Model of DC Tunneling Conductivity via Hydrogen-Like
Impurities in Heavily Doped Compensated Semiconductors
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Herein, a theoretical model is proposed for the weakly temperature-dependent
electrical conductivity of compensated crystalline semiconductors with hydrogen-
like impurities near the insulator-metal concentration phase transition (Mott
transition). The model uses a simple non-stoichiometric cubic “impurity lattice”
formed by the doping and compensating impurities in crystal matrix. A shift of
the c-band bottom (v-band top) into the bandgap due to overlap of the excited
states of neighboring impurities is considered. The distribution of electron (and
hole) density of states in the band of ground (unexcited) states of impurities is
assumed to be Gaussian. Tunneling transitions of electrons between nearest
donors in the charge states (0) and (+1), and tunneling transitions of holes
between acceptors in the charge states (0) and (—1) are considered. It is shown
that, at low temperatures, transitions of electrons (holes) near the Fermi level in
the impurity band lead to electrical conductivity that weakly depends on tem-

qualitatively. In addition, the theory of
quantum corrections to the low-temperature
features of transport phenomena does not
always find experimental support on the
metallic side near the Mott transition either.
This fact (by the example of n-Ge:Sb) was
noted in ref. [7], where it was shown that
the electron impurity states near the Mott
transition are quasi-localized.

In bulk (3D) semiconductors, the main
mechanisms of electrotransfer on the insu-
lating side of the transition are (see,
e.g., refs. [8,9]) band conduction (BC) and
hopping conduction (HC) regimes of DC
electrical conductivity; see Figure 1 for an
ntype semiconductor with the concentra-

perature (in the form of a characteristic plateau). The results of calculating
electrical resistivity in the zero-temperature limit for the plateau region agree with
the known experimental data for moderately compensated n- and p-type Ge, Dia,

Si, ZnSe, GaAs, InSb, and InP crystals.

1. Introduction

The existing ideas about the insulator-metal phase transition
with increasing concentration of hydrogen-like impurities and
the related mathematical description still do not allow to calculate
the value of electrical conductivity quantitatively consistent with
experimental data on heavily doped compensated »n- and p-type
semiconductors in the close proximity of the Mott transition (on
its insulating side; see, e.g., refs. [1-4]). Thus, the theory of quan-
tum corrections (to the Drude-Lorentz formula for DC electrical
conductivity) contains uncertain parameters with the dimension
of length.>®! Therefore, in the practice of calculations, dimen-
sionless ratios of these parameters are used, which describe
the temperature dependence of electrical conductivity only
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tions of doping impurity (donors) Ny and
compensation impurity (acceptors) N,. At
the temperature Tj, the electrical resistivity
pp with thermal activation energy &, in BC
regime is equal to the electrical resistivity
pn in HC regime. The HC regime corre-
sponds to the electrical resistivity p;,, which
at sufficiently low temperatures is character-
ized by a decrease in thermal activation energy &, < &, with
decreasing temperature (see, e.g., ref. [10]).

Near the insulator-metal transition, the temperature depen-
dence of electrical resistivity (see Figure 1) has the form?®~”!

p(T) = pi(0) + yT° 1)

where quantities p;(0) and y depend on the concentrations of
majority and minority impurities; y and |§| < 1 are the parame-
ters of the theory of quantum corrections to the electrical
resistance; p,(0) = p; for T — 0K; |[yT?| < p;(0).

The stationary electrical conductivity of an n-type semiconduc-
tor in the zero absolute temperature limit (at T — 0K) is due
either to c-band electrons, or donor band electrons, depending
on which of them contains the Fermi level. The migration of elec-
trons via quasi-stationary states of donors whose energy levels are
close to the Fermi level!*'? leads to fluctuations in time of their
energy levels. Due to the hopping charge exchange of donors, their
energy levels are quasi-stationary. If the donor energy levels do not
fluctuate in time (i.e., they are stationary), then at T — 0K in the
absence of illumination, the stationary migration of electrons via
donors in such a sample disappears.* On the contrary, according
to Mott,**! c-band electrons with an energy greater than the mobil-

ity edge E ) are responsible for stationary electrical conductivity at
arbitrarily low temperatures even in the absence of illumination
(see Figure 2). Further, Mott (see ref. [1] and references therein),
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Figure 1. Scheme of the change in the form of the dependence of the
logarithm of the DC electrical resistivity In p of a moderately compensated
n-type crystalline semiconductor on the inverse temperature 1/T with
increasing the concentration Ny of a hydrogen-like doping impurity
(donors) and a fixed compensation ratio K = N, /Ng; &, (= &) is the ther-
mal activation energy of electron transitions from ground states of donors
to the c-band; &, (= &3) is the activation energy of hopping migration of
electrons via donors with the participation of phonons; kg T is the thermal
energy. Curve 1 corresponds to Ny < Ny, curve 2 to Ny ~ Ny, where
Ny is the critical donor concentration corresponding to the insulator—
metal transition (Ny increases with K); y = const, parameter |5 < 1.

based on the experimental data of Alexander and Holcomb,™! con-
cluded that in semiconductors near the insulator-metal transition,
the impurity band is separated by the energy gap from the ¢-band
(or the v-band). In other words, the Fermi level on the insulating
side is located in the impurity band.

