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Low-temperature electron transport in Si with an MBE-grown Sb é layer
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Studies of the electrical properties of Si single crystals witBh) layers of various sheet densitill, , of
Sb atoms (X 10*2-3x 10"*cm™2) have furnished detailed information about the low-temperature features of
the electron transport in this system. The metal-type conductivit§ lafyers atNp=3x 10"3cm™2 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
parameten® of the electron-electron interaction are determined. It is found that a decrease in the electron
density in thes layer is accompanied by decrease in the parameterThe 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 ®fayers atNp<1x10*cm 2 is realized; at sufficiently low
temperature$<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 study the effect of the concentration of two-dimensional
electrons on the relaxation and interaction of electrons in a
The § layer is a conducting layer of atomic thickness, two-dimensional electron gas, and on the character of the
which is formed in a pure semiconducting crystal matrix duetransition from the metallic to hopping conductivity. For
to impurity atoms located within one crystallographic plane.d(Sh layers in silicon this transition occurs in the range
The conduction electrons in a semiconductor with lyer ~ from 0.01 ML of Sb atoms to 0.05 ML in th& layer, which
are in a symmetric V-shaped potential well, formed bycorregporlgsg to electron densities from 610'? to 3.35
screening of the potential of impurity atoms by electrdns. x10%em 2
The electrons in the potential well form a two-dimensional
elec_tron gas in the plane of thelayer, an(_JI behave as_free_ Il. SAMPLE DETAILS AND MEASURING TECHNIQUES
particles. The states are, however, quantized in the direction
perpendicular to the plane of the layer. The number of size- The Sbélayers were prepared by low-temperature silicon
quantized subbands and their filling are determined by thenolecular-beam epitaxy on @00 substrates. Growth at
sheet density of impurity atoms. Usually only a few sub-250°C, and below, avoids Sb profile smearing by surface
bands are filled, and the mobilities of charge carriers arsegregatiort’ The configuration of the impurity region meets
strongly dependent on the number of the subband. The fillinghe requirements of galvanomagnetic measurertgenarrow
of the subband and the mobilities of charge carriers were thatrip with current and potential leads forming contact areas
object of initial studies of5 layers[mainly of §(Si) layers in ~ on the crystal surfage The results of measurements on the
GaAg|.> 8 five samples investigated—the preassigned concentrisition
The transport mobility of the electrons is lowerdayers  of impurity Sb atoms, the resistan&g; , and the Hall con-
than in modulation-doped heterojunctions because impuritgentrationn of mobile charge carriers at 4.2 K—are given in
scattering is determined by the same impurity atoms whicirable |. According to precision x-ray diffractometry, the
formed thed layer. However,s layers are distinguished by ‘“structural” thickness of the &Sb) layers at Np=2
an important and valuable feature: they allow an arbitraryx 10**cm™2 is below 20 A A similar result was obtained
density of two-dimensional electrons at very low sheet denfrom secondary-ion-mass spectrometry and transmission
sity values & 10°—10°cm™?), for which the conductivity in  electron microscopy?
the & layer is of “hopping” type, to very high values The galvanomagnetic propertiésesistance, magnetore-
(=10"cm?), for which metallic conductivity is realized. sistance, Hall effegtwere measured in the temperature range
This feature ofé layers provides a unique opportunity to 1.6—300 K in a constant current typically 1DA for high-
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TABLE I.
Samples
Parameter A B C D E
Np, cm 2 3x10% 1x 104 3x10% 1x10' 5x 10"
Ny 2. A 5.7 10 18 32 45
RY2, Q (at 4.2 K 1.17x 16° 1.53< 10° 4.81x10° 10° (at 8 K) 2X 10" (at 8 K)
n, cm 2 (at 4.2 K 9.5x 10'3 7.8x 101 3.1x 108 - -
£, meV 42 41 37 44 44
e 0.93 0.90 0.60 - -
F 0.093 0.133 0.53 - -

Ohmic samples, and 16—10 ° A for low-Ohmic samples.

to smearing of the subbands. As shown below, the elastic

At 4.2 K and below, the sample was immersed in liquidrelaxation time in the samples studied i< 30 *°s and
helium; the accuracy of temperature stabilization in this re-shorter, which corresponds to the smearing of the level about
gion was 0.01 K. At higher temperatures, the sample wa<00 meV. This is comparable with the expected energy dif-
immersed in the helium vapor, and the temperature walerence for the subbands.

maintained constant to within 0.02 K. The magnetic field The electron gas in the quantum well formed by e

was generated within a superconducting magupto 5.0 T)
or a resistive electromagnéip to 2.0 7).

Ill. GENERAL PICTURE OF CHANGES IN KINETIC
CHARACTERISTICS

A. Preliminary comments

At low temperatures~4 K), the conductivity of samples
with the § layer is dictated by the conductivity of thelayer,
i.e., by the electrons occupying the quantum stdss-

layer should be regarded as two dimensional. While describ-
ing the conductivity of this electron gas, it is necessary to use
the “drift” effective massm, which is an average value of
longitudinal and transverse masses: for three-dimensional
(3D) electron gasm=3m;m,/2m;+m;,, and for 2D electron
gas,m=2m;m,/m;+m;. We used a value that was calcu-
lated for 2D electron gas for orientatiofl00 Si, m
=0.315n,.%°

