100]. They are submitted to the same forces but their
sign as the ones undergone by the DSFAs. The variations of
their velocities are within the experimental uncertainty as
compared to those measured in compression (Fig. 6).

IV. DISCUSSION

In the 400-700 °C temperature range, only partial dis-
locations with a silicon core are mobile. We only observed
the displacement of 30° Si(g) pairs over large distances be-
cause, as already mentioned in literature,"” the 90° Si(g)

i

-1

Dislocation velocity (cm.s )

10
Ad  10MPa Q=l.64eV

.]oe 20MPa Q=152V

10 B 50MPa Q=136eV
¥ 100MPa Q=125¢V

10° T T T , T i
00010 00011 00012 00013 00014 00015

1T (K

FIG. 5. Arrhenius plots of 30° Si(g) partial pair velocity vs temperature for
different average stresses. The activation energy is strongly stress depen-
dent. Full symbols correspond to velocities in the measured ranges and
empty symbols are to velocities extrapolated using the dotted lines in Fig. 4,
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FIG, 6. Comparison of dislocation velocities in tension (full symbols] or
compression (empty symbols) modes at 550 and 620 °C.

partial dislocations are so fast that they leave the sample
even before annealing is completed. Hence, we measured the
velocitics of these 30° Si(g) partial pairs. This does not mean
that C core dislocations are never observed. Indeed, C core
segments are produced when the PDs move over long dis-
tances, but they will never drive a dislocation loop. So our
observations yield the following hierarchy for dislocation ve-
locities: V§?°> Vg?: = Vgﬂq'm. in agreement with former ex-
perimental works but in contradiction with what is predicted
from the activation energies obtained by ab inifio
calculations. >

The partial dislocation velocities measured in this work
are very high, especially if compared with those obtained in
silicon (if such comparison were possible). A 30° Si(g) par-
tial pair in 4H-SiC and the perfect screw dislocation in Si
{Ref. 22) [made up of two 30° Si(g)] have similar velocities,
between 1077 and 1074 em s~', at 30 MPa in quite different
emperature domains (in unit of melting temperature 7).
wypically 0.27,,<T<0.3T, for SiC and 04T, <7T<0.6T,
for Si. Eventually the difference in cohesive energy between
$iC and Si [6.34 eV/atom (Ref. 23) and 4.63 eV/atom (Ref.
24), respectively | should allow us to speculate for the lowest
dislocation mobility in 4H-SiC. The question is; What helps
the dislocation glide at such low temperatures in 4H-81C?
Possible answers will be proposed later on.

The glide activation energy of a 30° Si(g) pair is very
ensitive to the stress (see Fig. 5). A decrease in the activa-
fion energy with the increasing resolved shear stress was
predicted by Hirth and Lothe.'” In the case of the kink col-
lision regime, the activation energy @ may be decomposed
18

Q=F'12+W,, {4)

where F~ is the double kink (DK) nucleation energy and W,
the kink migration energy. At low stress, F*=2F,, F, being
the nucleation energy of a single kink. At high stress, F* and
thus @ are reduced by a term accounting for the stress
influence,'”

J. Appl. Phys. 101, 113533 (2007)
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FIG. 7. Evolution of the activation encrgy for the 307 Silg) partial pair
velocity as a function of the square root of the effective stress. Literature
results for dislocations in silicon (Ref. 22 and 25) are also displayed.

R\
FEZFL'(—U;) (5)
27
and
[ wo B\ =
Q=F&+Ww(8,,r =Qy-Ave,, 6)

with g the shear modulus, o, the resolved shear stress, b the
Burgers vector modulus, and £ the distance between two
successive Peierls valleys.

