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Low-temperature electron transport in Si with an MBE-grown Sb d layer
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Studies of the electrical properties of Si single crystals withd ~Sb! layers of various sheet densitiesND , of
Sb atoms (531012– 331014 cm22) have furnished detailed information about the low-temperature features of
the electron transport in this system. The metal-type conductivity ofd layers atND>331013 cm22 exhibits
manifestations of the weak localization of electrons and electron-electron interaction in a two-dimensional
system. The temperature dependence of electron phase relaxation time, the spin-orbit interaction time, and
parameterlD of the electron-electron interaction are determined. It is found that a decrease in the electron
density in thed layer is accompanied by decrease in the parameterlD. The effect of electron heating by an
electric field is used to find the temperature dependence of the electron-phonon relaxation time. At low
temperature the hopping-type conductivity ofd layers atND<131013 cm22 is realized; at sufficiently low
temperatures~,10 K! the two-dimensional Mott law of variable-range hopping is seen. The nonlinearity of the
current-voltage characteristics observed is well described by the theory of non-Ohmic hopping conductivity in
moderately strong electric fields.
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I. INTRODUCTION

The d layer is a conducting layer of atomic thicknes
which is formed in a pure semiconducting crystal matrix d
to impurity atoms located within one crystallographic plan
The conduction electrons in a semiconductor with ad layer
are in a symmetric V-shaped potential well, formed
screening of the potential of impurity atoms by electron1

The electrons in the potential well form a two-dimension
electron gas in the plane of thed layer, and behave as fre
particles. The states are, however, quantized in the direc
perpendicular to the plane of the layer. The number of s
quantized subbands and their filling are determined by
sheet density of impurity atoms. Usually only a few su
bands are filled, and the mobilities of charge carriers
strongly dependent on the number of the subband. The fil
of the subband and the mobilities of charge carriers were
object of initial studies ofd layers@mainly of d~Si! layers in
GaAs#.2–8

The transport mobility of the electrons is lower ind layers
than in modulation-doped heterojunctions because impu
scattering is determined by the same impurity atoms wh
formed thed layer. However,d layers are distinguished b
an important and valuable feature: they allow an arbitr
density of two-dimensional electrons at very low sheet d
sity values ('109– 1010cm22!, for which the conductivity in
the d layer is of ‘‘hopping’’ type, to very high values
('1014cm22), for which metallic conductivity is realized
This feature ofd layers provides a unique opportunity
0163-1829/2001/63~7!/075402~11!/$15.00 63 0754
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study the effect of the concentration of two-dimension
electrons on the relaxation and interaction of electrons i
two-dimensional electron gas, and on the character of
transition from the metallic to hopping conductivity. Fo
d ~Sb! layers in silicon this transition occurs in the rang
from 0.01 ML of Sb atoms to 0.05 ML in thed layer, which
corresponds to electron densities from 6.731012 to 3.35
31013cm22.9

II. SAMPLE DETAILS AND MEASURING TECHNIQUES

The Sbd layers were prepared by low-temperature silic
molecular-beam epitaxy on Si~100! substrates. Growth a
250 °C, and below, avoids Sb profile smearing by surfa
segregation.10 The configuration of the impurity region mee
the requirements of galvanomagnetic measurement~a narrow
strip with current and potential leads forming contact are
on the crystal surface!. The results of measurements on t
five samples investigated—the preassigned concentrationND
of impurity Sb atoms, the resistanceR , and the Hall con-
centrationn of mobile charge carriers at 4.2 K—are given
Table I. According to precision x-ray diffractometry, th
‘‘structural’’ thickness of the d~Sb! layers at ND52
31014cm22 is below 20 Å.11 A similar result was obtained
from secondary-ion-mass spectrometry and transmis
electron microscopy.12

The galvanomagnetic properties~resistance, magnetore
sistance, Hall effect! were measured in the temperature ran
1.6–300 K in a constant current typically 1028 A for high-
©2001 The American Physical Society02-1
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TABLE I.

Parameter

Samples

A B C D E

ND , cm22 331014 131014 331013 131013 531012

ND
21/2. Å 5.7 10 18 32 45

Rh
4,2, V ~at 4.2 K! 1.173103 1.533103 4.813103 109 ~at 8 K! 231011 ~at 8 K!

n, cm22 ~at 4.2 K! 9.531013 7.831013 3.131013 - -
«1 , meV 42 41 37 44 44

lT
D 0.93 0.90 0.60 - -

F 0.093 0.133 0.53 - -
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Ohmic samples, and 1026– 1025 A for low-Ohmic samples.
At 4.2 K and below, the sample was immersed in liqu
helium; the accuracy of temperature stabilization in this
gion was 0.01 K. At higher temperatures, the sample w
immersed in the helium vapor, and the temperature w
maintained constant to within 0.02 K. The magnetic fie
was generated within a superconducting magnet~up to 5.0 T!
or a resistive electromagnet~up to 2.0 T!.