The filling of subbands and the carrier mobilities in them
change considerably with the number of the subband. The
density of states is nearly the same in two-dimensional sub-

bands in the potential well rather than by electrons else-bands, and is equal te=m/ %2, but the carrier concentra-

where in the surrounding Si. The theory éflayers was

tion in the subbands is dependent on the energy:

developed in Refs. 13 and 14. Numerical calculations were=me; /72 (3n,=n, wheren is the total carrier concentra-
performed in Refs. 2, 6, and 15-18 for GaAs-based struction). Thus the partial carrier concentration in the subbands

tures and in Ref. 19 for thé(B) layer in Si. It is known that

decreases when the number of the subband increases.

the isoenergetic surfaces in the conduction band of Si are The partial carrier mobility in the subbands changes under
anisotropic. The electrons of the conduction band form sixhe influence of at least two competitive factors. On the one
rotation ellipsoids along the ax¢s00). The effective masses hand, the increasing number of the subband, and the decrease
corresponding to the directions along the long ellipsoid axign |¢;|, should enhance the efficiency of the impurity—caused

and across aren, =0.916n, (longitudinal mask and m,

scattering due to a decrease in the momentum and the Fermi

=0.19m, (transverse magsmy is the free-electron mass. In velocity of the electrons, i.e., their mobility should decrease.
the quantum well in thg100) plane of Si, subbands are On the other hand, an increasing number of the subband
formed, which have longitudinal mass and degeneracy mulbroadens the region of electron localization, which enhances
tiplicity g,=2 and a transverse mass and degeneracy multthe carrier mobility. The latter factor turns out to predomi-
plicity g,=4. As a result, the number of subbands in the wellnate; calculatio1°~*8shows that the partial mobility of car-

is different for each group. According to our estimates, in theriers increases with the number of the subband. Similar re-
sequence of the samples studied—A, B, C, D, and E—thaults follow from experimental findings>”:2223

number of subbands decreases from 5-9 to 2fe# the
longitudinal and transverse masses, respectividiie did not

The total conductivity is a sum of the conductivities of the
occupied subbands. These conductivities are nearly similar

perform a numerical calculation of the subband energieshecause when the number of the subband increases, the con-
similar to that made in Refs. 20 and 21 for inversion layerscentration of the carriers decreases though their mobility
because we do not know exactly the potential well shape ofjrows. This is supported by the fact that in the region of the

the & layer. In addition, such a calculation is not topical for

metal-type conductivitybeyond the metal-insulator transi-

layers. The nature of layers is such that the impurity atoms tion) the conductivity changes practically linearly with the

responsible for the formation of a quantum potential well arecarrier concentration,

i.e., with the numbé&sum of

themselves factors provoking strong impurity scattering. Thesubband$? The total conductivity of theS layer can be de-

estimated disorder parametdgd for samples A, B, and C

scribed with a certain mobilitye and diffusion coefficienD,

are quite low(5—20. The strong intervalley scattering leads which are used below.
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FIG. 1. R(T) dependencies for samples(®), B (2), C (3), D (4), and E(5). The general picture of resistance variations is shown in the

low-temperature region in the R —T ~* coordinatega), at intermediate temperaturés, and in the resistance variation of sample D in
the low-temperature region in the Ry —T 3 coordinateg(c).

While describing conductivity and quantum corrections totrons of thed layer, but also by the electrons activated to the
conductivity which are related to weak localizatigWL) Si conduction band.
and electron interactiofEEI), we may assume that the sys-
tem behaves as if it should contain one “effective” subband. - .
A similar conclusion is reached for multivalley systems if the B. Temperature variation of resistance
rate of intervalley scattering is high enough. The form of the Figure 1 shows the temperature dependences of the resis-
WL corrections was analyzed for a two-subband systein. tance, R(T), taken on the samples studied. In the low-
was shown that under strong intersubband scattefdig,  temperature region, samples A, B, and C display a very weak
>1/7,, 7, is the phase relaxation time¢he corrections do increase in resistance as the temperature decrd&igs
not change functionally, and the influence of many subband&(a)]. We show that the change is due to the interference
reduces to renormalization of the diffusion coefficient. effects of weak localization of electrons and the electron-
Now we consider the experimental results describing theslectron interactiorisee Sec. Y. For samples D and E, the
changes of the kinetic characteristics of the samples in @w-temperature change in the resistance is determined by
wide temperature range. It will be shown below that thethe mechanism of hopping conductivity, which we shall dis-
conductivity is essentially influenced not only by the elec-cuss later on. As the temperature rises, the dependencies
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R(T) change for all samples: the resistance decreases sharplyth the activation energy constant. The latter term has
with increasing temperatuféig. 1(b)]. In the samples with its origin from the scatter of impurity energy levels: the tran-
lower resistance, the transition temperaftiferises(e.g., for  sition of an electron from one impurity atom to another is
sample E the typical value af* is ~16 K; for samples D, possible when phonons are absorbed or emitted. It is seen in
B, C, and A, it is about 25, 35, 50, and 60 K, respectiyely Fig. 1(a) that at lowering temperature the dependence(Eq.
Variations of the resistance above these temperatures are deith the activation energy, changes for samples D and E.
scribed well by A temperature region appears in which the second term of
Eq. (2) with low activation energy ; becomes dominant. As
R=Ryexpe1/KT). (1) follows from experimental results, it is equal to 3.9 meV.