Since the early 1970s, the single-electron phenomenological
gapless model of Anderson localization has been widely used
to describe the insulator-metal phase transition in heavily doped
compensated semiconductors,®'”! in which the transition con-
dition is the coincidence of the Fermi level with the mobility
edge. Based on the experimentally established effect of the
Coulomb gap collapse at the Fermi level as the insulator-metal
phase transition is approached, one of the authors proposed!™®!
and developed™ a gap model of the transition. This model
describes the approach to the transition from the insulating side
as the effect of the collapse of the Coulomb gap. However, in the
case of close proximity to the insulator-metal transition and
finite temperatures, the Coulomb gap does not manifest itself,
since its width turns out to be less than the thermal energy
kg T. The absence of the Anderson metal-insulator transition
in bulk samples of a number of metal alloys with increasing
structural disorder and temperature in them, as well as the pos-
sibility of overcoming the Mott limit of the minimum electrical
conductivity in them, was discussed in ref. [20].

Note that in inhomogeneously disordered strongly compen-
sated samples (1 — K < 1), the formation of quasi-1D conduct-
ing channels, for example, of a dislocation nature, electrically
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Figure 2. Energy band diagram of a compensated n-type semiconductor at
low temperatures. The bottom of the ¢-band of the undoped crystal (E, = 0)
is set as the origin of the electron energy E,; g,; and g, are the densities of
single-electron states in the c-band for ideal (undoped) and doped semicon-
ductors, respectively, G, is the distribution density of donor energy levels E4
(relative to the ionization energy of a single donor I4) in the donor band
(D% -band), EY = —5E, < Ois the drift mobility edge for c-band electrons,
EY <0 is the Fermi level, E, = EY — E) > 0 is the energy level of elec-
tron tunneling transitions between donors (the energy required for the ther-
mal transfer of an electron from the energy level of the donor to the mobility
edge); 2AE4 > Ois the interval of values of donor energy levels in the charge
states (0) and (+1) between which electrons tunnel; W,, is the rms fluctua-
tion of c-band electron energy; and Wy > W, is the effective width of the
donor band.

connecting the electrodes (anode and cathode) to the sample is
possible. These channels may comprise a small fraction of the vol-
ume of a semiconductor sample, but still shunt its conductivity
(see, e.g., refs. [19,21]). Next, we consider only homogeneously
disordered crystalline semiconductors with a moderate compensa-
tion ratio in which the formation of such channels can be
neglected.”?!

So, theoretically and practically important question is to study
the conditions under which in semiconductor systems with
quasi-localized states of electrons on hydrogen-like donors (some
of which are filled with electrons, and some are empty) in the limit
T — 0K, the DC electrical conductivity via donors is not equal
to zero.

We are interested in the possibility of a quantitative description
of stationary electrical conductivity (similar to the Drude—Lorentz
approach®®!) due to tunneling transitions of electrons (or holes) via
doping impurities near the insulator—metal transition. According
to (1), this corresponds to the quantity p;(T) at T — 0K, that is,
p:(0). In accordance with Figure 2, for moderately compensated
semiconductors, the migration of electrons (or holes) occurs in the
region of 2A E4 (or 2AE,) width of the impurity band in the vicinity

of the Fermi level E) (or EY) via states of donors (or acceptors).
In this case, the migration of electrons via the c-band states or of
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holes via the v-band states does not occur. (On the contrary, in
heavily doped weakly compensated semiconductors, stationary
electrical conductivity is realized via the ¢ or v-band states.**)
The purpose of this work is (i) to obtain a formula for calcu-
lating the DC tunneling electrical resistivity p,(0) = 1/6,(0) at
low temperatures (T < T;) corresponding to a plateau in the
dependence of In p versus 1/T, for n- and p-type crystalline semi-
conductors heavily doped and moderately compensated by
hydrogen-like impurities (see Figure 1, curve 2); and (ii) to com-
pare the calculations with the known experimental data for bulk
semiconductor materials located near the Mott phase transition.