III. GENERAL PICTURE OF CHANGES IN KINETIC
CHARACTERISTICS

A. Preliminary comments

At low temperatures~;4 K!, the conductivity of samples
with thed layer is dictated by the conductivity of thed layer,
i.e., by the electrons occupying the quantum states~sub-
bands! in the potential well rather than by electrons els
where in the surrounding Si. The theory ofd layers was
developed in Refs. 13 and 14. Numerical calculations w
performed in Refs. 2, 6, and 15–18 for GaAs-based str
tures and in Ref. 19 for thed ~B! layer in Si. It is known that
the isoenergetic surfaces in the conduction band of Si
anisotropic. The electrons of the conduction band form
rotation ellipsoids along the axes^100&. The effective masse
corresponding to the directions along the long ellipsoid a
and across aremL50.916m0 ~longitudinal mass! and mt
50.19m0 ~transverse mass!, m0 is the free-electron mass. I
the quantum well in the~100! plane of Si, subbands ar
formed, which have longitudinal mass and degeneracy m
tiplicity gv52 and a transverse mass and degeneracy m
plicity gv54. As a result, the number of subbands in the w
is different for each group. According to our estimates, in
sequence of the samples studied—A, B, C, D, and E—
number of subbands decreases from 5–9 to 2–4~for the
longitudinal and transverse masses, respectively!. We did not
perform a numerical calculation of the subband energ
similar to that made in Refs. 20 and 21 for inversion laye
because we do not know exactly the potential well shape
thed layer. In addition, such a calculation is not topical ford
layers. The nature ofd layers is such that the impurity atom
responsible for the formation of a quantum potential well
themselves factors provoking strong impurity scattering. T
estimated disorder parameterskFl for samples A, B, and C
are quite low~5–20!. The strong intervalley scattering lead
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to smearing of the subbands. As shown below, the ela
relaxation time in the samples studied is 3310215s and
shorter, which corresponds to the smearing of the level ab
200 meV. This is comparable with the expected energy
ference for the subbands.

The electron gas in the quantum well formed by thed
layer should be regarded as two dimensional. While desc
ing the conductivity of this electron gas, it is necessary to
the ‘‘drift’’ effective massm, which is an average value o
longitudinal and transverse masses: for three-dimensio
~3D! electron gas,m53m1mt/2m11mt , and for 2D electron
gas,m52m1mt /m11mt . We used a value that was calcu
lated for 2D electron gas for orientation~100! Si, m
50.315m0 .20

The filling of subbands and the carrier mobilities in the
change considerably with the number of the subband.
density of states is nearly the same in two-dimensional s
bands, and is equal ton5m/p\2, but the carrier concentra
tion in the subbands is dependent on the energy:ni
5m« i /p\2 ~Sni5n, wheren is the total carrier concentra
tion!. Thus the partial carrier concentration in the subban
decreases when the number of the subband increases.

The partial carrier mobility in the subbands changes un
the influence of at least two competitive factors. On the o
hand, the increasing number of the subband, and the decr
in u« i u, should enhance the efficiency of the impurity–caus
scattering due to a decrease in the momentum and the F
velocity of the electrons, i.e., their mobility should decrea
On the other hand, an increasing number of the subb
broadens the region of electron localization, which enhan
the carrier mobility. The latter factor turns out to predom
nate; calculation14,16–18shows that the partial mobility of car
riers increases with the number of the subband. Similar
sults follow from experimental findings.4,5,7,22,23

The total conductivity is a sum of the conductivities of th
occupied subbands. These conductivities are nearly sim
because when the number of the subband increases, the
centration of the carriers decreases though their mob
grows. This is supported by the fact that in the region of
metal-type conductivity~beyond the metal-insulator trans
tion! the conductivity changes practically linearly with th
carrier concentration, i.e., with the number~sum! of
subbands.14 The total conductivity of thed layer can be de-
scribed with a certain mobilitym and diffusion coefficientD,
which are used below.
2-2
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FIG. 1. R(T) dependencies for samples A~1!, B ~2!, C ~3!, D ~4!, and E~5!. The general picture of resistance variations is shown in
low-temperature region in the lnR 2T21 coordinates~a!, at intermediate temperatures~b!, and in the resistance variation of sample D
the low-temperature region in the lnR 2T21/3 coordinates~c!.
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While describing conductivity and quantum corrections
conductivity which are related to weak localization~WL!
and electron interaction~EEI!, we may assume that the sy
tem behaves as if it should contain one ‘‘effective’’ subban
A similar conclusion is reached for multivalley systems if t
rate of intervalley scattering is high enough. The form of t
WL corrections was analyzed for a two-subband system.24 It
was shown that under strong intersubband scattering~1/tv
@1/tw , tw is the phase relaxation time! the corrections do
not change functionally, and the influence of many subba
reduces to renormalization of the diffusion coefficient.

Now we consider the experimental results describing
changes of the kinetic characteristics of the samples i
wide temperature range. It will be shown below that t
conductivity is essentially influenced not only by the ele
07540
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trons of thed layer, but also by the electrons activated to t
Si conduction band.

B. Temperature variation of resistance

Figure 1 shows the temperature dependences of the r
tance, R(T), taken on the samples studied. In the lo
temperature region, samples A, B, and C display a very w
increase in resistance as the temperature decreases@Fig.
1~a!#. We show that the change is due to the interferen
effects of weak localization of electrons and the electro
electron interaction~see Sec. IV!. For samples D and E, th
low-temperature change in the resistance is determined
the mechanism of hopping conductivity, which we shall d
cuss later on. As the temperature rises, the dependen
2-3
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R(T) change for all samples: the resistance decreases sh
with increasing temperature@Fig. 1~b!#. In the samples with
lower resistance, the transition temperatureT* rises~e.g., for
sample E the typical value ofT* is ;16 K; for samples D,
B, C, and A, it is about 25, 35, 50, and 60 K, respectivel!.
Variations of the resistance above these temperatures ar
scribed well by

R5R1 exp~«1 /kT!. ~1!