S . ... This exponential dependence is evidenttt0 K.
The dependence suggests that in this region conductivity afer further decreases in temperature, the dependence

is controlled by the activation of the impurity carriers. The deviates from the above exponential behavior due to

estimated values of activation_en_ergyare g_iven in Table I: hopping-type conductivity with a varying length of the jump
they are close to the known binding energies for donor State&/ariable range hopping® At very low temperatures the

of the Sb impurity in silicor{e.g., 42'.7 me\,(Re_f. 2D]. As hopping conductivity is characterized mainly by states with
the temperature goes above the region described by1Eg. energies within a narrow band near the Fermi level, and the
Myidth of this band decreases with lowering temperature. The
) . X states within this band are farther apart, the length of the
scattering of the activated electrons by acoustic phonons URimps increases & 4 and the activation energy decreases

der the cond!tlon of depletion of donpr centers.. . as T¥* The temperature dependence of the specific resis-
Thus, at high temperatures there is a competition betwee{énce takes the forrfMott's law):28

the conduction of thé layer and electrons in the conduction
band, which are in thermal equilibrium with the electrons at p(T)=po exp(TO/T)l"‘, 3

the donor centers. The band conduction channel is apparently 3 . .
much wider than the geometric thickness of éayer. A WhereTo=pB/kv(n)a®, v(u) is the density of states at the

distinguishing feature of the objects under investigation is-ermi level, andg=21.2 (Refs. 25 and 2yis a numerical

that impurity atoms are spatially localized in the same crysC0e€fficient. For a two-dimensional system, Mott's law vari-

talline plane along which electron transport occurs in éhe 2Pl range hopping S

layer. The conductivity of thé&-layer itself is determined by _ 113

the overlapping wave function tails of the electrons localized P(T)=po &xATo/T)™, @

at impurities. Table | contains the valueshfY?(A) char-  where To=p'/1kg'(n)a?, g'(u) is the two-dimensional

acterizing the mean distance between the ionized Sb atoms density of states at the Fermi level, agd= 13.8%7

the ¢ layer. These values can be compared with the Bohr The analysis of experimental results for sample D shows

radius, ag=fe*/me? (where e is electron chargeg* is  that below 11 K the experimental points fall well on a

static dielectric constant, equal to 11 for,Siharacterizing straight line in I\R—T ~*® coordinategFig. 1(c)]. (Note that

the size of the electron wave function at an impurity atom.in the INnR~T ~¥* coordinates, the fit to a straight line is not

For Sb in the Si matrixag~23A. The radius of the state as good. Thus in samp D a decrease in the temperature

a=#%/(2me;)"? has approximately the same value. Theseleads first to hopping-type conductivity with a constant acti-

estimates and the data in Table | show that because of theation energy, and then to variable-range hopping conductiv-

overlapping of the electron wave functions at impurities inity. [The hopping-type electron transport was earlier ob-

samples A, B, and C, the conductivity of tiddayer is real- served in the5(Sh) layers of GaAqRefs. 29 and 30]

ized in the impurity band and it may be regarded as a two- Hopping-type conductivity with a constant activation en-

dimensional system with metallic conductivity. ergy &3 is realized when the following inequality
Since the tails of the electron wave functions overlap onlyis obeyed?

slightly in samples D and E, the low-temperature conductiv-

ity of the & layer is of the hopping type. It is known that e3/kT<2r/a, 5

under certain conditions electrons can hop from one impurity,parer is the mean distance between the impurity centers.

atom to another by thermally activated tunneling, without 3pytting r = NgY2, £,=3.9meV, anda~19A, we can use

transition to the conduction band. Although the mobility of Eq. (5) to estimate the temperature at which the conduction

the electrons hopping over the impurity levels is quite small,Can chan :
oo X ) X ge to the type described by E). For sample D,
because it is influenced by the interaction of widely SePa3ya |eft- and right-hand sides of E¢5) become equal af

rated impurities, at low temperatures the conduction through_ 13K, which agrees well with the experimental value of
impurities becomes dominant due to the “freezing out” of ~11 K’

electrons in the conduction band. The resulting specific elec- The analysis of the low-temperature conduction of the

; ity 25
tric conductivity i samples investigated and the dependence of the resistance
—1y— -1 _ -1 _ R on the Sb atom density in th&layer (see Table)lshows

T)=p; ex IKT) +p3 ' ex IKT), (2 U : "
p(D=ps =1 /kT)+ g =es/kT), (2 that the metal-insulator transitiofMIT) occurs atNp<3
where the first term describes the band conductivity, and thex 108 cm™2 samples A, B, and C are on the metallic side of

second term corresponds to the hopping-type conductivityhe transition, and samples D and E are on the insulator side.

and then grows weaklyFig. 1(b)]. The growth is due to
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0.01

For samples D and E, the magnetoresistance is positive in
the region of the hopping-type conductivity, but its value is
rather low and vanishes below 17 K. This behavior is at
variance with theoretical ideas of magnetoresistance of semi-
conductors with the hopping-type conductivity*? Accord-
ing to Ref. 31, a high magnetic field squeezes the wave func-
tions of the impurity electrons laterally, and the overlapping
of the exponential tails of the electron wave functions at the
neighboring impurities decreases. As a result, the magnetic
field can cause an exponential increase in the magnetoresis-
tance. However, an important feature of the objects under
investigation is that the impurity atoms, through which hop-
ping occurs, form a two-dimensional system. In a two-
H(T) dimensional network, of special importance are the key ele-
ments responsible for the most “difficult” jump. In this case
the overlapping of the electron wave functions at the nearest
impurities in the magnetic field is less important than the
contribution of the key elements of the network, which do
not seem to change their properties in the magnetic field.
Note that the distribution of the key elements determines a
certain characteristic size of the critical subnetwbgk The
knowledge of this parameter is very important when it is
necessary to describe the nonlinearity of current-voltage
curves under the condition of the hopping-type conductivity
in moderate electric fieldsee Sec. VL