2. The Main Relationships of the Proposed Model

Let us consider a homogeneous bulk crystalline n-type semicon-
ductor containing per unit volume Ng = N + N, ; hydrogen-like
donors in the charge states (0) and (+1), between which tunneling
transitions of electrons occur. (The charge states of impurities are
given in units of elementary charge e.) We assume that at low tem-
peratures in the vicinity of the Fermi level of the compensated semi-
conductor, the electron states in the donor band are quasi-localized.
The compensation ratio of donors by hydrogen-like acceptors is
0< K= N,/N4 <1, where N, = N_; = KNy is the concentra-
tion of acceptors that are completely in the charge states (—1).

The quantity T; (see Figure 1), determined from the virial the-
orem, has the form®*!

0728 ¢

L~ 1/3
T] kB 47[6}80 (KNd) (2)

where kp is the Boltzmann constant, e is the elementary charge,
£,& is the static permittivity of intrinsic (undoped) semiconduc-
tor, &, is the relative permittivity (determined by v-band electrons
on the background of the ionic cores of the crystal matrix), and &,
is the electric constant.

In the low-temperature region (for T < Tj), the concentration of
cband electrons is n < K(1 — K)Ng. In this case, the electrical
neutrality condition for a semiconductor doped with hydrogen-like
donors and compensated with hydrogen-like acceptors has the form

Ny=n+N_ 1 ~KNg=N, (3)

All acceptors in the studied temperature range do not directly
participate in the tunneling migration of electrons via donors,
but only block some migration sites. Following ref. [26], we
assume that the doping impurity (donors) with the concentration
Ng = Ny + N, and compensating impurity (acceptors) with the
concentration N, = KN4 form a non-stoichiometric simple cubic
“lattice” within the crystal matrix of the semiconductor with a
translation period di, = 2Ry = 1.24[(1 + K)Ng4|~1/3, where
Ng+ N, = (1+ K)Ny4 is the concentration of all impurities.
The dy,, value is equal to the diameter of a spherical region in
a crystal per impurity atom or ion (both donor and acceptor).
In the impurity lattice, each impurity has six nearest neighbors
(the first coordination sphere). The fraction of electrically neutral
donors in the impurity lattice is (1 — K)/(1 + K), and the frac-
tion of positively charged donors is K/(1 + K). For certainty, let
us assume that the edge of the cubic unit cell of the impurity lattice
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is oriented parallel to the x-axis of the Cartesian coordinate system,
that s, in the direction of the external electric field strength vector.
We assume that the electron tunneling transitions occur only
between the nearest donors in the charge states (0) and (+1), that
is, an electron tunneling length is fixed and equal to dj,,. Note that
dim value is close to the average distance between impurities deter-
mined in ref. [27] by the method of Voronoi-Dirichlet polyhedra.
The crystal matrix is considered as a homogeneous isotropic
medium with the static permittivity ¢.&,.

The mobility edge EY) (see Figure 2), for the concentration of
c-band electrons n < K(1 — K)Ny, is!?®?’]

EY = —6E, = E& + Fres < 0 “)

where Ege), = —0.955W, < 0is the percolation threshold (energy
level) for the diffusion of ¢-band electrons; W, is the root-mean-
square (rms) fluctuation of the potential energy of c-band electron;
Eres = —13a,/Rim < 0is the decrease of donor thermal-ionization
energy due to the confinement of the maximum radius of “optical”
electron orbit around donor-ion core due to the presence of other
impurities in crystal; I; = €2 /87e,£ya,, is the ionization energy of a
single (isolated) donor with the Bohr radius a, of electron orbit
in ntype crystal; E ~ —1.612(¢?/87e.£0)[(1 + K)Ng]'/3. The
quantity §E; > 0 is due to the formation of a quasi-continuous
band of delocalized electronic states from the excited states of
donors below the bottom of the c-band.

The average over the crystal volume probabilities ( f,) and
( f41) that the donor randomly selected in the crystal matrix is
in the charge state (0) (is electrically neutral) or is in the charge
state (+1) (is a singly positively charged ion) are (see, e.g.,
refs. [8,30))

(== [ Gafo dlEa-19=1-K

Ny
<f+1> =N_d_

+o0 (5)
/_ Gafur d(Es— o) =K

where Gq4 is the Gaussian density of single-electron states in

the donor band, f, = {1 + B3l exp [— (Eg) + Ed)/kBT] }_1 is
the probability of an electron occupying the donor state;
fuu=1-fy Eg=E; —Ey>0 is the thermalionization
energy of the elecirically neutral donor (electron transition
from the donor to the bottom of the c-band of an undoped

crystal; Figure 2); E%C) is the Fermi level for electrons, T is the
absolute temperature; (the bottom of the c-band (E; = 0) of an

undoped crystal is chosen as the origin of Eg‘) <0, I, Eq, and

EQ = —b8E, < 0); By is the degeneracy factor of the energy level
of a hydrogen-like donor in covalent and covalent-ionic crystalline
semiconductors. For the case T — 0K, following refs. [31,32],
it is assumed that 4 =2, and the degeneracy factor of the
hydrogen-like acceptor is g, = 4 (cf. refs. [33-35]). The magnetic
moment of the donor (acceptor) atom nucleus is not taken into
account.?®!