The dependence suggests that in this region conduct
is controlled by the activation of the impurity carriers. Th
estimated values of activation energy«1 are given in Table I:
they are close to the known binding energies for donor st
of the Sb impurity in silicon@e.g., 42.7 meV~Ref. 21!#. As
the temperature goes above the region described by Eq~1!,
the dependenceR(T) changes: the resistance has a minim
and then grows weakly@Fig. 1~b!#. The growth is due to
scattering of the activated electrons by acoustic phonons
der the condition of depletion of donor centers.

Thus, at high temperatures there is a competition betw
the conduction of thed layer and electrons in the conductio
band, which are in thermal equilibrium with the electrons
the donor centers. The band conduction channel is appare
much wider than the geometric thickness of thed layer. A
distinguishing feature of the objects under investigation
that impurity atoms are spatially localized in the same cr
talline plane along which electron transport occurs in thd
layer. The conductivity of thed-layer itself is determined by
the overlapping wave function tails of the electrons localiz
at impurities. Table I contains the values ofND

21/2 (Å) char-
acterizing the mean distance between the ionized Sb atom
the d layer. These values can be compared with the B
radius, aB5\«* /me2 ~where e is electron charge;«* is
static dielectric constant, equal to 11 for Si!, characterizing
the size of the electron wave function at an impurity ato
For Sb in the Si matrix,aB'23 Å. The radius of the state
a5\/(2m«1)1/2 has approximately the same value. The
estimates and the data in Table I show that because o
overlapping of the electron wave functions at impurities
samples A, B, and C, the conductivity of thed layer is real-
ized in the impurity band and it may be regarded as a tw
dimensional system with metallic conductivity.

Since the tails of the electron wave functions overlap o
slightly in samples D and E, the low-temperature conduc
ity of the d layer is of the hopping type. It is known tha
under certain conditions electrons can hop from one impu
atom to another by thermally activated tunneling, withou
transition to the conduction band. Although the mobility
the electrons hopping over the impurity levels is quite sm
because it is influenced by the interaction of widely se
rated impurities, at low temperatures the conduction thro
impurities becomes dominant due to the ‘‘freezing out’’
electrons in the conduction band. The resulting specific e
tric conductivity is25

r21~T!5r1
21 exp~2«1 /kT!1r3

21 exp~2«3 /kT!, ~2!

where the first term describes the band conductivity, and
second term corresponds to the hopping-type conducti
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with the activation energy constant«3 . The latter term has
its origin from the scatter of impurity energy levels: the tra
sition of an electron from one impurity atom to another
possible when phonons are absorbed or emitted. It is see
Fig. 1~a! that at lowering temperature the dependence Eq.~1!
with the activation energy«1 changes for samples D and E
A temperature region appears in which the second term
Eq. ~2! with low activation energy«3 becomes dominant. As
follows from experimental results, it is equal to 3.9 me
This exponential dependence is evident to;10 K.

After further decreases in temperature, the depende
deviates from the above exponential behavior due
hopping-type conductivity with a varying length of the jum
~variable range hopping!.25 At very low temperatures the
hopping conductivity is characterized mainly by states w
energies within a narrow band near the Fermi level, and
width of this band decreases with lowering temperature. T
states within this band are farther apart, the length of
jumps increases asT21/4 and the activation energy decreas
as T3/4. The temperature dependence of the specific re
tance takes the form~Mott’s law!:26

r~T!5r0 exp~T0 /T!1/4, ~3!

whereT05b/kn(m)a3, n(m) is the density of states at th
Fermi level, andb521.2 ~Refs. 25 and 27! is a numerical
coefficient. For a two-dimensional system, Mott’s law va
able range hopping is28

r~T!5r08 exp~T08/T!1/3, ~4!

where T085b8/kg8(m)a2, g8(m) is the two-dimensional
density of states at the Fermi level, andb8513.8.27

The analysis of experimental results for sample D sho
that below 11 K the experimental points fall well on
straight line in lnR2T21/3 coordinates@Fig. 1~c!#. ~Note that
in the lnR;T 21/4 coordinates, the fit to a straight line is no
as good.! Thus in sample D a decrease in the temperatu
leads first to hopping-type conductivity with a constant ac
vation energy, and then to variable-range hopping conduc
ity. @The hopping-type electron transport was earlier o
served in thed ^Sb& layers of GaAs~Refs. 29 and 30!.#

Hopping-type conductivity with a constant activation e
ergy «3 is realized when the following inequality
is obeyed:25

«3 /kT<2r /a, ~5!

wherer is the mean distance between the impurity cente
Putting r 5ND

21/2, «353.9 meV, anda'19 Å, we can use
Eq. ~5! to estimate the temperature at which the conduct
can change to the type described by Eq.~4!. For sample D,
the left- and right-hand sides of Eq.~5! become equal atT
513 K, which agrees well with the experimental value
'11 K.

The analysis of the low-temperature conduction of t
samples investigated and the dependence of the resist
R on the Sb atom density in thed layer~see Table I! shows
that the metal-insulator transition~MIT ! occurs atND<3
31013cm22: samples A, B, and C are on the metallic side
the transition, and samples D and E are on the insulator s
2-4
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LOW-TEMPERATURE ELECTRON TRANSPORT IN Si . . . PHYSICAL REVIEW B 63 075402
This agrees with the results in Ref. 9, which shows that
MIT takes place in the range 0.01–0.05 ML of Sb atoms
the d layer. The metal-insulator transition was earlier o
served on Si samples with ad layer of boron, which is an
acceptor impurity.19 In that case the MIT occurs atNA
;1.1013cm22.

