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CHANGE OF DISLOCATION VELOCITY WITH FERMI LEVEL IN SILICON

J. R. Patel and P. E. Freeland
Bell Telephone Laboratories, Murray Hill, New Jersey

(H,eceived 6 April 1967)

The electronic environment of dislocations
in semiconductors markedly affects their ve-
locities and hence the plasticity of semicon-
ductor crystals. ' In this note we report direct
measurements of the velocity of dislocations
in heavily doped n- and p-type silicon, and
compare these measurements with velocities
in undoped silicon. Velocity measurements
were made in the following manner. A scratch
was made with a diamond point on a bar of
dislocation-f ree silicon. Dislocation-f ree crys-
tals were used since grown-in dislocations
can move readily under an applied stress and
interfere with motion from the scratch. The
bar was then etched for about 10-15 sec to
remove heavy damage at the scratch, and
stressed in three-point bending at elevated
temperatures for a given time. This one test
gives information on dislocation velocity over
a range of stresses. Normally the distance
that dislocations have moved from the scratch
is revealed by etching. ' In the case of heav-
ily doped silicon, etching methods are unre-
liable. To reveal dislocations we have instead
used Lang's x-ray topographic method. An
inherent advantage of the Lang method is that

the complete dislocation loop is revealed.
This allows unambiguous identification of the
dislocation type (i.e. , edge or screw) respon-
sible for the observed motion. For the ori-
entation of specimens used in this work, on-
ly screw dislocation velocities were measured.

In Fig. 1 we compare x-ray transmission
topographs of undoped and arsenic-doped (10"
cm ) silicon for identical times and stress-
es at 800'C. The orientation of the bending
crystals was such that the dislocations inter-
secting the surface are screw type, moving
on the (111)plane inclined at about 40' to the
long axis of the specimen and perpendicular
to the (121)bending axis. All the dislocations
originate from the scratch, and at low stress-
es individual loops are clearly resolved. The
scratch itself does not appear to influence
the motion once the loops have been generat-
ed and moved.

Comparing Figs. 1(a) and 1(b), it is evident
that at 800'C dislocations have for the same
applied stress moved about twice as far in
the arsenic-doped silicon as in undoped sili-
con, vAs jv; —1.8 where n; is the velocity in
the undoped crystal. Unfortunately, at these
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FIG. 1. X-ray topographs showing dislocation motion from a nucleating center and its variation with stress.
(a) Vndoped silicon. (h) Arsenic-doped (10 em ). Both specimens stress em~=3. 5 kg/mm at T =800'C for 100
sec.



VOLUME 1S, NUMBER 20 PHYSI C A i. R K V I K %' I.K T T K R S 1$ Mwv 1967

high temperatures, it was not possible to dope
to a, high enough concentration with the accep-
tor gallium to observe an effect on velocity
for p silicon. However, at a lower test tem-
perature, crystals with enough gallium can
be prepared, so that a decrease in dislocation
velocity is observed in comparison with the
undoped crystal. In Fig. 2 we show stress-
velocity measurements at T= 600'C for screw
dislocations. At this temperature the effect
for arsenic doping (10'' cm s) has become much
greater than at 800 C, vAs/v~-6.

For gallium-doped silicon the concentration
of impurities that can be incorporated in the
crystal is much lower (&10'8 cm ~) and vGa/
v; -0.65. At both test temperatures, 800 and
600 C, the concentration of impurities has to
be comparable with or higher than the intrin-
sic carrier concentration before any effect
on velocity can be observed. The intrinsic
carrier concentration ~; is 5&&10' cm at 600'C
and 2.5~10~ cm at 800'C. For undoped sil-
icon the velocity-stress relation at 600'C fol-
lows the form v = vo(v/w, )", where n = 1.2 and

~0 is a stress required to move a dislocation
at v, = 1 cm/sec. Doping does not significant-
ly change the exponent n in the above relation.