In the transient interval of temperatures n&arthe MR
of samples D and E increases exponentiafig. 2(b)]. In
the interval 18—30 K and at 16 KOAR/R increases by two
orders of magnitude. In the temperature region where the

FIG. 2. Magnetic-field dependencies of resistance of samples £€ctrons are activated to the conduction band, the MR de-
(a) and D(b) at various temperatures K: 1.63), 4.2(2), 8(3), 19 ~ creases exponentially asTl/reproducing the behavior of
(4), 22.7(5), 26 (6), 28.1(7), 40.5(8), and 44(9) (a); and 18.8(1), zero-field resistance. At these transient temperatures the
20.4(2), 23.15(3), 25.25(4), and 27.2505) (b). AR/R(H) dependencies have the form of saturation curves.

Then in a progressively increasing interval of magnetic fields
This agrees with the results in Ref. 9, which shows that th%n initial portion reappears which can be approximated by
MIT takes place in the range 0.01-0.05 ML of Sb atoms inthe ordinary dependenceR/RxH", wheren~1.5—2. The
the 6 |ayer. The metal-insulator transition was earlier Ob'saturation Of the MR Suggests two Conducting Channe|s in
served on Si samples with &layer of boron, which is an  the transition interval of temperatures: the conductivity of
acceptor impurity? In that case the MIT occurs &ls  the 5 layer itself and the band conductivity. For simplicity,
~1.10%cm™ we shall term the latter channeharegion, since the carriers
_ behave as free electrons. Since th&ayer is slightly influ-
C. Magnetoresistance enced by the magnetic field but the regions are more

In the samples studied the magnetic field variation of thestrongly affected, it is easy to prove thatR'(0)<R’ at
resistanceAR/R [where AR=R(H)—R(0)], has different Some temperature aril'(H) >R’ in a strong magnetic field,
signs and very different amplitudes in different temperatur¢he dependenc&(H) will tend to a constant value deter-
regions. At low temperaturegnuch below the characteristic mined byR? sinceR™*=(R’) "'+ (R")~*. The magnetore-
temperatureT* , above which the electrons are activated tosistance saturation thus corresponds to the concept used to
the conduction bangd the magnetoresistan¢®R) is nega- discuss the resistance behavior of the samples in the transient
tive for samples A, B, and {Fig. 2a)] due to the quantum and activation intervals of temperature.

WL-induced correction to conductivity. As the temperature
is increased, the amplitude of the negative MR decreases
appreciably. At the lowest temperatureb<(3 K) sampleA

has a magnetic-field region in which the MR is positive, but For samples A, B, and C, the Hall voltayg, varies lin-

as the magnetic field increases, the MR becomes negativearly in the studied interval of magnetic fields both at low
The features of negative MR under the condition of the WLand high temperatures. The linearity of the Hall voltage at
effect are discussed in Sec. IV. At transient temperaturekbow temperatures when the sample conductivity is dependent
nearT* the MR of samples A, B, and C is positive; it first only on the conductivity of theS layer is the evidence sup-
increases in amplitude and the curve saturates in MR, theporting the validity of the concept of the conventionally
decreases at>T*. single effective subband. Indeed, if the Hall voltage were

0.00

AR/R

-0.01

-0.02

AR/R

0.00
0.0 0.5 1.0 1.5 2.0

H(T)

D. Hall effect
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FIG. 3. Magnetic-field variations of the Hall voltage for sample

D at different temperatures K: 20(4), 18.8(2), and 17.5(3). FIG. 4. Dependencies of the reduced Hall voltagig/Hj (j is

the current through the samplapon temperatures for samples A

influenced by subbands considerably different in carrier mo-(l)’ C (2, and DE).

bilities and concentrations, the Hall effect could not be lin-
ear. In the transient region nedi, corresponding to the
onset of the electron activation to the Si conductivity band
the dependenc¥, (H) starts to display weak nonlinearity,
which is due to two conductivity channels operating in the
transient region. We shall describe the Hall emf with the
reduced value/,;/Hj (j is the current through the sample

300 K the following electron concentrations are obtained
from the Hall voltage: X 10"cm™2 for samples A, B, and

'C, and~1.5x 10 cm 2 for samples D and E. At high tem-
peratures the electron concentration is practically similar for
different samples, while the low-temperature concentrations
differ by several orders of magnitude.

In the transient interval of temperatures for samples D and

The Hall concentration obtaineq for samples A, B and C at as well as for sample C, the temperature dependence of
!OW temperatures agrees well with t_he sheet derk!;,gy)f Sh Vy /Hj exhibits a sharp maximurtiig. 4). Its existence and
impurity atoms preassigned during preparation of the

. e symmetrical form suggest the presence of two groups of
samples(see Table)l In the region of the activation-type e?/ectrons with congigderably pdifferent mobilitigs pthe
band conductivity, the/,;/H]j value decreases with rising :

t i by th tial d d g (as th conduction-band electrons, whose density is exponentially
emperatureé by the exponential dependence n( N dependent on temperature, and the impurity band electrons
resistance dogswhich accounts for an increasing number of

: . ) with low (e.g., hopping typemobility (the existence of a
electrons activated into the conduction band. At low tem- . . ; .
eraturesV.. /Hi of samples A B. and C increases sliahtl symmetrical maximum in the temperature dependencies of
P vH/T amp e 9 the Hall coefficient under this condition was proved in Ref.
parlallell with the _reS|sta}nce, as the temperature goes dOWQS). The behavior of the Hall voltage for samples D and E
which is the manifestation of the WL and EEI effects. demonstrates visually the transition from hopping-type con-

.- -1 .
At low temperatures the Hall mobilite, =Ry lVH{Hi IS" ductivity to band conductivity with increasing temperature.
quite small in samples A, B, and @0—20 cn3V *s™%); the

mobility of the electrons activated to the Si conductivity

. . IV. INTERFERENCE EFFECTS IN THE CASE
* (
band, I'e",lat,lT>T , appears to be high 10° OF METAL-TYPE CONDUCTIVITY
—10f eV ls Y.

