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We report on the electrical conductivitys of a series of nominally uncompensated neutron-
transmutation-doped isotopically enriched70Ge:Ga samples with the Ga concentration [Ga] near
Nc for the metal-insulator transition.s of all insulating samples obeys lns ~ 2sT0yTd1y2 with
T0 ~ sNc-fGagdyNc while the zero temperature conductivityss0d of the metallic samples isss0d ~

hsfGag-NcdyNcjn with the critical exponentn ø 0.5. The values ofNc obtained from the two
independent scalings ofT0 and ss0d are identical, i.e.,n ø 0.5 is established unambiguously for
uncompensated Ge:Ga. [S0031-9007(96)01533-5]

PACS numbers: 71.30.+h, 72.80.Cw
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In experimental studies of the metal-insulator (MI) tra
sition one measures the critical behavior of physical qua
ties such as conductivity, dielectric constant, heat capac
etc. The doping induced MI transition in semiconducto
is considered to be a model case for the general theor
the critical behaviors of solids. In particular the condu
tivity extrapolated to zero temperaturefss0dg is evaluated
routinely as a function of doping concentration (N) imme-
diately above the MI transition critical concentrationsNcd;

ss0d  s0fsN 2 NcdyNcgn (1)

wheres0 is the prefactor andn is the critical exponent.
The value ofn, determined experimentally, is compare
with theoretical predictions. Up to nown ø 0.5 has been
obtained with nominally uncompensated semiconduct
(Si:P [1], Si:As [2,3], Ge:As [4], Si:B [5]) whilen ø 1 has
been found with compensated semiconductors (Ge:Sb
Si:P,B [7], Ge:Ga,As [8]) and amorphous alloys [9–12
Exceptions are uncompensated Ge:Sb withn ø 1 [13] and
GaxAr12x amorphous alloys withn ø 0.5 [14]. As we
explain below, the value ofn ø 0.5 obtained with sim-
ple systems like uncompensated semiconductors turns
to be inconsistent with theoretical predictions [15]. In h
original theory Mott considered only the electron-electr
se2-e2d interaction (Mott transition) and predicted a di
continuous transition ofss0d atNc [16]. Although there is
much evidence for the importance ofe2-e2 interactions,
no experimental observation of such an abrupt transit
has been reported. Anderson’s idea of MI transitions
based solely on the disordered potential arising from r
domly distributed dopants (Anderson transition) [17]. Th
lead to the development of the well-known “scaling th
ory” which predictedn ø 1 for three dimensional system
[18]. More recently, higher order calculations of the sc
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ing theory (exclusively with disorder and no interaction
predictn ø 1.3 [19], and, more importantly, this value
shown to be independent of time reversal invariance [
and of the strength of spin-orbit interactions [21]. It
therefore clear that the effect of disorder alone cannot
plain the experimental results ofn ø 0.5 or 1. Chayes
et al. combined the theories of Mott and Anderson a
successfully set the lowest limitn . 2y3 [22]. This re-
sult permitsn ø 1 obtained with compensated semico
ductors and amorphous alloys. However, there still is
theory which can convincingly explainn ø 0.5 found for
uncompensated semiconductors.

Very recently a different interpretation of results o
tained with uncompensated Si:P leading ton ø 1.3 has
been proposed by Löhneysen and co-workers [23]. T
fitted data forss0d , 5 sV cmd21 samples with Eq. (1)
by redefiningNc which was 6% smaller than the co
ventionally accepted value. Their results, which ag
perfectly with the model of the disorder induced tran
tion, led to many discussions especially among exp
mentalists. Rosenbaum, Thomas, and Paalanen ar
that then ø 1.3 region below the conventionalNc should
be ignored since it was most likely an artifact due to
homogeneous dopant distribution [24]. Castner, on
other hand, suggested that thess0d , 5 sV cmd21 sam-
ples in Ref. [23] are insulators since their resistivityr

obeys Mott’s variable range hopping theory characteri
by lnr ~ T21y4 [25].

The questions raised can be answered only if a
ries of homogeneously doped samples can be prep
which allows an unambiguous determination ofNc i.e., an
appropriate scaling of the conductivity toNc becomes
possible from both the insulatingsN , Ncd and the metal-
lic sNc , Nd sides of the transition. In this Letter w
© 1996 The American Physical Society
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describe such an experiment using nominally uncomp
satedp-type Ge:Ga semiconductors.

