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LATTICE MODEL OF NONPHONON DONOR–ACCEPTOR 
PHOTOLUMINESCENCE IN GERMANIUM CRYSTALS

N. A. Poklonski,* I. I. Anikeev, and S. A. Vyrko UDC 621.315.592

A formula is proposed for calculating the spectral position of the peak of the nonphonon line (zero phonon line, ZPL) 
of donor–acceptor (DA) photoluminescence in p- and n-type covalent semiconductors with hydrogen-like impurities 
at low temperatures and low levels of steady-state interband photoexcitation. The model uses a nonstoichiometric 
simple cubic impurity lattice formed jointly by doping (majority) and compensating (minority) impurity atoms in 
the crystal matrix. It is assumed that the distribution densities of energy levels of donors forming the D0-band and 
energy levels of acceptors forming the A0-band in the band gap of the crystal are Gaussian with equal root-mean-
square fl uctuations of the ionization energy. Nonphonon radiative DA-recombination is considered to occur only 
between nearest neighbors in the impurity lattice upon a nonequilibrium electron transition from the energy level of 
the fi rst excited state of donor to the acceptor energy level in the A0-band, which coincides with the Fermi level in 
this band in a p-type semiconductor or upon a nonequilibrium hole transition from the energy level of the fi rst excited 
state of acceptor to the donor energy level in the D0-band, which coincides with the Fermi level in the band in an 
n-type semiconductor. The calculated dependence of the maximum of DA-photoluminescence nonphonon line on the 
concentration and degree of compensation of majority impurities by minority impurities is consistent with known 
experimental data for neutron-transmutation doped germanium crystals.

Keywords: hydrogen-like donor and acceptors, nonstoichiometric impurity lattice, steady-state donor–acceptor 
photoluminescence, nonphonon line.

Introduction.  Various types of photoluminescence are observed in covalent and covalent-ionic crystalline 
semiconductors depending on the concentration and type of hydrogen-like impurities [1, 2]. The impurities form discrete 
energy levels in the crystal forbidden band in weakly doped semiconductors where the distance between impurity atoms 
is large and Coulombic interactions between them are small. They form impurity bands, a donor D0-band and an acceptor 
A0-band, in the crystal energy gap at moderate impurity concentrations where the distance between them decreases and 
the interactions between them increase. The D0- or A0-bands expand and overlap with the closest c- or v-bands of allowed 
energies in highly doped degenerate semiconductors on the metallic side of the insulatormetal concentration phase 
transition (Mott transition).

Donor−acceptor (DA)-recombination emissive transitions are used both to create light-emitting semiconductor 
device structures [3, 4] and to control the homogeneity of the impurity distribution in a crystalline matrix [1, 5] for optical 
materials science purposes. Existing models of DA-pair emissive recombination cannot calculate dependences of the emission 
line maximum position on the concentration of hydrogen-like impurities that agree quantitatively with experimental data 
[2, 6–8]. The eff ect of Coulombic interaction of impurity ions that leads to the formation of impurity bands in the crystalline 
matrix energy gap on the position of the nonphonon photoluminescence intensity maximum is not explicitly considered in 
these DA-recombination models. DA-recombination spectra in gallium phosphide crystals have been studied [9, 10] 
and narrow photoluminescence lines situated near the intrinsic absorption edge (interband, fundamental) were observed. 
A model of isolated DA-pairs, where the distance between pairs was small as compared to the average distance between 
hydrogen-like impurities in a DA-pair, was used to describe the spectral position of these lines. The contribution of spatial 
fluctuations of the electrostatic potential created by impurity ions determined the spectral position of the DA-recombination 
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nonphonon line maximum while the model of isolated pairs did not work as the impurity concentration increased. Only 
interband (edge) photoluminescence appeared with an impurity concentration approximately an order of magnitude greater 
than the critical concentration necessary for the insulatormetal transition of a semiconductor at liquid He temperature 
[2, 11].