For sampledD andE, the Hall voltage below 17 K be- The metallic conductivity o5 layers(samples A, B, and
comes negligibly small, and at the beginning of the transienC) exhibits manifestations of WiRefs. 33 and 3¢and EE
region the curve¥y(H) look anomalous: they have a maxi- (Refs. 35—41 effects. These effects occur in disordered sys-
mum and then decrease asymptoticaffjg. 3. If we deter-  tems under the condition of strong elastic scattering of elec-
mine the Hall concentration from the initial quasilinear parttrons: they arise from interference, and require in quantum
of the Vi (H) dependence, the result appears to be mucltorrections to the conductivity, which results in the resis-
lower thanNp (e.g., the Hall concentration found from the tance being dependent on both temperature and magnetic
curves in Fig. 3 is 19cm 2, while Np~103cm™2). We can field. Analysis of this behavior yields information about elec-
hardly explain this anomaly unambiguously. We should retron relaxation and interaction within the system under in-
member that it appears when activated carriers come to theestigation: the time of phase breaking of the electron wave
conductivity band, and these carriers are more mobile thafunction, 7,, and its temperature variation, the time of spin-
the carriers in the subbands. orbit interaction(SOI) 7o during elastic scattering of elec-

At high temperatures the distinct linear dependencerons by impurities and the characteristic constants of the
V,(H) observed for sample D and (@nd for samples A, B, electron-electron interaction. 4!
and Q permit quite a reliable estimation of the concentration In a two-dimensional system the contribution of the WL
of the electrons activated to the conductivity band. At 200—effect to the temperature dependence of conductivity in zero

075402-6



LOW-TEMPERATURE ELECTRON TRANSPORT INiS. .

magnetic field can be described %4s%4°
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= 7;01-}- 27'5_1, (7';)_1= 7;014-% Ts_ol-l-% L 40 IS the time
of phase relaxation due to inelastic scattering, and the
time of spin-spin scattering by magnetic impuritie@shen

impurities are absent, as in our case, this time is very large

and may be disregardedrhe common practice is to use the
representatiorr;locT", wherep is the exponent dependent

on the mechanism of inelastic relaxation. At lowering tem-

perature the correctiofEq. (6)] makes the resistance in-
crease when SOl is weak{> 7,0) and decrease when SOI
is strong s6< 740)-

The temperature dependence of the EEI-induced quantu
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wheref,(x) =Inx+y(1/2+ 1/X), ¢ is the logarithmic deriva-
tive of theT function, andD is the electron diffusion coef-
ficient. The f5(x) function has the following asymptotic
forms: x2/24 atx<1 and Inx+¢(1/2) atx>1. As follows
from Eq. (8), magnetoresistance should be negativergt
> 7,0 (Weak SOJ and positive atrg,< 7,9 (strong SO). To
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FIG. 5. Temperature dependenciedXf, (®) andD 7, (O) for
ghmple A obtained from a measurement of magnetic-field depen-
dencies of the resistance at small currdd® uA). The symbolA
showsD, at 1.67 K and 12Q:A, and arrows indicate the method
of estimating the electron temperature during electron overheating.

Proceeding from the above relationships, we have ana-
?yzed the temperature and magnetic field dependencies of
resistance in samples A, B, and C. Assuming that MR is
influenced by the WL effect, we employed a computer pro-
cedure to fit the theoretical function E) and the experi-
mental dependencies and thus obtained the valuésmof,

DT; and D rg,, respectively, at various temperatures. The
temperature variations dd 7, and D 7, for sample A are
illustrated in Fig. 5. A similar picture is observed for samples
B and C. In addition to Eq8), the fitting involved a term of
the H? form. This term was practically infinitesimal above 5
K, but belav 5 K its amplitude increased by tHE 2 law.
Even at the lowest temperatufe 6 K) the relative contribu-
tion of this term to MR was much smaller than that of the

compare the experimental magnetic-field variation of the reyWL correction. The term, because of its smallness, could not

sistance with Eq.(8) for Acg, the relation —Ao(H)
=[R(H)—R(0)]/R(H)R7 (0) is used, which can be ap-
plied to resistance when the correction is small.

The EEIl-induced magnetic-field variation of conductivity
in a diffusion channel can be described*3s:

D e2 D
AUH:_m)\HQZ(h)a 9)
where h=gugH/kT, g is the Landefactor of conduction
electrons,ug is the Bohr magneton, and the functigga(h)
has the asymptotic limits: 0.084 at h<1 and Inf/1.3) at
h>1. On electron repulsion, the quantum correct|&y.
(9)] ensures positive MR.

influence appreciably the calculation Dfr, and D 75, from
the MR curves. Its presence indicates that MR is influenced
not only by WL corrections but also by the quantum correc-
tions related to EEJEgs.(9) and(10)]. Indeed, in quite weak
magnetic fields these corrections have the functional form
«H?T~2, In the case of the quantum correctifiq. (10)],
the analysis of this term gives an unrealistically small value
)\ﬁ~5>< 10" °; in the case of diffusion correctidiEq. (9)], it
gives g®\[~3, which seems reasonable if we assume that
g>2 is typical for Sb atoms.