The present study is the result of an extensive eff
to produce homogeneously doped samples nearNc. Even
with today’s advanced semiconductor technology, me
doping of bulk semiconductors always leads to inhom
geneous dopant distributions due to impurity segregat
and striation during crystal growth. We have overcom
such problems by applying the neutron transmutation d
ing (NTD) technique to a chemically pure, isotopical
enriched70Ge crystal. A similar approach using a limite
number of NTD 74Ge:As samples has been employed
Ionov et al. [4]. The 70Ge crystal of isotopic composition
f70Geg  96.2 at. % andf72Geg  3.8 at. % was grown
using the Czochralski method developed for ultra-pu
Ge [26]. The as-grown crystal was free of dislocation
p-type with an electrically active net-impurity concentr
tion less than5 3 1011 cm23. A number of wafers were
cut from the ingot and irradiated with thermal neutrons
the University of Missouri Research Reactor. Upon ca
turing a thermal neutron70Ge becomes71Ge which decays
via electron capture to a71Ga acceptor with a half-life of
T1y2  11.2 days. A very small fraction of72Ge becomes
73Ge which is stable, i.e., no other acceptors or donors
introduced. We use NTD since it is known to produce t
most homogeneous, perfectly random dopant distribut
down to the atomic level [27]. We have shown prev
ously that the concentration [71Ga] in our 70Ge samples
after NTD is given precisely by

f71Gag scm23d  0.1155 3 nscm22d , (2)

wheren is the thermal neutron fluence [28]. An accura
control of the neutron fluencen permits us to achieve
the desired concentrations [71Ga]. The number ratio of
thermal to fast neutrons during NTD was,30 : 1. It
has been shown that the compensation ratio in our N
70Ge:Ga becomes less than 0.001 after annealing at 65±C
for 10 sec [28]. The short annealing time is select
in order to avoid redistribution of the homogeneous
distributed 71Ga. The dimension of most samples f
the conductivity measurements was6 3 2 3 0.2 mm3.
Four strips of boron ion implanted regions on a6 3

2 mm2 face of each sample were coated with 200
Pd and 4000 Å Au pads. Annealing at 300±C for one
hour activated the implanted boron and removed
stress in the metal films.25 mm Au wires were bonded
ultrasonically to the Au pads for four-point electrica
measurements as well as for heat sinking. The two po
measurements with the implanted contacts were emplo
for some of the high resistivity insulating samples. A
low frequencys,30 Hzd conductivity measurements wer
performed in a dilution refrigerator using a standard loc
in amplifier and/or an ac bridge (RV-Elektroniikka, AVS
46). Sample heating was avoided by using an electr
power of less than10214 W.
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Figure 1 shows the temperature (T) dependence of the
resistivities s rd of 14 insulating samples in the rang
N  0.16 0.99Nc. All curves become linear only when
ln r is plotted againstT 21y2 in good agreement with
Efros and Shklovskii’s theory of variable range hoppin
conduction for strongly interacting electrons [29]:

r  r0 expsT0yT d1y2, (3)

wherer0 is a prefactor andT0 is given by

T0 ø 2.8e2yksNdjsNd . (4)

Here ksNd and jsNd are the dielectric constant and lo
calization length depending onN, respectively. More-
over, ksNd ~ fNcysNc 2 Ndgs and jsNd ~ fNcysNc 2

Ndgz asN approachesNc from the insulating side so tha
T0 becomes [29]

T0  AfsNc 2 NdyNcga , (5)

where a  s 1 z is to be determined experimentally
The left half of Fig. 2 shows the experimentally dete
mined T0 vs [Ga] (filled diamonds) together with the re
sult of a three-parameter-fitting usingA, Nc, and a as
variables in Eq. (5) (solid curve). We deduced [Ga] f
each sample using Eq. (2) since we know the precise n
tron fluence used in each irradiation run. The best
of T0 with Eq. (5) was obtained with the valuesa 
1.03 6 0.038 andNc  1.855 6 0.012 3 1017 cm23. A
much larger value ofa ø 2 has been reported for Ge:A
using only three samples with the highestN being far from
the transitions0.56Ncd [30]. T 0

0 of the Mott’s variable
range hopping theoryfln r ~ sT 0

0yTd1y4g has also been
scaled toNc for Si:P and Si:As leading to a severe di
agreement,a ø 1.45 for Si:P [31] anda ø 2.9 for Si:As