On Fig. 7. the activation energy variations are drawn as
a function of the square root of the revolved shear stress. The
law expressed in Eq. (6) is reasonably well verified by the
activation energies obtained in the present work. The @
variations shown on Fig. 7 for silicon*™® exhibit a similar
behavior (60° dislocations). Other results on the stress de-
pendence of Q are available in the literature for elemental
semiconductors >>**” but we will not mention them here
since they concern a too Narrow stress range. On Fig. 7. it
could be noticed that the low stress activation energy (o
=F,+ W, isclose to 1.7 eV in 4H-SiC. Of course, as in these
experiments we were always in the case of the kink collision
regime, so it is impossible to evaluate separately the two
contributions (nucleation and migration). Nevertheless, the
activation energy for low stress is found somewhat below the
range expected from plasticity experiments, 1.8-2.5 eVisE
The well-known recombination-enhanced mobility mecha-
nism cannot be invoked here to explain this reduction in
activation energy since it would need ultraviolet light that
obviously we did not use. In fact, we measured the mobility
of individual partial dislocation pairs while in plasticity ex-
periments, and within the same temperature range, numerous
single partial dislocations are involved. One 307 Si(g) pair
drives a DSF, whose associated energy level is located in the
band gap 0.6-0.7 eV below the conduction band.'4% In
N-doped 4H-SiC. like the one we used in this work (N=2
% 10'% ¢m™), the Fermi level drops between E.—0.18 eV
and E,—~0.31eV as T increases (400700 °C). leading to
highly probable electron transfer toward the DSF level, eas-
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ing the DSF expansion (quantum well action'®) and hence
favoring the partial pair mobility. This may result in a few
tenths of eV reduction of the kink nucleation and/or migra-
tion energy, explaining the difference between the measured
activation energy and what can be derived from plasticity
experiments.

In fact, doping enhanced mobility has already been no-
ticed for silicon and attributed to DK nucleation andfor mi-
gration energy reduction due o charged kinks.* Tn the case
of 4H-8iC the presence of DSFs introducing deep energy
levels would reduce even more the activation energy, giving
fise to a much higher enhancement. This could explain the
higher velocities measured in SiC as compared to silicon for
equivalent reduced temperatures T/T,. Another difference
between 4H-SiC and silicon could be found in the DK
mechanisms occurring on a dissociated perfect dislocation
(Si) and on a pure partial dislocation (SiC). As a matter of
fact. in silicon, due to the presence of two partial dislocations
separated by a relatively high energy fault, kink pairs must
form in both partials in a correlated manner’ [at least for
stresses below 20 MPa (Ref. 10)] in order to promote a neat
motion of the ling, while in a pure partial dislocation this
requirement does not actually exist, This can result in an
intrinsically lower mobility for the pure partial dislocation
than for a dissociated perfect one. Obviously, both mecha-
nisms, quantum well action or difference in DK formation,
can cooperate to induce surprising low dislocation velocities
in 4H-SiC.

Of course, since many points in this discussion are re-
lated to the guantum well action which is supposed to play a
role in N-doped 4H-SiC, it would be of fundamental interest
to measure dislocation velocities in undoped or low doped
4H-SiC, but unfortunately it is quite impossible since this
type of material is only available as thin films.

We also have to understand why, for very similar
4H-SiC (same doping impurity N and similar doping level),
only partial dislocation pairs arc involved in our work,
whereas only single partial dislocations are involved in plas-
ticity experiments. Two possible reasons may be given for
this: (i} In our case the particular procedure for dislocation
nucleation from a scratch at the surface; it may favor (for
unknown reasons) the partial dislocation pairs and the DSF
that follows, whereas in plasticity experiments the nucleation
of dislocations takes place in the bulk, involving single
taulted loops (SSF). (i) The relative amount of the stacking
fault energy and the elastic energy due 10 the dislocation
interaction: if we compare DSF and SSF for an equivalent
shear amount, that is, one DSF and two SSFs having the
same surface, the advantage for the DSFis a gain in stacking
fault energy, ¥ +7; instead of 27, for both SSFs, where ¥
=(1.5-1.8)% 1072 T m > (Refs. 32 and 33) and ¥, being the
energy of the second SF when the first already exists, ¥»
—0.3 % 10-2 Tm2.* The disadvantage is the increase in elas-
tic energy corresponding to the interaction of the very close
partials bounding the DSE. The relative weight of these con-
tributions depends on the size of the defect (SSF or DSF).
For very low defect density and very large defects as in our
case. the surface contribution (stacking fault energy) domi-
nates and the DSPs are more stable, whereas in plasticity
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experiments the defect density is much higher and the de-
fects are smaller, and thus the line contribution (interaction
energy) dominates favoring SSFs.

Choosing one explanation over the other is not possible
yet but work is in progress towards the understanding of the
real reasons of the development of DSFs in our experiments.
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