It is seen in Fig. 5 thaD 7, decreases with rising tem-
perature, approximately following the lawDg,) tocTP,
where p is close to unity. This dependence of can be

The EEl-induced quantum correction in the Cooper Ch‘,jngattributed to electron-electron scattering in a disordered 2D

nel is3®

eZ
A0ﬁ=—2ﬂ_—2ﬁ)\ﬁ¢>2(a), (10
where a=2eDH/#ckT, and the function ¢,(«) has
asymptotic limits: 0.3° at a<1 and Ina at «>1. The cor-
rections[Egs. (9) and (10)] usually appear in quite strong
magnetic fieldH> 7wkT/gug,mckT/2eD.

systent®*! The Dr,, values are constant in the low-
temperature region; at about 10 K, however, they decrease
weakly, which may be due to the contribution of electron-
phonon scattering to spin-orbit processes. The remarkable
feature in Fig. 5 is the intersection of thgr,(T) depen-
dence with the low-temperature valuesdfy,. This implies

that to the left of the intersection temperature the spin-orbit
interaction is weak, but it is strong at higher temperatures. In
the case of strong SOI, the WL-induced correction leads to a
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negative MR, which is observed on the samples studiggl  amplitude of the electron interaction with a small transferred
2(a)]. As the sign in the inequalitys,> 7, reverses at low momentunt®* With a strong SOI in the magnetic field, the
temperatures <3 K), a region of positive MR appears in Constantx? becomes

the MR curves of sample fFig. 2(a) curve 1. For samples b
B and C the interception does not produce any effect, and \D— 1-3F/4, H<Hg (113
only negative MR was observed at all temperatures. The Ll 1-F/a, H>H8, (11b
D7, andD 7, values are lower for samples B and C than for

D_
sample A, but the difference is mainly due to the changed'N€€Ho = 7KT/gug. TheF values found from Eq(11a
diffusion coefficientD. are given in Table |. The increase I with a decreasing

To find the time of phase and spin-orbit relaxation in theelectron concentration corresponds to weaker screening in

samples, it is necessary to estim&teFor this purpose we the ele<_:t_ron system. In general, screening in a ?D_SySte”_” IS
. > . . . . less efficient than in a 3D one because the electric field exists
used the relaxatio® = (v 7)/2, in which the time of elastic

: o in the whole space and the screening electrons can move
electron scatteringr was found from the conductivity 4y in a certain plane. The concentration dependef(@®
=ne?7/m. The Fermi velocities  in the & layer were cal- can be explained using the relationship for a true 2D

relation ve=h(27/%n)Y4m for a 2D system. The calcu- this case,

lated diffusion coefficient® are 90, 80, and 20 chs* for
samples A, B, and C, respectively. With these values of 1 1 X+(x2—1)1?
D, 7 is within 0.9x 10 12-2.4x 10" 125, and the character- F= - (x— )
istic time 7,, which is assumed to be identical with the
electron-electron scattering time,., varies from ~1.5
x10 *?s at the lowest temperaturél.67 K) to ~1.5

(12

wherex=2kg/ k, (k5 is the inverse screening lengtilsince

ina 2D casekF2=(27-rn)l’2, k,=2me’v, and the density of

_ statesv=m/7#A <, the parametex in Eq. (12) depends on the

X10 s at 10K. _ concentration as'/?. IF; Eq. (12 x decc]:reases i%versely with
The analysis oR(T) for samples A, B, and C permitted £ The nymericaF values obtained from the above formulas

separation of the contributions from the WL equatiéhand qualitatively support the observed increaseFimith a de-

Coulombic equation(7) corrections. The contributions can creasing concentration of 2D electrons, although it is lower

be separated in two way$) Two R(T) dependencies are than the value calculated from Ed.2).

measured at zero and a strong magnetic figld7T in our

case¢. The magnetic field suppresses the WL effect, since the V. ELECTRON-PHONON RELAXATION

electron wave function acquires an additional phase, which

disturbs electron interference. From the measurement in the The effect of electron overheatitfy can be used to find

magnetic field we can derive the Coulombic correction, andhe €lectron-phonon relaxation time,,. Under electron

the WL-induced correction is found as the difference be-0verheating by the electric fle-_ld, t_he transfer of excess energy

tween the dependenciesAo(InT) taken in the magnetic from the electrons to the lattice is erendent on the time o_f

field and in its absenceii) Using 7, and ., obtained from the electron-phonon energy relaxation. The advantage of this

the analysis of MR, the WL-induced correction can be cal-\r?a?t:v?]gr'g (takll:gt?%ﬁ?glebc?rgiusr?:g:te;i:'1n tir;e tfergg;riigr:te ;?Tt]i:
culated by Eq.(6). This calculation is less reliable, but its g1sp 9

; . . he inelastic processes of relaxation.
results agree with the values derived by the first methoé b

within permissible error. The quantum corrections related to In the electric fieldE electrons acquire additional energy
P - 1heq As=eE(D )% where D7e)Y? is the diffusion length.