C. Magnetoresistance

In the samples studied the magnetic field variation of
resistanceDR/R @where DR5R(H)2R(0)#, has different
signs and very different amplitudes in different temperat
regions. At low temperatures~much below the characteristi
temperatureT* , above which the electrons are activated
the conduction band!, the magnetoresistance~MR! is nega-
tive for samples A, B, and C@Fig. 2~a!# due to the quantum
WL-induced correction to conductivity. As the temperatu
is increased, the amplitude of the negative MR decrea
appreciably. At the lowest temperatures (T,3 K) sampleA
has a magnetic-field region in which the MR is positive, b
as the magnetic field increases, the MR becomes nega
The features of negative MR under the condition of the W
effect are discussed in Sec. IV. At transient temperatu
nearT* the MR of samples A, B, and C is positive; it firs
increases in amplitude and the curve saturates in MR, t
decreases atT.T* .

FIG. 2. Magnetic-field dependencies of resistance of sample
~a! and D~b! at various temperatures K: 1.64~1!, 4.2 ~2!, 8 ~3!, 19
~4!, 22.7~5!, 26 ~6!, 28.1~7!, 40.5~8!, and 44~9! ~a!; and 18.8~1!,
20.4 ~2!, 23.15~3!, 25.25~4!, and 27.25~5! ~b!.
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For samples D and E, the magnetoresistance is positiv
the region of the hopping-type conductivity, but its value
rather low and vanishes below 17 K. This behavior is
variance with theoretical ideas of magnetoresistance of se
conductors with the hopping-type conductivity.31,32 Accord-
ing to Ref. 31, a high magnetic field squeezes the wave fu
tions of the impurity electrons laterally, and the overlappi
of the exponential tails of the electron wave functions at
neighboring impurities decreases. As a result, the magn
field can cause an exponential increase in the magnetor
tance. However, an important feature of the objects un
investigation is that the impurity atoms, through which ho
ping occurs, form a two-dimensional system. In a tw
dimensional network, of special importance are the key e
ments responsible for the most ‘‘difficult’’ jump. In this cas
the overlapping of the electron wave functions at the nea
impurities in the magnetic field is less important than t
contribution of the key elements of the network, which
not seem to change their properties in the magnetic fi
Note that the distribution of the key elements determine
certain characteristic size of the critical subnetworkL0 . The
knowledge of this parameter is very important when it
necessary to describe the nonlinearity of current-volta
curves under the condition of the hopping-type conductiv
in moderate electric fields~see Sec. VI!.

In the transient interval of temperatures nearT* the MR
of samples D and E increases exponentially@Fig. 2~b!#. In
the interval 18–30 K and at 16 kOe,DR/R increases by two
orders of magnitude. In the temperature region where
electrons are activated to the conduction band, the MR
creases exponentially as 1/T, reproducing the behavior o
zero-field resistance. At these transient temperatures
DR/R(H) dependencies have the form of saturation curv
Then in a progressively increasing interval of magnetic fie
an initial portion reappears which can be approximated
the ordinary dependenceDR/R}Hn, wheren;1.5– 2. The
saturation of the MR suggests two conducting channels
the transition interval of temperatures: the conductivity
the d layer itself and the band conductivity. For simplicit
we shall term the latter channel al region, since the carriers
behave as free electrons. Since thed layer is slightly influ-
enced by the magnetic field but thel regions are more
strongly affected, it is easy to prove that ifRl(0),Rd at
some temperature andRl(H).Rd in a strong magnetic field
the dependenceR(H) will tend to a constant value deter
mined byRd sinceR215(Rd)211(Rl)21. The magnetore-
sistance saturation thus corresponds to the concept use
discuss the resistance behavior of the samples in the tran
and activation intervals of temperature.

D. Hall effect

For samples A, B, and C, the Hall voltageVH varies lin-
early in the studied interval of magnetic fields both at lo
and high temperatures. The linearity of the Hall voltage
low temperatures when the sample conductivity is depend
only on the conductivity of thed layer is the evidence sup
porting the validity of the concept of the conventional
single effective subband. Indeed, if the Hall voltage we

A

2-5
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influenced by subbands considerably different in carrier m
bilities and concentrations, the Hall effect could not be l
ear. In the transient region nearT* , corresponding to the
onset of the electron activation to the Si conductivity ba
the dependenceVH(H) starts to display weak nonlinearity
which is due to two conductivity channels operating in t
transient region. We shall describe the Hall emf with t
reduced valueVH /H j ~j is the current through the sample!.
The Hall concentration obtained for samples A, B, and C
low temperatures agrees well with the sheet densityND of Sb
impurity atoms preassigned during preparation of
samples~see Table I!. In the region of the activation-type
band conductivity, theVH /H j value decreases with risin
temperature by the exponential dependence on 1/T ~as the
resistance does!, which accounts for an increasing number
electrons activated into the conduction band. At low te
peratures,VH /H j of samples A, B, and C increases slight
parallel with the resistance, as the temperature goes do
which is the manifestation of the WL and EEI effects.

At low temperatures the Hall mobilitymH5R21VH /Hi is
quite small in samples A, B, and C~10–20 cm2 V21 s21!; the
mobility of the electrons activated to the Si conductiv
band, i.e., at T@T* , appears to be high (;103

2104 cm2 V21 s21).
For samplesD and E, the Hall voltage below 17 K be

comes negligibly small, and at the beginning of the transi
region the curvesVH(H) look anomalous: they have a max
mum and then decrease asymptotically~Fig. 3!. If we deter-
mine the Hall concentration from the initial quasilinear p
of the VH(H) dependence, the result appears to be m
lower thanND ~e.g., the Hall concentration found from th
curves in Fig. 3 is 109 cm22, while ND'1013cm22!. We can
hardly explain this anomaly unambiguously. We should
member that it appears when activated carriers come to
conductivity band, and these carriers are more mobile t
the carriers in the subbands.