The aim of the present work was to propose an analytical formula for calculating the dependence of the nonphonon 
DA-photoluminescence peak of crystalline covalent semiconductors on the concentration of the major (doping) hydrogen-like 
impurity and the degree of its compensation by the minor (compensating) hydrogen-like impurity considering electrostatic 
fl uctuations of the potential energy of impurity ions at low temperatures and levels of steady-state interband photoexcitation 
of the crystals. Crystals of p- and n-type Ge into which acceptors (Ga) and donors (As) were introduced homogeneously 
and in a controlled manner by neutron-transmutation doping were studied. The physical and technological aspects of the 
doping of crystalline Ge samples of various isotopic compositions after irradiation by thermal reactor neutrons followed by 
thorough thermal annealing (24 h at 450oC) of radiation defects have been reported [12–14].

Basic Equations of the DA-Recombination Model. Let us examine a three-dimensional crystalline p-type 
semiconductor as an example. Let the concentration of hydrogen-like acceptors in charge states (0) and (1) be equal to 
Na = N0 + N1 while the concentration of hydrogen-like donors, which exist completely in charge states (+1), is 
Nd = N+1 < Na. (Impurity charge states are expressed in units of the elementary charge e.) The degree of acceptor compensation 
by donors is 0 < K = Nd/Na < 1.

The absolute temperature Tj at which the minimal band electrical conductivity of holes over v-band states is equal 
to the maximum hopping electrical conductivity of holes over acceptors [15] is determined from virial theory and is written 
[16, 17]:
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where kB is Boltzmann′s constant; e, elementary charge; εr, low-frequency relative dielectric permittivity (determined by 
v-band electrons in ionic lattices of the crystal matrix); ε0, electrical constant; εr = 15.4 for Ge crystals [18].

The v-band hole concentration p << K(1  K)Na, where K(1  K) is the fraction of acceptor pairs limiting the high-
temperature part of the hopping migration of holes between acceptors [15], at low temperatures (T < Tj) and low crystal 
photoexcitation levels. Then, the electrical neutrality equation of a p-type semiconductor is written [19]:

N−1 = p + N+1  KNa = Nd ,  (2)

where Na + Nd = (1 + K)Na is the summed concentration of hydrogen-like impurities of substitution of crystal-matrix atoms 
and N1 + N+1 = 2KNa is the concentration of impurity ions.

Probabilities f0 and f1 that a randomly selected acceptor in the crystal matrix exists in charge state (0) (is 
electrically neutral) or in charge state (1) (is a singly negatively charged ion) averaged over the crystal volume [17, 19] are:

0 0 a a 0/ ( ) 1a af N N G f d E I K
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        ,  (3)

where Ga is a Gaussian distribution of density of hole states in the acceptor band (A0-band); f0 = 1 − f−1 = {1 + [βa(qm)]−1 

× exp[− (EF
v( ) + Ea)/kBT ]}−1, the probability of filling a state with energy level Ea by a hole; βa(qm), an effective factor of 

the degeneracy of hydrogen-like acceptor energy level Ea considering qm of the levels [an unexcited state (q = 1) and 
qm − 1 excited states]; Ea = Ea,−1 − Ea,0 > 0, the ionization energy of an electrically neutral acceptor from the ground state (q = 1) 
(loss of a hole from a neutral acceptor and its transition from the top of the v-band of an undoped crystal) (Fig. 1); EF

(v) < 0, the 
Fermi level; T, the absolute temperature; the top of the v-band (Ev = 0) of an undoped crystal is selected as the reference 
point for EF

v( ), Ia, and Ea.
The eff ective factor of the degeneracy of a hydrogen-like acceptor Ea [20–22] is:
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where βa is the degeneracy factor of the ground energy level (q = 1) of the hydrogen-like acceptor in covalent and covalent-
ionic crystalline semiconductors [23]; βa = 4 for p-type Ge crystals doped with Ga; qm = (2Rim/ap)1/2, the greatest number
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of possible excited states of the acceptor in charge state (0); Rim = [3/4π(Nd + Na)]1/3 ≈ 0.62[(1 + K)Na]−1/3, the radius of the
spherical region situated on one impurity atom in the crystal matrix; ap = e2/8πεrε0Ia, the radius of the hole Bohr orbit on a 
solitary (single) acceptor with ionization energy Ia from the unexcited state (q = 1) into the v-band; and qm = 1 corresponds 
formally to the acceptor ground state.