the WL and EEI effects turn out to contribute practically The transfer of the excess energy from the electrons to the
equally to the temperature dependence of the samples Stuf)jﬁonon system is controlled by the timg,. If the condition

'ed' In the—Ao vs InT cpordmates the Coulompp_correc— Tee< Tesc< Tep (Where 7eg is the time of the thermal phonon

tion is described by a linear dependence exhibiting a 3% cep ese

) ; ) . : escapgis met, the electron temperatufg exceeds the pho-

increase in the resistance with the temperature lowering frorTr1lonT Thev are related £&

10 to 1.67 K. The WL-induced correction for samples B, C, ph- y '

and A atT>3 K also causes a linear increase in the resis- -

tance with lowering temperature becausg,>r7,. For (KTe)?=(KTpp)?+ g(eE)zD Tep (13

sample A atT<3 K the inequality becomes;,<7,; as a

result the linearity of-Ao(InT) is disturbed and a bending  \when the electron gas overheatingT=T,— T, is

is observed. 5 o known, D 7, can be found from Eq(13). The electron tem-
The EEI constanh appearing in Eq(7) can be found  perature can be estimated using e, data obtained from

from the temperature dependence of the Coulombic correghe magnetic-field variations of the WL-induced quantum

tion. The calculated-'? values are given in Table I. It is seen correction[Eq. (8)]. Two types of dependencies should be

that at high electron densities in tiielayer, the parameter plotted: (i) D,(T) at varying temperatures, and a certain

A2 is close to unity and decreases with the decrease in eletewest currentthe equilibrium dependence, Fig), &nd (i)

tron density. The interaction constam? can be written in D7, (E) at certain temperatures and varying currents. In the

terms of the universal constalff which is an angle-averaged latter case the decreaseDrr,,, with growingE, is due to the
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1x10™

1x10°

1(A)

1x10*

1x10™

1 10 100

T (K) E (V/cm)
FIG. 6. D7¢(T) dependence for samples &), B (2), and FIG. 7. -V curves for sample E at various temperatures K: 10
C (3). (1), 14 (2), 16.6(3), 18.9(4), and 20.4(5).

rising electron temperatufk,, which can be found from the dependencies,'(T) at g¢1>1 andgl<1 are similar in
equilibrium dependenc® r,(T). An example of such esti- character for 2D and 3D systems. TH2 )~ TP depen-
mation is illustrated in Fig. 5. The phonon temperature is sedence withp close to 4 is most likely due to disorder in the
equal to the crystal temperature. The advantage of Byis  Jlayer and the short electron mean free path. The estimated
that it includes[like Eq. (8) for the WL-induced quantum ¢l supports this conclusion: it turns out th@tl <1 below
correctior] the diffusion coefficienD as the only character- 4 K.
istic of the system under investigation.

For samples A, B, and C, ther,,value was calculated in ~ VI. NONLINEAR EFFECTS IN THE CASE OF HOPPING
the temperature interval 1.67—4 K, with currents varying CONDUCTIVITY
from 10 to 120uA. The D7.{T) dependencies plotted for

these three samples are shown in Fig. 6. The dependenciessamplgs_D and E have nonlinear _conductivity. The
can be approximated by the power function of the formcharacteristicélVC’s) of sample D at different temperatures

(D, p)flm-l—p wherep is 3.7+0.3. Using the estimateB are shown in Fig. 7. In addition to nonlinearity, they exhibit
valuees, we obtained the characteristic timeg, of the a shgrp jump in current at high VOItageS' At 10 K al_nd the
electron-phonon relaxation within &0 °—5.9x 10 %s electric fieldEg~90 V/cm, the current jumps up by six or-
at 1.7 K and 1.1% 10~ 11— 4.4x 10~ 115' at4 K N;)te that for ders of magnitude. As the temperature rises, the starting volt-
sarﬁples A an.d B, the eléstic timeis aboﬁt 3x10 155, 49€ of the J'“”?p decreases and _t_he jump it_self i$ voltage
Thus, belav 4 K the relaxation times form the sequence smeared. The jump can be classified as an impurity break-
<7 ’<7- <7 down caused by ionization of impurities and the introduction
ee— 'so ep:

For electron-phonon relaxation in pure metal systems th%a?;]i:%]e (i:sr”r((aarcseéc:a(;hviit(r:]oer\]2Lrlncsl(l)enr-g?nndli.t lﬁjbeo'\(,lem]-GVVKhit(r:]I‘?
Te_plOCTS dependence is known, which holds for weak Jump1s p P Jump,

dicordef when gyl > 1, wheregy is the wave vector of the may be due to filling the quantum states below the bottom of

. . the conduction band.
th-ermal phonondr=kT/#s, s being th.e velocity of fcl)und Variations of the hopping conductivity in the region that
| is the electron mean free path. This form of the'(T)

obeys Mott's law[Eg. (3)] in a strong electric field are dis-

dependence is due to the increasing number of thermal,sqeq in Refs. 49-53. In the region of very strong electric
phonons at rising temperature. In the case of strong disordefy4g E>KT/E,, the dependence