At high temperatures the distinct linear dependen
VH(H) observed for sample D and E~and for samples A, B,
and C! permit quite a reliable estimation of the concentrati
of the electrons activated to the conductivity band. At 20

FIG. 3. Magnetic-field variations of the Hall voltage for samp
D at different temperatures K: 20.4~1!, 18.8 ~2!, and 17.5~3!.
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300 K the following electron concentrations are obtain
from the Hall voltage: 331014cm22 for samples A, B, and
C, and'1.531014cm22 for samples D and E. At high tem
peratures the electron concentration is practically similar
different samples, while the low-temperature concentrati
differ by several orders of magnitude.

In the transient interval of temperatures for samples D a
E, as well as for sample C, the temperature dependenc
VH /H j exhibits a sharp maximum~Fig. 4!. Its existence and
symmetrical form suggest the presence of two groups
electrons with considerably different mobilities: th
conduction-band electrons, whose density is exponenti
dependent on temperature, and the impurity band elect
with low ~e.g., hopping type! mobility ~the existence of a
symmetrical maximum in the temperature dependencies
the Hall coefficient under this condition was proved in R
25!. The behavior of the Hall voltage for samples D and
demonstrates visually the transition from hopping-type c
ductivity to band conductivity with increasing temperature

IV. INTERFERENCE EFFECTS IN THE CASE
OF METAL-TYPE CONDUCTIVITY

The metallic conductivity ofd layers~samples A, B, and
C! exhibits manifestations of WL~Refs. 33 and 34! and EE
~Refs. 35–41! effects. These effects occur in disordered s
tems under the condition of strong elastic scattering of e
trons: they arise from interference, and require in quant
corrections to the conductivity, which results in the res
tance being dependent on both temperature and mag
field. Analysis of this behavior yields information about ele
tron relaxation and interaction within the system under
vestigation: the time of phase breaking of the electron w
function,tw , and its temperature variation, the time of spi
orbit interaction~SOI! tSO during elastic scattering of elec
trons by impurities and the characteristic constants of
electron-electron interactionl.39–41

In a two-dimensional system the contribution of the W
effect to the temperature dependence of conductivity in z

FIG. 4. Dependencies of the reduced Hall voltageUH /H j ~ j is
the current through the sample! upon temperatures for samples
~1!, C ~2!, and D~3!.
2-6
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magnetic field can be described as:34,36,40

DsT
L52

e2

2p2\ F3

2
ln

tw*

t
2

1

2
ln

tw

t G , ~6!

where t is the time of the elastic electron relaxation,tw
21

5tw0
2112ts

21, (tw* )215tw0
211 4

3 tso
211 2

3 ts
21, tw0 is the time

of phase relaxation due to inelastic scattering, andts is the
time of spin-spin scattering by magnetic impurities~when
impurities are absent, as in our case, this time is very la
and may be disregarded!. The common practice is to use th
representationtw

21}Tp, wherep is the exponent dependen
on the mechanism of inelastic relaxation. At lowering te
perature the correction@Eq. ~6!# makes the resistance in
crease when SOI is weak (tso@tw0) and decrease when SO
is strong (tso!tw0).

The temperature dependence of the EEI-induced quan
correction~the Coulomb correction! to conductivity is:35–37

DsT
I 52

e2

2p2\
lT

D ln
kTt

\
. ~7!

For a two-dimensional system in a perpendicular magn
field the WL-induced variation of conductivity can be d
scribed as:38

DsH
L 5

e2

2p2\ F3

2
f 2S 4EHD

\c
tw* D2

1

2
f 2S 4eHD

\C
twD G ,

~8!

wheref 2(x)5 ln x1c(1/211/x), c is the logarithmic deriva-
tive of theG function, andD is the electron diffusion coef
ficient. The f 2(x) function has the following asymptoti
forms: x2/24 at x!1 and lnx1c(1/2) at x@1. As follows
from Eq. ~8!, magnetoresistance should be negative attso
@tw0 ~weak SOI! and positive attso!tw0 ~strong SOI!. To
compare the experimental magnetic-field variation of the
sistance with Eq. ~8! for Ds, the relation 2Ds(H)
5@R(H)2R(0)#/R(H)R (0) is used, which can be ap
plied to resistance when the correction is small.

The EEI-induced magnetic-field variation of conductivi
in a diffusion channel can be described as:40

DsH
D52

e2

2p2\
lH

Dg2~h!, ~9!

where h5gmBH/kT, g is the Lande´ factor of conduction
electrons,mB is the Bohr magneton, and the functiong2(h)
has the asymptotic limits: 0.084h2 at h!1 and ln(h/1.3) at
h@1. On electron repulsion, the quantum correction@Eq.
~9!# ensures positive MR.