The distribution densities of acceptor and donor ground and excited energy states in the forbidden band (Fig. 1) are 
taken as normal (Gaussian) [24, 25]:
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where Wa
2 and Wd

2 are dispersions of acceptor energy levels relative to Ia and donor energy levels relative to Id in the semiconductor 
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     .

Then, as before [26], the doping impurity (acceptor) with concentration Na = N0 + N−1 and compensating impurity 
(donor) with concentration Nd = KNa form a nonstoichiometric simple cubic lattice in the semiconductor crystal matrix 
with translation period dim = 2Rim ≈ 1.24[(1 + K)Na]−1/3. The quantity dim is equal to the diameter of the spherical region
in the crystal per single impurity atom (both donor and acceptor). Each impurity atom in this impurity lattice has six 
closest neighbors (fi rst coordination sphere). The fraction of electrically neutral acceptors in the impurity lattice is equal to 
(1 − K)/(1 + K). The fraction of negatively charged acceptors K/(1 + K) is equal to the fraction of positively charged donors 

Fig. 1.  Diagram of DA-recombination of electrons (e−) and holes (h+) in p-type 
semiconductor: En and Ep, energies of an electron and hole; Ec and Ev, bottom of c-band 
and top of v-band of undoped crystalline semiconductor; EF

(v) < 0, Fermi level counted from 
the top of the v-band (Ev = 0); Ig = Ec − Ev, width of forbidden energy gap (band gap) 
of undoped semiconductor; Gd and Ga, Gaussian densities of energy level distribution 
of donors Ed forming the D0-band (relative to the ionization energy of a single donor Id)
and acceptor energy levels Ea forming the A0-band (relative to the ionization energy of a
single acceptor Ia); ħωem, energy of photon emitted in one act of DA-recombination of 
an electron on a neutral donor and a hole on a neutral acceptor; Wd and Wa, effective 
widths of donor D0 and acceptor A0 bands; Wn and Wp, root-mean-square fluctuations of
potential energy of c-band electrons and v-band holes; dim = 2Rim ≈ 1.24(Na + Nd)−1/3,
distance between impurity atoms in crystal matrix, i.e., edge length of nonstoichiometric 
simple cubic lattice of acceptors and donors.
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in this lattice. (Note that the quantity dim is close to the average distance between impurities, which was determined before 
by the VoronoiDirichlet method [27].)

The root-mean-square (rms) fl uctuation of acceptor energy levels (eff ective acceptor band width) Wa considering 
only Coulombic interaction of an acceptor in charge state (1) with ions of the fi rst coordination sphere of the arbitrary 
impurity lattice with translation period dim is [28]:
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where Pi = 2K/(1 + K) is the probability that any of the six impurity lattice sites in the fi rst coordination sphere near an 
isolated impurity ion is occupied by an ionized acceptor or donor; 1/(1 + K), the fraction of acceptors at impurity sublattice 
sites; |Ui| = e2/4πεrε0dim, the Coulombic interaction energy modulus of an isolated ion with closest ions in the simple cubic
lattice of doping and compensating impurities situated at distance dim = 2Rim ≈ 1.24[(1 + K)Na]−1/3; here, the average 
interaction energy of ions in the impurity lattice is considered to be zero, i.e., ∑6

i=1PiUi = 0.
Next, the concentrations of doping impurity, its degrees of compensation K, temperatures T << Tj, and low levels 

of interband photoexcitation of the crystals for which the concentration of v-band nonequilibrium holes p << K(1 − K)Na 
are examined. The quantity EF

(v) < 0 for this condition, according to electrical neutrality [Eq. (2)] and considering Eq. (3) for 
Wa >> kBT [formally near absolute zero where βa(qm) = βa], is given by [19, 28]:
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The proposed scheme of DA-photoluminescence includes fi ve relationships between the energies of the donors, 
acceptors, electrons, and holes:

1) A nonequilibrium electron is raised by a photon from the v-band to the c-band, is thermalized, and drops to the
bottom of the c-band while a nonequilibrium hole is thermalized and rises to the top of the v-band. A donor ion in charge 
state (+1) has energy Ed,+1. An acceptor ion in charge state (1) has energy Ea,1. Donor and acceptor ions do not have 
excited states [29]. The rms fl uctuations of the potential energy of donor ions Wd and acceptor ions Wa are much greater 
than the rms fl uctuations of the potential energy of free (delocalized) electrons of the c-band Wn and v-band holes Wp at low 
temperatures (T < Tj) [17].

2) An electron is captured nonradiatively from the bottom of the c-band on a donor in charge state (+1) and forms an
electrically neutral donor in an excited state (s > 1) with energy Ed,0,s. A hole is captured nonradiatively from the top of the 
v-band on an acceptor in charge state (1) and forms an electrically neutral acceptor in an excited state (q > 1) with energy 
Ea,0,q [30, 31]. The indices s and q refer to the number of the electron orbit in the excited state of the donor and the hole in 
the acceptor excited state, respectively; s = q = 1 for the ground (unexcited) state of the donor and acceptor. The energy of 
a DA-pair in the initial state is:

Ein = Ed,0,s + Ea,0,q .  (8)

3) A nonequilibrium electron on a donor and a nonequilibrium hole on an acceptor recombine radiatively (only if
the donor and acceptor are situated at distance dim ≈ 1.24[(1 + K)Na]1/3 from each other in the impurity lattice) and emit a
photon of energy ħωem. The DA-recombination results in the donor becoming an ion with energy Ed,+1; the acceptor, an ion 
with energy Ea,1. The Coulombic interaction energy between the two formed ions is:
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so that the energy of the fi nal state of the DA-pair is:

Eout = Ed,+1 + Ea,−1 + U−1,+1 . (10)

4) The rms fl uctuations of the potential energy of a donor ion Wd and acceptor ion Wa are equal. A consequence
of these fl uctuations is an energy decrease of a hole at the top of the v-band upon its localization on an acceptor ion in the 
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A0-band, equal to 2Wa, and an energy decrease of an electron at the bottom of the c-band upon its localization on a donor
ion in the D0-band, equal to 2Wd. Then, according to the rule for addition of dispersions 2

a4W  + 2
d4W  of two independent

random quantities [32, 33], the energy decrease of a photon upon nonphonon radiative DA-recombination is a2 2W , where 
Wd = Wa.

5) The energy diff erence of the initial and fi nal states of a DA-pair after recombination of a donor electron with an
acceptor hole is equal to the energy ħωem of the photon emitted by the DA-pair (without involving phonons):

g in out a em( ) 2 2I E E W     ,

where Ig = Ec  Ev is the width of the forbidden energy band (gap) of an ideal (undoped) semiconductor.
Finally, the energy of a photon emitted in a single nonphonon DA-recombination considering these fi ve relationships 

and Eqs. (6)–(10) is:

em g d, a, 1, 1 a( ) 2 2s qI E E U W       ,   (11)

where Ed,s = Ed,+1  Ed,0,s > 0 is the ionization energy of an electrically neutral donor in excited state s > 1 (transition of 
an electron from a donor at the c-band bottom with zero kinetic energy); Ed = Ed,+1  Ed,0, the ionization energy of a donor 
from the ground state (unexcited; s = 1); Ea,q = Ea,1  Ea,0,q > 0, the ionization energy of an electrically neutral acceptor in 
excited state q > 1 (transition of a hole from an acceptor at the v-band bottom with zero kinetic energy); Ea = Ea,1  Ea,0, 
the ionization energy of an acceptor from the ground state (unexcited; q = 1); U1,+1 < 0, the Coulombic interaction energy 
of an acceptor ion and donor ion at distance dim in the impurity lattice. Note that subscript "a" [acceptors in charge states 
(0) and (1)] in the formulas for n-type semiconductors with hydrogen-like donors should be replaced by the subscript "d" 
[donors in charge states (0) and (+1)]; the symbols "p" and "v" for p-type, by symbols "n" and "c" for n-type.