FIG. 1. The logarithm of the resistivity plotted as a functio
of T21y2 for 14 insulating NTD 70Ge:Ga samples. Gallium
concentrations from top to bottom in units of1016 cm23 are
3.02, 8.00, 9.36, 14.50, 17.17, 17.52, 17.61, 17.68, 17.70, 17
17.96, 18.05, 18.23, and 18.40.
4059
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FIG. 2. The left side shows the experimentally determinedT0
of 14 insulating samples as a function of Ga concentra
srd. The solid curve is the best fit obtained with Eq. (5) w
a ø 1. The right side shows the zero temperature conducti
ss0d obtained from the extrapolations in Fig. 3 for ten meta
samples as a function of Ga concentrations≤d. The solid curve
is the best fit obtained with Eq. (1) withn ø 0.5.

[32], even though these two systems are considere
be very similar. Inhomogeneous dopant distributions m
have affected the results of these Si studies. In the pre
study,a  1 has been obtained with 14 homogeneou
doped samples offGag  0.16-0.99Nc, all demonstrating
the lnr ~ T21y2 dependence, i.e., this data set should
considered to be the first reliable determination of the h
ping conductivity exponenta for a particular semicon
ductor system.s for ksNd is another important exponen
to be determined in the future for our NTD Ge. He
et al. have founds  1.15 and determinedNc accurately
for Si:P [33].

Figure 3 shows the conductivitys in ten metallic sam-
ples plotted againstT 1y2. Our extrapolation of each curv
to T  0, i.e., the determination of the zero temperat
conductivityss0d, yields a very small error since the d
pendence ofs on T for all samples is very weak.s plot-
ted against other functions of temperatures such asT1yx

with x  1 3 does not change significantly the values
ss0d. The right half of Fig. 2 showsss0d as a function
of [Ga] (filled circles) together with a fit obtained by th
scaling expression Eq. (1) (solid curve). The values
the parameters determined from this fit aren  0.502 6

0.025 and Nc  1.856 6 0.003 3 1017 cm23. Here we
presentn ø 0.5 for uncompensated Ge:Ga semicond
tors with high confidence, since the two values ofNc ob-
tained from the scaling ofT0 [Eq. (5)] andss0d [Eq. (1)]
agree perfectly. The Karlsruhe group suggested that
the samples withdsyd

p
T . 0 in Fig. 3 should be in-

cluded in the fitting with Eq. (1) [23]. We have on
two samples exhibiting such a behavior. However, w
Nc fixed hard at1.855 3 1017 cm23 by the fitting with
Eq. (5), n ø 0.5 is obtained even with thess0d of our
two dsyd

p
T . 0 samples. Therefore the present wo

lends strong support ton ø 0.5 obtained previously with
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FIG. 3. Conductivity plotted as a function ofT1y2 for 10
metallic NTD 70Ge:Ga samples. Solid lines indicate extrapo
tion to T  0 K. Gallium concentrations from top to bottom i
units of 1016 cm23 are 18.61, 19.33, 20.04, 20.76, 21.47, 22.
22.90, 23.62, 24.50, and 26.25.

many nominally uncompensated semiconductors [1–
We agree with Rosenbaum, Thomas, and Paalanen
the n ø 1.3 region observed by the Karlsruhe group
most likely an artifact due to an inhomogeneous dop
distribution [24], because we did not observe such a
gion with our homogeneously doped samples.

So far we have considered only the scaling of
zero temperature conductivityss0d as a function ofN.
In the future it will be of great interest to evalua
the dynamical scaling behavior of the conductivity
a function of bothT and N [Eq. (5.44b) of Ref. [15]
by Belitz and Kirkpatrick]. We are in the process
fabricating new NTD Ge samples closer toNc for such an
analysis. Also it is important to note that the combinat
of Wegner’s scaling lawn  z , the relation s  2z ,
and the experimentally determinedn ø 0.5 predictsa 
s 1 z , 1.5 for our Ge:Ga. This value differs slightl
from the experimentally determineda ø 1. Further
investigations are underway to clarify this point.

In conclusion we have determined the critical exp
nent for uncompensated Ge:Ga to ben ø 0.5. The ho-
mogeneous dopant distribution, we believe, has been
key for our successful experiment demonstrating the s
ing behavior of the conductivity on both sides of t
transition.
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