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Hopping conduction in doped silicon: The apparent absence of quantum interference
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A negative magnetoconductance is found for insulating, uncompensated n-type Si:P and Si:As, uncom-
pensated p-type Si:B, and compensated Si:P,B at temperatures between 1.6 and 4.2 K. The positive com-
ponent expected for quantum interference in the hopping regime is absent or undetectably small in all
these Si-based semiconductors even in magnetic fields as small as 200 G.

The conductivity of materials in the hopping regime is
influenced by magnetic fields in several interesting ways.!
A magnetic field reduces the conductivity by changing
the asymptotic form of the wave functions at moderate
fields and by reducing wave-function overlap at high
fields. Quantum-mechanical interference gives rise to a
magnetoconductance of the opposite sign. Thus, when
suitably summed over a sample of macroscopic dimen-
sions, interference between different paths connecting ini-
tial and final states of individual hopping events is expect-
ed to give a positive contribution.>”* A positive magne-
toconductance of this type has been observed and studied
in some detail in various materials, including InO,> n-
type GaAs,® 8-doped GaAs,” n-type Ge,® and n-type
CdSe.>!% There has been an interesting debate!' !5 on
whether spin-orbit scattering causes the contribution due
to interference to reverse sign, that is, to be negative rath-
er than positive. In addition, recent evidence'®!? sug-
gests that the conductivity is partly determined by corre-
lations between electrons due to exchange in ways that
have yet to be studied in detail, both theoretically and ex-
perimentally.

The relative importance of these factors is not well un-
derstood, and appears to vary for different materials in
different ranges of temperature and magnetic field. The
aim of our study was to explore the role of spin-orbit
effects, which are known to be important in p-type ma-
terials such as Si:B, and the possible role of compensa-
tion, which generally increases the density of states near
the Fermi energy. Our results indicate that, regardless of
the sign of the dopant impurity, and of the presence or
absence of compensation, all the Si-based semiconductors
we measured have negative magnetoconductances of
comparable size between 1.6 and 4.2 K.

The materials used in our investigations, all grown by
the Czochralski method, include uncompensated n-type
Si:P obtained from Crysteco, uncompensated n-type
Si:As provided by Thomas, uncompensated p-type Si:B
from Puresil, and compensated n-type Si:P,B grown by
Mulab and provided by Holcomb and Thomanschefsky.
The dopant concentrations of the uncompensated materi-
als were determined by measuring the resistance ratios
R,,/R;y. Based on a systematic study by Thoman-
schefsky and Holcomb'® of the Hall coefficients and neu-
tron activation analysis of a series of Si:P,B samples, we
used room-temperature resistivity and Hall-coefficient
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measurements to estimate that the net donor concentra-
tion of the compensated sample used in this experiment is
very approximately 3.1X10'® ¢cm™3, the compensation
K =0.65 and n/n,~0.55. Samples were cut into thin
bars and etched in a CP-4 solution to remove any dam-
aged surface layers. Contacts were made to the Si:B sam-
ples by depositing four thin strip-shaped Al films on each
sample and then attaching Au wires by an arc discharge
technique. For the Si:P, Si:As, and Si:P,B samples, Au
wires were attached directly to the samples with the same
arc technique. Standard ac low-frequency (15 Hz) four-
terminal methods were used for the resistivity measure-
ments. The excitation currents were varied to insure
Ohmic behavior. Measurements were made at tempera-
tures between 1.6 and 4.2 K in a *He dewar in magnetic
fieldsupto 2 T.

The logarithm of the ratio of the conductivity in a
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FIG. 1. The logarithm of the ratio of the conductivities,
In[o(H)/0(0)], vs H? at several different temperatures for nom-
inally uncompensated n-type Si:P. The inset shows data at
small magnetic fields.
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magnetic field H to that in zero field, In[o(H)/0(0)], is
shown as a function of H? at several different tempera-
tures for nominally uncompensated n-type Si:P in Fig. 1,
for nominally uncompensated p-type Si:B in Fig. 2, and
for compensated n-type Si:P,B in Fig. 3. Although about
50% larger, the magnetoconductance is essentially the
same for uncompensated n-type Si:As as for Si:P. The
magnetoconductance is surprisingly similar for all these
silicon-based doped semiconductors. It.is negative for all
the systems under investigation at temperatures between
1.6 and 4.2 K down to the lowest magnetic fields mea-
sured (200 G for Si:B and about 50 G for Si:P). Neither
the sign of the dopant nor the presence of compensation
appear to play significant roles. Negative magnetocon-
ductances have been observed earlier by Ionov et al.'® in
Si:P at moderate fields, and in Si:As by Shafarman
et al.?® at substantially higher magnetic fields.