The EEI-induced quantum correction in the Cooper ch
nel is:38

DsH
C52

e2

2p2\
lH

Cw2~a!, ~10!

where a52eDH/pckT, and the function w2(a) has
asymptotic limits: 0.3a2 at a!1 and lna at a@1. The cor-
rections@Eqs. ~9! and ~10!# usually appear in quite stron
magnetic fieldsH@pkT/gmB ,pckT/2eD.
07540
e

-

m

ic

-

-

Proceeding from the above relationships, we have a
lyzed the temperature and magnetic field dependencie
resistance in samples A, B, and C. Assuming that MR
influenced by the WL effect, we employed a computer p
cedure to fit the theoretical function Eq.~8! and the experi-
mental dependencies and thus obtained the values ofDtw ,
Dtw* and Dtso, respectively, at various temperatures. T
temperature variations ofDtw and Dtso for sample A are
illustrated in Fig. 5. A similar picture is observed for sampl
B and C. In addition to Eq.~8!, the fitting involved a term of
theH2 form. This term was practically infinitesimal above
K, but below 5 K its amplitude increased by theT22 law.
Even at the lowest temperature~1.6 K! the relative contribu-
tion of this term to MR was much smaller than that of t
WL correction. The term, because of its smallness, could
influence appreciably the calculation ofDtw andDtso from
the MR curves. Its presence indicates that MR is influen
not only by WL corrections but also by the quantum corre
tions related to EEI@Eqs.~9! and~10!#. Indeed, in quite weak
magnetic fields these corrections have the functional fo
}H2T22. In the case of the quantum correction@Eq. ~10!#,
the analysis of this term gives an unrealistically small va
lH

C;531025; in the case of diffusion correction@Eq. ~9!#, it
gives g2lH

D;3, which seems reasonable if we assume t
g.2 is typical for Sb atoms.

It is seen in Fig. 5 thatDtw decreases with rising tem
perature, approximately following the law (Dtw)21}TP,
where p is close to unity. This dependence oftw can be
attributed to electron-electron scattering in a disordered
system.39,41 The Dtso values are constant in the low
temperature region; at about 10 K, however, they decre
weakly, which may be due to the contribution of electro
phonon scattering to spin-orbit processes. The remark
feature in Fig. 5 is the intersection of theDtw(T) depen-
dence with the low-temperature values ofDtso. This implies
that to the left of the intersection temperature the spin-o
interaction is weak, but it is strong at higher temperatures
the case of strong SOI, the WL-induced correction leads

FIG. 5. Temperature dependencies ofDtw ~d! andDtso ~s! for
sample A obtained from a measurement of magnetic-field dep
dencies of the resistance at small currents~10 mA!. The symboln
showsDtw at 1.67 K and 120mA, and arrows indicate the metho
of estimating the electron temperature during electron overhea
2-7
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negative MR, which is observed on the samples studied@Fig.
2~a!#. As the sign in the inequalitytso.tw reverses at low
temperatures (T,3 K!, a region of positive MR appears i
the MR curves of sample A@Fig. 2~a! curve 1#. For samples
B and C the interception does not produce any effect,
only negative MR was observed at all temperatures. T
Dtw andDtso values are lower for samples B and C than
sample A, but the difference is mainly due to the chang
diffusion coefficientD.

To find the time of phase and spin-orbit relaxation in t
samples, it is necessary to estimateD. For this purpose we
used the relaxationD5(vF

2t)/2, in which the time of elastic
electron scatteringt was found from the conductivitys
5ne2t/m. The Fermi velocitiesvF in the d layer were cal-
culated from the Hall concentration of electrons,n, using the
relation vF5h(2p\2n)1/2/m for a 2D system. The calcu
lated diffusion coefficientsD are 90, 80, and 20 cm2 s21 for
samples A, B, and C, respectively. With these values
D,tso is within 0.9310212– 2.4310212s, and the character
istic time tw , which is assumed to be identical with th
electron-electron scattering timetee, varies from ;1.5
310212s at the lowest temperature~1.67 K! to ;1.5
310213s at 10 K.

The analysis ofR(T) for samples A, B, and C permitte
separation of the contributions from the WL equation~6! and
Coulombic equation~7! corrections. The contributions ca
be separated in two ways.~i! Two R(T) dependencies ar
measured at zero and a strong magnetic field~2.17T in our
case!. The magnetic field suppresses the WL effect, since
electron wave function acquires an additional phase, wh
disturbs electron interference. From the measurement in
magnetic field we can derive the Coulombic correction, a
the WL-induced correction is found as the difference b
tween the dependencies2Ds(ln T) taken in the magnetic
field and in its absence.~ii ! Using tw andtso obtained from
the analysis of MR, the WL-induced correction can be c
culated by Eq.~6!. This calculation is less reliable, but it
results agree with the values derived by the first meth
within permissible error. The quantum corrections related
the WL and EEI effects turn out to contribute practica
equally to the temperature dependence of the samples
ied. In the2Ds vs lnT coordinates the Coulombic correc
tion is described by a linear dependence exhibiting a
increase in the resistance with the temperature lowering f
10 to 1.67 K. The WL-induced correction for samples B,
and A atT.3 K also causes a linear increase in the res
tance with lowering temperature becausetso.tw . For
sample A atT,3 K the inequality becomestso,tw ; as a
result the linearity of2Ds(ln T) is disturbed and a bendin
is observed.

The EEI constantlT
D appearing in Eq.~7! can be found

from the temperature dependence of the Coulombic cor
tion. The calculatedlT

D values are given in Table I. It is see
that at high electron densities in thed layer, the paramete
lT

D is close to unity and decreases with the decrease in e
tron density. The interaction constantlT

D can be written in
terms of the universal constantF, which is an angle-average
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amplitude of the electron interaction with a small transferr
momentum.39,41 With a strong SOI in the magnetic field, th
constantlT

D becomes

l1
D5H 123F/4, H,H0

D ~11a!