A theory to account for the effect of doping
on dislocation velocity has been proposed by
Frisch and Patel. ' The predictions of the the-
ory are in good agreement with previous ex-
perimental results in germanium. The theory
is based on the well-known acceptorlike behav-
ior of dislocations in germanium. It is pos-
tulated4 that the motion (or formation) of kinks
predominates at charged dislocation-acceptor
sites. Thus any mechanism (chemical doping)
that raises the Fermi level by increasing the
electron concentration increases the concen-
tration of charged sites, thereby raising ei-
ther the motion (or formation) of kinks, and

hence the dislocation velocity. Conversely,
doping with acceptors lowers the Fermi level
and the motion (or formation) of kinks, and
thus lowers dislocation velocity.

There are at the present time no measure-
ments on the electrical nature of dislocations
in silicon. However, based on the above pos-
tulate of the theory and in analogy with ger-
manium, we can make the following certain
qualitative predictions about the nature of dis-
locations in silicon:

(1) Dislocations in silicon are acceptors.
If dislocations were donors, we would expect
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an increase in velocity with acceptor doping
whereas experimentally the converse is true.

(2) The acceptor level, as in germanium,
lies above the center of the gap. If the accep-
tor level were close to the valence band, the
levels would certainly be completely occupied,
and raising the Fermi level with n-type im-
purities should have little or no effect on dis-
location velocity, whereas our results show
that the effects are large. It is possible from
the above theory to obtain an estimate of the
number of charged sites on a dislocation in
the undoped crystal, when the Fermi level
(at these high test temperatures) is at the cen-
ter of the gap. To obtain the necessary param-
eters for the theory, experiments on the con-
centration dependence of velocity at constant
stress for various temperatures are underway.

Our continued indebtedness to K. E. Benson
for supplying us with reliable dislocation-free
crystals of special orientation and impurity
concentrations is gratefully acknowledged.

FIG. 2. Screw-dislocation velocity as a function of
resolved shear stress. Arsenic doping (10~9 cm 3)

raises and gallium doping {6&& 10 ~ cm 3) lowers dislo-
cation velocity compared with intrinsic. T =600 C.
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ANISOTROPY IN TUNNELING DENSITY OF STATES IN PURE TYPE-II SUPERCONDUCTORS*

Kazumi Maki t
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(Received 26 January 1967)

Recently the density of states in a pure type-II superconductor in the high-field region has been dis-
cussed by the Orsay group' and by Juranek, Neumann, and Tewordt. ' In particular, the former point-
ed out that the excitation spectrum of quasiparticles is strongly anisotropic. The purpose of the pres-
ent note is to give explicit expressions for the anisotropic density of states, which is experimental-
ly accessible. The angle-dependent density of states is given by

"p'dp 1 p'dp "d'q
~ (2w) (u-$, (2v)3 (2m)'

where

1 1 1 3 " 3. . . iq(r —r')+icy(F, r') +. ..& (r')~-$ ~+$+v ~ q ~

$ = (p2/2m) —p, and cp(r, r') =eH(x+x')(y-y'); (2)

v is the energy of the quasiparticle and is the angular direction of quasiparticle propagation. We
take here the field H to be along the & axis. Furthermore, we expand the density of states in powers
of the order parameter &(r), since we are interested in a field region close to Hc2. In this region
the order parameter is given in terms of Abrikosov's solution,

&(r)= ) C e exp -eH xikny In
pg 2eHn=-~

where &„andk are constants.
We can carry out the above integral as given by Cyrot and Maki, ' and find

where

&(0) j & «(r) &'&

((d Il) = )I +
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4m 2
)
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1 o.

&=&(2eHc2)' ', and v is the Fermi velocity;
&(0) is the density of states in the normal met-
al. Here 8, p are the polar coordinates for the
momentum of a quasiparticle, where the polar
axis is taken parallel to the field. It is inter-
esting to note that X(~, &) develops no singu-
larity for low frequency (except in the case

! 8=0) contrary to the case of the total density
of states, ' '

N(Q!) = JN(Q) il)did

This follows from the fact that p(o. , &) is reg-
ular at n =0.
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