Let us assume that the distribution density of donor energy
levels in the bandgap (see Figure 2) has a normal (Gaussian)
distribution!***”!
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_ 1 _ (Ea— Id)z]

where W% is the dispersion of donor thermal-ionization
energy levels E4 relative to I3 in the semiconductor bandgap;
ST Gad(Ea — 1a) = 1 (see, e.g,, ref. [38)).

The rms fluctuation of donor energy levels (the effective width
of the donor band) W, taking into account only the Coulomb
interaction of a donor in the charge state (+1) with ions of
the first coordination sphere of a notional impurity lattice with
period dy, is equal to!*”

d Voo 12K \ 12
= ) =—2 (=2
Wa= (; Py U') 4ne eobim (1 + K) @

where P; = 2K/(1 + K) = 2KEq is the probability that any of the
six sites of the impurity lattice in the first coordination sphere
near the selected impurity ion occupied by an ionized donor
or acceptor; £y = 1/(1 + K) is the fraction of donors at the impu-
rity lattice sites; |U;| = €%/4nee0dy, is the modulus of the
Coulomb energy of the interaction of the selected ion with the near-
est ions located at the distance di, = 2Ry, =~ 1.24[(1 + K)Ng4]~1/3
in a cubic lattice of doping and compensating impurities. When
deriving formula (7), it was taken into account that the average
energy of Coulomb interaction of the selected impurity ion with
ions in the nearest six sites of the impurity lattice is equal to zero:

§ . P,U; =0.

The rms fluctuation of the potential energy of an average
c-band electron W, at n < K(1 — K)Ny is less than the rms
fluctuation W4 of donor energy levels E4 owing to impurity ions
(see, e.g., refs. [22,40]). This is a consequence of the “smoothing”
of the potential relief W, on scales of the order of magnitude of
the average electron de Broglie wavelength (cf. refs. [25,35])

n \1/2
e ()

where n = N,; — KNy is the concentration of ¢-band electrons;
n+ N,; + KNyg = 2N, is the concentration of all point-charged
particles in the crystal (i.e., c-band electrons and impurity ions);
see Equation (3).

Note that expressions (7) and (8) give time-averaged rms fluc-
tuations of the potential energy for point charges localized (W)
and delocalized (W,) in the crystal.

Further, we consider the dopant concentration, the degree
of its compensation ratio K, and also the temperatures
T < T;, for which, according to (7) and (8), the rms fluctuations
Wq > kgT, W, < W, and the concentration of ¢-band elec-
trons n(T) < K(1 — K)Ng4, where K(1 — K) is the fraction of
donor pairs that, according to the model,***? limit the
high-temperature region of hopping electron migration via them
(see Figure 1, curve 2). Under these conditions, we have

|E§,‘e),| & |Eyesl, and thus according to (4), the mobility edge is
(see also Appendix A)

On

Rim

ED = —6E, m Epg = 4= <0 )
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Note that the average over the crystal energy required for the
transition of an electron from the energy level of a hydrogen-
like donor to the c-band electron mobility edge (at a, < Riy),
according to ref. [35], is equal to Id+E$fl) = Iy + Es (see
Figure 2).

The fraction of donor pairs in the charge states (0) and (+1)
whose energy levels E; are separated from the Fermi level

(—E¥ > 0) by the value of +AEj, that s, (_Eg) — AE;— Id) <
Eq—I3 < (—Eﬁf) + AEg — Id), is (see also ref. [39])

1
T K(1-K)

x /_ " Gafo(Ea+ AEg)f 1y (Ea — AEg)d(Ea— Ia) < 1 (10)

©,

where it is taken into account that the part (1 — K) of donors is occu-
pied by electrons, and the part K is empty, G, is the Gaussian density
of distribution of energy levels E; relative to the center of the donor

band I3 > 0 (see Figure 2 and formula (6)); fo(Eq + AEg) =

{1 +B7 exp [— (Eff) +Eq+ AEd) / k.,:r] }“ is the probability

of an electron occupying a donor with an energy level Eq + AEy;
-1

fa(Ea — AEg) = {1 + faexp [(Eff) +Eq — AEd)/kBT]} ;
for AEg — 0, one have f ; =1 — f, for all values of Ej.
Note that for kg T <« Wy (formally, in the limit T — 0 K), we can

use the approximations: fo(Eq + AEq) — H(Eg) + AEg+ Ed)

and f,,(Eq— AEg) > H(_Egﬁ +AE; — Ed), where H(-) is
the Heaviside step function. Then, from (10), we get

1
T 2K(1-K)

(€) () _
x |erf M —erf w <1 (11)
V2Wy V2W,

where erf(-) is the error function; E, ff) does not depend on temper-
ature (see Equation (17)).