A positive magnetoconductance is expected by
Nguyen, Spivak, and Shklovskii® for quantum interfer-
ence in the hopping regime at all dopant concentrations.
Sivan and co-workers® predict a positive magnetoconduc-
tance for material deep in the insulating range, and nega-
tive near the metal-insulator transition. It has also been
suggested™!! that the backscattering, which leads to lo-
calization as the metal-insulator transition is approached
from the metallic side, also contributes a positive magne-
toconductance in barely insulating samples. Thus, al-
though the sign near the transition has been a matter of
debate, all theoretical>”* work to date predicts that the
magnetoconductance associated with quantum-
mechanical interference should be positive in the deeply
insulating phase. As illustrated in the inset to Fig. 2 for
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FIG. 2. The logarithm of the ratio of the conductivities,
In[o(H)/0(0)], vs H? at several different temperatures for nom-
inally uncompensated p-type Si:B. The inset shows data for
different boron dopant concentrations, as labeled.
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FIG. 3. The logarithm of the ratio of the conductivities,
In[o(H)/0(0)], vs H? at several different temperatures for com-
pensated n-type Si:P,B. The inset shows data at small magnetic
fields.

Si:B, the magnetoconductance of our samples becomes
instead increasingly negative as the dopant concentration
is reduced, and shows no sign of saturating or turning
back. Thus, the positive magnetoconductance predicted
for quantum interference and observed in many other
systems is apparently negligible or absent in silicon-based
doped semiconductors, irrespective of the sign of the
dopant, or the degree of compensation. This should be
contrasted with n-type Ge, where a positive component
of the order of 2% or 3% is clearly evident at comparable
temperatures in magnetic fields of 0.3 T and higher.®

Figures 1-3 show that the conductivity is consistent
with the exponential form, In[o(H)/c(0)] < H?, within
the range of magnetic fields and temperatures of our mea-
surements. We note that the conductivity changes little
with field (at most 2% or 3% in a field of 1 T). Thus,
since In[o(H)/o(0)]=In[1+Ac /o ]=Ac /o, the ex-
pression Ao /o < H? provides an equally good fit. The
exponential form is consistent with a negative magneto-
conductance due to field-induced modifications of the
wave functions, an effect which is expected to be impor-
tant only at substantially higher magnetic fields. Howev-
er, it is possible that this contribution becomes measur-
able at small fields in the absence of a competing positive
term.

Field-induced modifications of the dopant wave func-
tions are expected to give a conductivity

In[o(H)/0(0)]=—HH*< HXT*/T) , (1)

with y =2 for Mott variable-range hopping, and y =3 for
variable-range hopping in the presence of a Coulomb gap

due to electron-electron interactions.! The slopes ob-
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tained from the best fits to the data of Figs. 1-4 are plot-
ted as a function of temperature on a double-logarithmic
scale in Fig. 4. Despite the fact that in this range of tem-
perature the zero-field conductivity was found to exhibit
Mott hopping in Si:P and some intermediate form in
Si:As and Si:B, the slopes of Fig. 4 yield y =2 for all the
uncompensated materials. The slope for compensated
Si:P,B yields y =2, which fits neither form. Our results
are thus inconsistent with this theory in detail, and the
negative magnetoconductance we observe may in fact be
due to a different mechanism.

The presence of a positive magnetoconductance in
many materials and its absence in others is currently not
understood. A positive term has been measured at small
fields in doped germanium while it appears to be absent
in doped silicon. We suggest that the apparent absence at
temperatures between 1.6 and 4.2 K of a positive com-
ponent in the magnetoconductance of silicon may be due
to spin-flip scattering. The magnetic susceptibility of in-
sulating doped semiconductors is a strong function of
temperature, and static and ESR measurements have es-
tablished that there are on the order of 10'%-cm™* mag:
netic moments in Si:P,”! Si:B,?? and Si:P,B (Ref. 23) at
dopant densities comparable to those in our samples.
Similar behavior?* is found for Ge:Sb, which has an order
of magnitude fewer spins for equivalent values of n/n,
(n,~10"7 cm™3). There is recent evidence that the
~10'%-cm 3 spins in Si:B have a measurable effect on its
magnetoconductance below about 300 mK, where they
appear to be responsible for the presence of a “hard” gap
in the density of states.!® Quantum interference requires
that phase memory be retained during the intermediate
virtual scattering events between the initial and final
states of a hop. Spin-flip scattering may suppress the
phase memory required for the quantum interference
process. We suggest that strong spin-flip scattering may
thus be responsible for the absence of a positive magneto-
conductance in silicon-based doped semiconductors in
the temperature range between 1.6 and 4.2 K.

To summarize, we have measured the magnetoconduc-
tance to 2 T between 1.6 and 4.2 K of uncompensated n-
type Si:P and n-type Si:As, uncompensated p-type Si:B,
and compensated n-type Si:P,B. For both signs of the
dopant, and in compensated as well as uncompensated
samples, the magnetoconductance is small and negative
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FIG. 4. {—In[o(H)/0(0)]}/H*=H «<(T*/TY vs T (in K)
plotted on a log-log scale [see Eq. (1)]. # (in T™?) is obtained
from the slopes of the curves of Figs. 1-3, and equivalent data
for Si:As.

and consistent with that expected due to changes of the
electron wave functions in a magnetic field. Quantum in-
terference, which is generally expected to give a positive
contribution, appears to be absent or negligibly small at
these fields and temperatures. The reason for the ap-
parent absence of this term is not understood, and re-
quires further study. We suggest that it may be due to
strong spin-flip scattering in doped silicon.
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