(g71<1), the temperature dependence of the electron-
phonon relaxation time assumes the forrg, oc|T# 4240 J(E)xexp —Eo/E)Y4 (14)

which suggests a weakening of the electron-phonon interac- 9 _ .
tion when the electron mean free path is shorter then th expected, whergEO~I§Tolea. The theory OT nor!-Ohm|c
opping conductivity in moderate electric fieldskE (

thermal phonon wavelength. In thi&layer, the electrons are . S
two dimensional, since they occupy quantum levels in a cers kT{ea) was developed in Ref. 53.’ \.Nh'Ch IS bas_ed on per-
tain potential well and have momentum vectors lying on in-colation theory and allows for variation of the distribution

plane cross sections in reciprocal space. The phonons inteanCtiO” at the initial and final localized states. Reference 53

acting with electrons are, however, three dimensional, an&redlcted a departure from linearity in the field at

their interaction with electrons involves the component of E.=kT/eL,, (15)

the phonon wave vector out of the 2D plane. The kinetic

characteristics of 2D and 3D electrons differ only in numeri-whereL is the characteristic size of the critical percolation
cal factof”*8since 2D electrons have a lower possibility of subnetwork of the states over which jumps are realized. It
changing their moment. We may assume that the functionatan be represented in terms of the percolation threshold
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1x10° From Fig. 1c) we can obtairT,~25x10°K for sample D,
1 and since_g~a¢L"", whereé.=(To/T)*3 then we obtain
£.~15 andL,~5.5x10"°cm at 10 K, which is in good

1x10” agreement with the abous,.

VII. CONCLUSIONS

1(A)

1x107° 4 2 The studies of the electrical properties of Si single crys-
tals with the5(Sh) layer of various sheet concentratioNg
of Sb atoms (% 10'-3x10*cm ?) have provided de-
" tailed information about the low-temperature features of the
electron transport in this system. The findings are as follows.
L — S (1) At Np below ~3-10"®cm 2 a metal-insulator transi-
10 100 tion occurs, which is accompanied by a change from the
E (V/em) metal-type conductivity of theS(Sh) layer to hopping con-
ductivity in a 2D system.
FIG. 8.1-V curves for sample E at 10 K) and sample D at 4.2 (2) As the temperature is increased, the impurity conduc-
K (2):—fitting of Eq. (16); ®@®, experimental results; arrows tion in the § layer changes to a higher conductivity in the Si
show the change from a linear dependence to a nonlinear depegrystal due to activation of the electrons to the conduction
dencel (E). band. The change of impurity conductivity to band conduc-
tivity with increasingNp occurs at a progressively higher
écLo~ré&;, wherer is the mean jump length in the region in temperature.
which Mott's law[Eq. (3)] is operativgr~a(T,/T)"* (Ref. (3) With the metallic conductivity in the layer, the tem-
25)], v is the correlation radius index, which is 0.9 and 1.3perature and magnetic-field variations of the samples at low
for 3D and 2D cases respectivéfySince (T,/T)Y4=¢,,°*  temperatures are dependent on the quantum corrections re-
the parametet , can be represented ag~aél™". At E  lated to the effects of weak electron localization and the

10°

-

>E. it is expected® that electron-electron interaction. The analysis of the magnetic
field dependencies of resistance controlled mainly by the
J(E,T)=o(T)E, exp e ELy/kT) Y1+ (16) WL-induced quantum correction permitted us to find the

L] (o .

temperature dependence of the phase-breaking tipe

Like Eg. (15), this dependence holds good for hopping-’[ypeOCT_l, identified as the time of the electron-electron interac-
conductivity both at constant and decreasing activation ention.
ergy: only thea(T) dependence and the parametgrsand (4) The separation of the WL and EEI contributions in the
L, must have the corresponding forth. temperature dependence of resistance permitted estimation

The theory developed in Ref. 53 describes well the IVCof the EEI constank? for samples of different densitiéé, .
nonlinearity for samples D and E, and provides good quantt is found that)x? decreases wittN, because screening
titative agreement of the characteristic fields of the nonlinbecomes weaker with lowering densitie®f 2D electrons.
earity onsek,, the impurity breakdowrEg and the sizd_g (5) The effect of electron overheating was used to find the
of the critical subnetwork of donor states. Examples of theemperature dependence of the electron-phonon relaxation
computer fitting(solid curve$ of the dependenckEq. (16)]  time Tepr Tep™ 17, Wherep~3.7=0.3, which should be in-
and the experimental results for the nonlinear IVC paptto  terpreted as the manifestation of the electron-phonon scatter-
the breakdown voltaggor samples D(4.2 K) and E(10 K)  ing at strong disorder and high frequency of the elastic scat-
are illustrated in Fig. 8. Takinge.~2 V/cm for sample E tering 7! in the & layer. Belav 4 K the relaxation times
(see Fig. 8 we obtainL,~4.3x 10 *cm, according to Eq. follow the hierarchyr< ree< r4< Tep-
(15). For sample D these values aEe~8 V/cm andL, (6) With the hopping-type conductivity, the current-
~4.5x10"°cm, respectively. Using the calculatég val-  voltage characteristics become nonlinear at quite low volt-
ues, the electric fiel&Eg of the breakdown can be found from ages(much lower than the impurity breakdown voltagéhe
eEgLo~¢q (g is the energy of the ground Sb impurity state IVC nonlinearity is well described by Shklovskii's theory of
in silicon), which we compare to the experimental vakie  non-Ohmic hopping conductivii? The theory gives good
~44meV. The estimatEg~100V/cm obtained by this quantitative agreement of the characteristic fieks in
method is close to the corresponding experimental result angthich nonlinearity appears, the impurity breakdolg, and
exceeds it only by~10%. On the other hand,, can be the sizelL, of the critical percolation subnetwork of donor
estimated from the temperature dependence of resistancgtates in which jumps are realized.
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