Further, following ref. [11], we assume that the contribution to
the tunneling DC electrical conductivity 6;(0) = 1/p,(0) accord-
ing to (10) and (11) is made only by a set of quasi-resonant pairs
of donors located at a distance d;;;, (donor energy levels E, are in
the range +AE; in the vicinity of the Fermi level —ng) > 0). One
of the donors is occupied by an electron (is in the charge state
(0)), and the other, the donor nearest to it in the impurity lattice,
is empty (is in the charge state (+1)).

Let us define the effective concentration of electrons that can
migrate by means of tunneling between donors in the charge
states (0) and (+1), as follows!*”

6,

_ NNy

N,
t N,

= K(1 - K)Ng (12)
where the index “t” denotes the tunneling mechanism of electron
transfer.

Note that the quantity K(1 — K)Ngq = N,(K) determines the
screening length (in the Debye-Hiickel approximation) of the
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stationary electric field®***" in an n-type semiconductor doped
with hydrogen-like donors at the concentration of c-band electrons
n < K(1—K)Ng. The concentration of tunneling electrons
N,(K) reaches its maximum of 0.25Ny at the compensation of
donors by acceptors K = 0.5. If, by analogy with the analysis of
optical spectra, we take the full width of the function N,(K) at
its half maximum, that is, at K(1 — K)Ngq = 0.125N, then we
obtain the range of compensation ratios 0.15 < K < 0.85. In gen-
eral, this range of K values corresponds to moderate compensation
of donors by acceptors.

Taking into account formula (12), the DC electrical conductiv-
ity o, along the x axis in the case of tunneling transfer of
electrons via donors is written as

0w = eN:M, = eK(1 — K)NgM, (13)
where M, is the drift tunneling electron mobility in the donor band.

Let us assume that in the vicinity of the Fermi level located in
the donor band an electron tunnels between two neighboring
donors in the charge states (0) and (+1) in the impurity lattice
on average in time 7,. In this case, the quasi-stationary!'*’!
energy levels E; of these donors are in the range

(—E‘;) - AEd) <E < (—E‘;’ +AEd) in the vicinity of the

Fermi level —E) > 0. The average drift tunneling mobility of
electrons M, via donors by analogy with the Drude-Lorentz
formula for c-band electrons and v-band holes (see, e.g.,
refs. [35,44,45]), we define as follows

(14)

where 7, is the average over the crystal duration of the electron
tunneling transition between two donors in the charge states
(0) and (+1) located at a distance d;, from each other,
for (—E;C) — AEy — Id) <E-Li < (—Eg) + AEq — Id); My,
is the conductivity effective mass of c-band electron; the quantity
©, according to (11) gives the probability that the donor energy
levels E4, between which the electron tunnels, are in the range
—EY & AEy; the quantity Bg =1/(1+K) is the fraction of
donors at the sites of a notional non-stoichiometric simple cubic
lattice of donors and acceptors in the crystal matrix. (Note that in
formula (14), the role of the quasi-momentum relaxation time of
average c-band electron in the Drude-Lorentz scheme is played
by the quantity 7,540, for an electron tunneling between donors
in the impurity lattice.)

We assume that the difference between the energy levels of
two donors 2AE, in the charge states (0) and (+1), located
at a distance d;;,, and responsible for the tunneling electrical con-
ductivity (see Figure 2), is equal to the quantum splitting of the
energy levels 6E, ,; of these donors, that is, 2AEq = 6E ,;; see
formula (16) later.

The tunneling transition time of an electron between an elec-
trically neutral donor and a positively charged donor (located at a
distance dj,) is determined as follows!*®!

nh

_ 15
6Eo 1 (1)

Tt
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where # = h/2x is the reduced Planck constant, 6E, ,; = 2AEy
is the splitting of the energy levels of two donors in the charge
states (0) and (+1). The quantity 6E,; (by analogy with the
splitting of electron energy levels in the molecular hydrogen
ion Hj) is determined as follows!*”*®!

(1 +pn) exp(=pn) — [1 — (1 + py) exp(—2p,)]S,

p
8Eg,, = 4E,~~ o (1= 5D)
n n

Sn = [1 +pont (pﬁ/a)] exp(—p,,); Pn = im/an (16)
where E, = Effl) —E ff) > 0 is the energy level of electron tunnel-
ing transitions between donors in the charge states (0) and (+1);
dim = 2Ry, ~ 1.24[(1 4+ K)Ng]~1/? is the distance between the
nearest neighbors in the “impurity lattice”, assumed to be equal
to the length of the electron tunneling transition between donors;
a, = €/8me.eyl4 is the Bohr radius of electron orbit on a single
donor in the charge state (0).