12F/4, H.H0
D , ~11b!

whereH0
D5pkT/gmB . The F values found from Eq.~11a!

are given in Table I. The increase inF with a decreasing
electron concentration corresponds to weaker screenin
the electron system. In general, screening in a 2D syste
less efficient than in a 3D one because the electric field ex
in the whole space and the screening electrons can m
only in a certain plane. The concentration dependenceF(n)
can be explained using the relationship for a true
system39 allowing for the specific features of screening
this case,

F5
1

p

1

~x221!1/2 ln
x1~x221!1/2

x2~x221!1/2, ~12!

wherex52kF /k2 ~k2 is the inverse screening length!. Since
in a 2D casekF5(2pn)1/2, k252pe2n, and the density of
statesn5m/p\2, the parameterx in Eq. ~12! depends on the
concentration asn1/2. In Eq. ~12! x decreases inversely with
F. The numericalF values obtained from the above formula
qualitatively support the observed increase inF with a de-
creasing concentration of 2D electrons, although it is low
than the value calculated from Eq.~12!.

V. ELECTRON-PHONON RELAXATION

The effect of electron overheating34,42 can be used to find
the electron-phonon relaxation timetep. Under electron
overheating by the electric field, the transfer of excess ene
from the electrons to the lattice is dependent on the time
the electron-phonon energy relaxation. The advantage of
method is thattep can be estimated in the temperature int
val where electron-electron scattering is predominant am
the inelastic processes of relaxation.

In the electric fieldE electrons acquire additional energ
D«5eE(Dtep)

1/2, where (Dtep)
1/2 is the diffusion length.

The transfer of the excess energy from the electrons to
phonon system is controlled by the timetep. If the condition
tee,tesc,tep ~wheretesc is the time of the thermal phono
escape! is met, the electron temperatureTe exceeds the pho
non Tph. They are related as:43

~kTe!
25~kTph!

21
p

6
~eE!2Dtep. ~13!

When the electron gas overheatingDT5Te2Tep is
known,Dtep can be found from Eq.~13!. The electron tem-
perature can be estimated using theDtw data obtained from
the magnetic-field variations of the WL-induced quantu
correction@Eq. ~8!#. Two types of dependencies should b
plotted: ~i! Dtw(T) at varying temperatures, and a certa
lowest current~the equilibrium dependence, Fig. 5!, and~ii !
Dtw(E) at certain temperatures and varying currents. In
latter case the decrease inDtw , with growingE, is due to the
2-8
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rising electron temperatureTe , which can be found from the
equilibrium dependenceDtw(T). An example of such esti
mation is illustrated in Fig. 5. The phonon temperature is
equal to the crystal temperature. The advantage of Eq.~13! is
that it includes@like Eq. ~8! for the WL-induced quantum
correction# the diffusion coefficientD as the only character
istic of the system under investigation.

For samples A, B, and C, theDtep value was calculated in
the temperature interval 1.67–4 K, with currents varyi
from 10 to 120mA. The Dtep(T) dependencies plotted fo
these three samples are shown in Fig. 6. The depende
can be approximated by the power function of the fo
(Dtep)

21}Tp, wherep is 3.760.3. Using the estimatedD
values, we obtained the characteristic timestep of the
electron-phonon relaxation within 1.531021025.931029 s
at 1.7 K and 1.17310211– 4.4310211s at 4 K. Note that for
samples A and B, the elastic timet is about 3310215s.
Thus, below 4 K the relaxation times form the sequencet
!tee<tso!tep.

For electron-phonon relaxation in pure metal systems
tep

21}T3 dependence is known, which holds for we
disorder44 whenqTl @1, whereqT is the wave vector of the
thermal phonon (qT5kT/\s, s being the velocity of sound!,
l is the electron mean free path. This form of thetep

21(T)
dependence is due to the increasing number of ther
phonons at rising temperature. In the case of strong diso
(qTl ,1), the temperature dependence of the electr
phonon relaxation time assumes the formtep

21} lT4,45,46

which suggests a weakening of the electron-phonon inte
tion when the electron mean free path is shorter then
thermal phonon wavelength. In thed layer, the electrons are
two dimensional, since they occupy quantum levels in a c
tain potential well and have momentum vectors lying on
plane cross sections in reciprocal space. The phonons i
acting with electrons are, however, three dimensional,
their interaction with electrons involves the component
the phonon wave vector out of the 2D plane. The kine
characteristics of 2D and 3D electrons differ only in nume
cal factor47,48 since 2D electrons have a lower possibility
changing their moment. We may assume that the functio

FIG. 6. Dtep(T) dependence for samples A~1!, B ~2!, and
C ~3!.
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21(T) at qTl .1 and qTl ,1 are similar in

character for 2D and 3D systems. The (Dtep)
21}Tp depen-

dence withp close to 4 is most likely due to disorder in th
d layer and the short electron mean free path. The estim
qTl supports this conclusion: it turns out thatqTl ,1 below
4 K.

VI. NONLINEAR EFFECTS IN THE CASE OF HOPPING
CONDUCTIVITY

Samples D and E have nonlinear conductivity. TheI -V
characteristics~IVC’s! of sample D at different temperature
are shown in Fig. 7. In addition to nonlinearity, they exhib
a sharp jump in current at high voltages. At 10 K and t
electric fieldEB'90 V/cm, the current jumps up by six or
ders of magnitude. As the temperature rises, the starting v
age of the jump decreases and the jump itself is volt
smeared. The jump can be classified as an impurity bre
down caused by ionization of impurities and the introducti
of charge carriers to the conduction band. Above 16 K
main jump is preceded with a smaller-amplitude jump, wh
may be due to filling the quantum states below the bottom
the conduction band.