Note that the position of the Fermi level E(Fc) <0 in the

bandgap should be below the mobility edge E9 <0 of
c-band electrons to exclude the possibility of their free electromi-
gration in the crystal (from cathode to anode). This condition
corresponds to semiconductors with such values of dopant
concentration Ny and compensation ratio K, for which the follow-

ing inequality is fulfilled: E, = E& — E© > 0.

The quantity ng) < 0 according to the equation of electrical
neutrality (3) taking into account (5) depends on temperature.
At low temperatures (kgT <« Wy, formally for T — 0K), we
have the relation (see, e.g., refs. [30,39))

(c)
JK 1 erf (m)

V2W,y )

where the Fermi level Eff) does not depend on temperature.

Next, we take into account all possible orientations of a ran-
domly oriented non-stoichiometric cubic lattice of donors and
acceptors, which determines the paths of tunneling migration
of electrons in a macroscopic (3D) semiconductor sample, with
respect to the direction of the external electric field strength along
the x axis of the Cartesian coordinate system.’*>*®! As a result, the
DC tunneling electrical conductivity o, via donors is calculated by
formula (13) taking into account (11)—(17) in the limit of zero
temperature (T — 0K) as follows

o, €K(1— K)Ngz, 1
- = Bq0, =
2 zmrw pt(o)

where 7, is determined by formula (15), ®, is given by (11), and
B4 =1/(1+K).

Formula (18) shows that, near the insulator—metal transition,
the tunneling electrical resistivity p;(0) = 1/06,(0) decreases with
the concentration of the majority (doping) impurity Ny at
K = const. At a fixed value of the doping impurity concentration
N4 = const, the value of p;(0) increases with the compensation
ratio K. The quantity 540, = ©,/(1 + K) shows the fraction of
doping impurities in the non-stoichiometric simple cubic

0:(0) =

(18)
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Table 1. Parameters of semiconductor crystals and hydrogen-like doping
impurities at low temperatures.®'~>%]

Material® e v ”'9(,);) [mo  Mupye/mo  lg@y [MeV]  ang) [nm] By
n-Ge:As 154 4 0.22 0.12 1417 3.30 2
p-Ge:Ga 154 1 0.35 0.26 11.32 413 4
p-Dia:B 5.7 1 0.992 0.524 370 0.34 4
n-Si:P 1147 6 0.322 0.26 45.58 1.38 2
n-ZnSe:Al 8.6 1 0.137 0.137 26.3 3.18 2
n-GaAs:Ge 124 1 0.0662 0.0662 5.98 9.71 2
n-GaAs:Sn 124 1 0.0662 0.0662 6 9.68 2
n-InSb 168 1 0.0136 0.0136 0.7 61.2 2
n-InP 1222 1 0.08 0.08 7.3 8.07 2

Here ¢, is the relative permittivity, v is the number of valleys in the c-band (v-band),
’"9(;) is the density of states effective mass of c-band electrons (v-band holes) in one
valley, my,), is the conductivity effective mass of electrons and holes (in units of the
electron mass in vacuum mp), ly(,) is the thermal-ionization energy of a single donor
(acceptor), ay(y) is the Bohr radius, and 4, is the degeneracy factor of the energy

level of a hydrogen-like donor (acceptor).

impurity lattice that directly participates in the tunneling migra-
tion of electrons via donors.

The donor concentration Nq = Ny at which the Mott phase
transition occurs for an n-type semiconductor from the insulat-
ing state to the metallic state at the compensation ratio Kis deter-
mined by the formula®®

N — 0.542
A= K) (e + 21

(19)

where a, = €2 /8ze,l4 is the electron Bohr radius of a single
donor located in a pure crystal matrix with the relative permittiv-
ity &,.

Note that for the case of tunneling electromigration of holes
via hydrogen-like acceptors in compensated p-type semiconduc-
tors near the hole Mott phase transition in all formulas, the index
“d” (donors in the charge states (0) and (41)) should be replaced
by the index “a” (acceptors in the charge states (0) and (—1)), the
index “c” should be replaced by the index “v”, and the concentra-
tion of c-band electrons » and the index “n” should be replaced by
the concentration of v-band holes p and the index “p”.

3. Calculation Results and their Comparison with
Experimental Data

To calculate the tunneling electrical resistivity p,(0) via impuri-
ties at temperatures T, corresponding to weak temperature
dependence (i.e., plateau): py(T) = py(0) +7yT? where y=
constand |§| < 1 (see Figure 1), the parameters of bulk semicon-
ductor materials indicated in Table 1 were used (see also
refs. [51-55]). Table 2 shows the results of calculating p,(0) using
formula (18) and experimental data®*7" obtained in the regime
of linear hopping of electrons and holes (Ohm’s law) near the
insulator-metal transition. Semiconductors with moderate com-
pensation ratios K and the concentration of the doping (majority)
hydrogen-like impurity Ny, are considered. Calculation of the

Table 2. Experimental data on electrical resistivity p,(T) of crystalline semiconductors at temperatures T, corresponding to a weak temperature
dependence (plateau) in the curve Inp(1/T): p,(T) = p:(0) + yT°, where y = const, |§] < 1, and calculation results for p;(0), Mott concentration
N, tunneling drift mobility M, of electrons (holes), and splitting of impurity energy levels 6Eq 1 (6Eo—1).

Material Sample T[K]  Nyg [em™] K p(T) [Qcm] Experiment  p,(0) [2cm] Calculation Ny [em™] M, [em?V™'s™"  8E 41 (6Eo—1) [meV]
n-Ge:As - <35 324x10® 065 0.0125¢ 0.016 7.18 x 10" 0.105 8.180
2 <2 628x107  0.28 0.043057:58] 0.028 3.54 x 10"7 0.348 0.097
p-Ge:Ga 10-OR <3 1.51 x 10" 0.4 01829 0.178 2.16 x 10"7 0.193 0.389
M-OR <10 497 x 10" 0.4 0.03759 0.080 2.16 x 10"7 0.130 0.436
- <16 25x107 0.4 0.095!¢! 0.127 2.16 x 107 0.164 0.531
- <11 251 x 107 0.3 0.106!°" 0.115 1.86 x 10"7 0.206 0.224
10 <6 198x107 035 0.19112 0.141 2 x 107 0.197 0.351
p-Dia:B #6 <300 3x102°  =0.17 0.007(6364 0.005 6.26 x 102 0.006 3.430
D <310 12x10® =~0.17 0.00816%1 0.010 6.26 x 102 0.008 2.170
n-Si:P A-63 <14 694x10% 035 0.0211¢¢! 0.018 6.96 x 108 0.045 1.460
B-310 <14 1.07x 10" 0.5 0.03116¢! 0.016 9.05 x 108 0.029 5.060
n-ZnSe:Al 675 <29  21x107 0.57 0.76571 0.174 1.08 x 10'8 0.139 1.040
722 <35 5.8 x 107 0.26 0.1441671 0.060 6.29 x 10" 0.186 0.264
n-GaAs:Ge 0930 <75 5 x 10 0.6 0.250181 0.161 3.02 x 10 0.645 1.620
0530 <3 5x 107 0.63 0.0141%8 0.037 3.26 x 10 0.289 4370
n-GaAs:Sn 6 <42  21x10% 061 0.495[%% 0.293 3.13 x 10% 0.852 0.902
n-InSb 214 <14  6.6x10" 0.67 1.0167% 0.513 1.12 x 10™ 16.7 0.545
n-lnP 1002 <77 884x10 054 0.3037" 0.121 4.63 x 10'6 0.470 1.320
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Ny concentration using formula (19) shows that considered
samples are near the electron (or hole) Mott phase transition.

For heavily doped crystalline semiconductors, moderate dis-
crepancies between calculations using formula (18) and the
experiment can be due to the dependence of the effective masses
mf,l&) and m, ), of electrons (or holes) on the concentration of
doping hydrogen-like impurities Ny (N,) and their compensation
ratios K = N,/Nj for n-type (= Ng/N, for p-type).**! Also, the
discrepancy between the calculations and the experiment for
the neutron-transmutation-doped n-Ge:As sample from
ref. [56] can be explained by incomplete annealing of radiation
defects (see, e.g., refs. [72,73]). Finally, for the n-GaAs:Ge sample,
the discrepancy between the experimental value of the electrical
conductivity and the calculation using formula (18) can be asso-
ciated with a value of the electron tunneling transition length
larger than d;,, ~ 1.24[(1 + K)N4|~1/3. Here, we can point out
to an analogy with the migration of ¢-band electrons under con-
ditions of their dominant scattering on impurity ions in n-type
gallium arsenide crystals. Due to the small value of the effective
mass, a typical c-band electron can interact with several impurity
ions simultaneously. This fact was noted in ref. [74] when
calculating the low-temperature drift mobility of ¢-band electrons
in n-GaAs.

The temperature values given in Table 2 correspond to the
high-temperature plateau boundary in the dependence of Inp
versus 1/T; see Figure 1. From the known experimental data,
such n- and p-type samples were selected in which the doping
impurity concentrations met the conditions for the realization
of moderate compensation (see Figure 2)
1< (B - 1)/ Wa <1 1< (EP|-L)/W.<1 (20)
Thus, for all n- and p-type semiconductors presented in Table 1,
the calculation taking into account the equation of electrical neu-
trality (17) gives a range of compensation ratios 0.16 < K < 0.84
that satisfies conditions (20). This agrees with the range 0.15 <
K < 0.85 given after formula (12). For such compensation ratios,
the correlation between the location of hydrogen-like impurities
and their energy levels can be generally neglected (see, e.g.,
refs. [10,75]). For details of our calculations see ref. [76].