Variations of the hopping conductivity in the region th
obeys Mott’s law,@Eq. ~3!# in a strong electric field are dis
cussed in Refs. 49–53. In the region of very strong elec
fields E.kT/EA , the dependence

J~E!}exp~2E0 /E!1/4, ~14!

is expected,49 whereE0'kT0 /ea. The theory of non-Ohmic
hopping conductivity in moderate electric fields (E
,kT/ea) was developed in Ref. 53, which is based on p
colation theory and allows for variation of the distributio
function at the initial and final localized states. Reference
predicted a departure from linearity in the field at

Ec5kT/eL0 , ~15!

whereL0 is the characteristic size of the critical percolatio
subnetwork of the states over which jumps are realized
can be represented in terms of the percolation thresh

FIG. 7. I -V curves for sample E at various temperatures K:
~1!, 14 ~2!, 16.6 ~3!, 18.9 ~4!, and 20.4~5!.
2-9
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jcL0'r jc
n , wherer is the mean jump length in the region

which Mott’s law @Eq. ~3!# is operative@r'a(T0 /T)1/4 ~Ref.
25!#, n is the correlation radius index, which is 0.9 and 1
for 3D and 2D cases respectively.54 Since (T0 /T)1/4[jc ,54

the parameterL0 can be represented asL0'ajc
11n. At E

.Ec it is expected53 that

j ~E,T!5s~T!Ec exp~eEL0 /kT!1/11n. ~16!

Like Eq. ~15!, this dependence holds good for hopping-ty
conductivity both at constant and decreasing activation
ergy: only thes(T) dependence and the parametersjc and
L0 must have the corresponding form.54

The theory developed in Ref. 53 describes well the IV
nonlinearity for samples D and E, and provides good qu
titative agreement of the characteristic fields of the non
earity onsetEc , the impurity breakdownEB and the sizeL0
of the critical subnetwork of donor states. Examples of
computer fitting~solid curves! of the dependence@Eq. ~16!#
and the experimental results for the nonlinear IVC part~up to
the breakdown voltage! for samples D~4.2 K! and E~10 K!
are illustrated in Fig. 8. TakingEc'2 V/cm for sample E
~see Fig. 8!, we obtainL0'4.331024 cm, according to Eq.
~15!. For sample D these values areEc'8 V/cm and L0
'4.531025 cm, respectively. Using the calculatedL0 val-
ues, the electric fieldEB of the breakdown can be found from
eEBL0'«0 ~«0 is the energy of the ground Sb impurity sta
in silicon!, which we compare to the experimental value«1
'44 meV. The estimateEB'100 V/cm obtained by this
method is close to the corresponding experimental result
exceeds it only by;10%. On the other hand,L0 can be
estimated from the temperature dependence of resista

FIG. 8. I -V curves for sample E at 10 K~1! and sample D at 4.2
K ~2!:—fitting of Eq. ~16!; ddd, experimental results; arrow
show the change from a linear dependence to a nonlinear de
denceI (E).
y,

na
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From Fig. 1~c! we can obtainT0'253103 K for sample D,
and sinceL0'ajc

11n , wherejc5(T0 /T)1/3, then we obtain
jc'15 andL0'5.531025 cm at 10 K, which is in good
agreement with the aboveL0 .

VII. CONCLUSIONS

The studies of the electrical properties of Si single cr
tals with thed ^Sb& layer of various sheet concentrationsND
of Sb atoms (531012– 331014cm22) have provided de-
tailed information about the low-temperature features of
electron transport in this system. The findings are as follo

~1! At ND below ;3•1013cm22 a metal-insulator transi-
tion occurs, which is accompanied by a change from
metal-type conductivity of thed ^Sb& layer to hopping con-
ductivity in a 2D system.

~2! As the temperature is increased, the impurity cond
tion in thed layer changes to a higher conductivity in the
crystal due to activation of the electrons to the conduct
band. The change of impurity conductivity to band condu
tivity with increasingND occurs at a progressively highe
temperature.

~3! With the metallic conductivity in thed layer, the tem-
perature and magnetic-field variations of the samples at
temperatures are dependent on the quantum correction
lated to the effects of weak electron localization and
electron-electron interaction. The analysis of the magn
field dependencies of resistance controlled mainly by
WL-induced quantum correction permitted us to find t
temperature dependence of the phase-breaking timetw

}T21, identified as the time of the electron-electron intera
tion.

~4! The separation of the WL and EEI contributions in t
temperature dependence of resistance permitted estim
of the EEI constantlT

D for samples of different densitiesND .
It is found that lT

D decreases withND because screenin
becomes weaker with lowering densitiesn of 2D electrons.

~5! The effect of electron overheating was used to find
temperature dependence of the electron-phonon relaxa
time tep, tep}Tp, wherep'3.760.3, which should be in-
terpreted as the manifestation of the electron-phonon sca
ing at strong disorder and high frequency of the elastic s
tering t21 in the d layer. Below 4 K the relaxation times
follow the hierarchyt!tee<tso!tep.

~6! With the hopping-type conductivity, the curren
voltage characteristics become nonlinear at quite low v
ages~much lower than the impurity breakdown voltage!. The
IVC nonlinearity is well described by Shklovskii’s theory o
non-Ohmic hopping conductivity.53 The theory gives good
quantitative agreement of the characteristic fieldsEc in
which nonlinearity appears, the impurity breakdownEB , and
the sizeL0 of the critical percolation subnetwork of dono
states in which jumps are realized.
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