4, Conclusion

A model of DC electrical conductivity of heavily doped moder-
ately compensated semiconductors in the limit of zero absolute
temperature near the insulator-metal phase transition is pro-
posed. It is assumed that the doping and compensating impuri-
ties form a non-stoichiometric simple cubic impurity “lattice” in
the crystal matrix. The translation period of this impurity lattice
was assumed to be equal to the diameter of spherical region per
impurity atom (ion). The tunneling of electrons (or holes) only
between neighboring sites of the impurity lattice occupied by the
majority impurity in semiconductors with a conditionally mod-
erate compensation ratio, that is, for 0.15 < K < 0.85, was
considered. Also, we assumed a Gaussian distribution for fluc-
tuation of the donor-ionization energy to c-band (acceptor to
v-band). The widths of the donor and acceptor bands Wy(,) were
determined by Coulomb interaction of an impurity ion only with
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ions in the first coordination sphere of impurity lattice. For
c-band electrons (or v-band holes) at low temperatures, the aver-
age de Broglie wavelength of an electron (or hole) is much larger
than the period of the impurity lattice. Therefore, the rms fluc-
tuation of the potential energy of c-band electrons (and v-band
holes) W, is much smaller than the impurity band width
Wa)- We considered a shift 6E,) > 0 of the c-band bottom
(the v-band top) into the semiconductor bandgap due to the
formation of a quasi-continuous band of allowed energy values
from the excited states of donors (or acceptors). In this case, the
maximum possible radius of electron localization on the donor
(or hole on the acceptor) is limited to half the translation period
of the impurity lattice, and the thermal-ionization energy of the
donor (or acceptor) is reduced.

In moderately compensated semiconductors, the Fermi level
is in the impurity band and is separated by an energy gap from
the mobility edge for c-band electrons (and v-band holes), so in
the limit of zero temperature, they do not contribute to the DC
electrical conductivity. Near the Mott transition at low tempera-
tures, the electrical conductivity is determined by the tunneling
migration of electrons (or holes) between the quasi-stationary
states of neighboring donors (or acceptors) in the vicinity of
the Fermi level.

The values of tunneling resistivity p;(0) of compensated semi-
conductors at low temperatures were calculated using the derived
formulas and compared with known experimental data. The con-
centrations of the majority and compensating hydrogen-like
impurities of the samples correspond to their location in the
vicinity of the electron (or hole) Mott transition. Comparison
of the results of calculations of tunneling electrical resistivity
with experimental data for n- and p-type germanium, p-type dia-
mond, as well as for crystals of n-type silicon, zinc selenide, gal-
lium arsenide, indium antimonide, and indium phosphide,
generally shows their quantitative agreement. In the region of
low temperatures, these experimental data were previously
beyond quantitative description.

Appendix A

The shift of the bottom of the c-band SE, (the top of the v-band
SE,) into the depth of the bandgap according to (9) can be deter-
mined in an alternative way, taking into account the electrostatic
screening of the Coulomb potential of impurity ions in the
Debye-Hiickel approximation. Thus, according to refs. [39,49]
and references therein, the value 6E; > 0 for an n-type semicon-
ductor is determined by the screening of a donor in the charge
state (+1) by a cloud of locally uncompensated negative-charged
acceptors (taking into account the tunneling migration of elec-
trons between donors) and is given by the formula

3a,

EY = 6E, mEpy = —Ij——"
m ) c cor dz(Asc+Rim)<0

(A1)
where AZ = (V27e,60W4/¢Nyg) exp{ [(Eg) + Id)/\/de]z}
is the square of the screening radius of the donor ion at low tem-

peratures (kgT < Wg4), when c-band electron concentration
n < K(1 — K)Ng; the effective width of the donor band Wy
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is determined by formula (7); the value of (Eff) + Id) /Wy is

found from the electroneutrality Equation (17); Ry, = [3/4#(1 +
K)N4]'/? is the radius of the spherical Wigner—Seitz cell for
impurities with concentration of (1 + K) Ny in the crystal matrix.
Similarly to (A1), the formula for the shift of the top of the v-band
8E, > 0 into the bandgap of a p-type semiconductor can be
written.

The results of p,(0) value calculation by (18) taking into
account the shift 6E,, by (A1) give practically the same values
(up to fractions of a percent) as the calculations of p,(0) taking
into account the shift 6, by (9).
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