The band gap Ig = 744 meV for Ge crystals at liquid He temperature [34]. The ionization energies of single Ga 
atoms (acceptors) and As atoms (donors) are Ia = 11.32 meV and Id = 14.17 meV. The degeneracy factor of the ground 
energy level (s = 1) of a hydrogen-like donor βd = 2. The ionization energy of a hydrogen-like acceptor in weakly doped 
p-Ge from the excited state q > 1 is Ia,q = Ia/q2. The ionization energy of a hydrogen-like donor in weakly doped n-Ge from
excited state s > 1 is Id,s = Id/s2.

Calculated Results and Comparison of Them with Experimental Data. The results calculated using Eq. (11) 
were given as dependences of the position of the DA-photoluminescence maximum ħωem on acceptor concentration Na for 
p-Ge crystals [6, 35] with degree of compensation K = Nd/Na = 0.4 (Fig. 2) and on the degree of compensation of donors 
by acceptors K = Na/Nd for n-Ge crystals [36, 37] for donor concentration Nd = 6·1017 cm3 (Fig. 3). It is noteworthy that
the concentration of the major impurity (Ga) was ~1.85·1017 cm3 in p-Ge:Ga,As crystals (for degree of compensation 
K ≈ 0.4); the concentration of the major impurity (As), ~3.61·1017 cm3 in n-Ge:As,Ga crystals (for K << 1) [38 and 
references therein] for the insulatormetal concentration phase transition.

The calculations considered that a radiative DA-recombination occurred* for p-Ge:Ga,As crystals between an 
electron from the fi rst donor excited state (s = 2) with ionization energy Id/4 and an acceptor hole with energy level 
Ea,q = −EF

c( ) > 0; for n-Ge:As,Ga crystals between a donor electron with energy level Ed,s = −EF
v( ) > 0 and a hole from 

the first acceptor excited state (q = 2) with ionization energy Ia/4. Acceptor states in p-Ge:Ga,As crystals between the top 
of the v-band (Ev = 0) and the Fermi level EF

(v) < 0 are vacant for holes. Therefore, a hole on an acceptor with energy level Ea,q 
corresponding to the Fermi level participates in DA-recombination. Donor states in n-Ge:Ga,As crystal between the bottom 
of the c-band (Ec = 0) and the Fermi level EF

(c) < 0 are vacant for electrons. Therefore, an electron on a donor with energy level 
Ed,s corresponding to the Fermi level participates in DA-recombination.

Figures 2 and 3 show that the curves calculated using Eq. (11) agreed quantitatively with the experimental data. The 
discrepancies of the calculated curves from the experimental data upon increasing the concentration of major impurity Na in 
Fig. 2 (or decreasing the degree of compensation K in Fig. 3) could be explained by the approach of the semiconductor to 

________________
*A nonequilibrium electrically neutral excited state of a compensating (minor) impurity has a larger hopping diff usion coeffi  cient in the
impurity lattice than in the ground state because of the large radius of the electron Bohr orbit on a donor (or hole for an acceptor).  This 
increases the rate of its radiative recombination with the closest nonequilibrium electrically neutral state of the doping impurity with an 
energy level coinciding with the Fermi level.
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the concentration of the insulatormetal phase transition. This led to overlap of the acceptor band with the top of the v-band 
(or donor band with the bottom of the c-band) and a transition from recombination of nonequilibrium impurity electrons 
and holes to interband (edge).

It is noteworthy that the half-widths of the nonphonon DA-photoluminescence lines ( a2W ) for the Ge samples 
examined in Fig. 2 (Na > 5·1015 cm3) were much greater than thermal energy kBT for liquid He temperature (T = 4.2 K),
at which the samples were held during recording of the IR-emission spectra [6]. The inhomogeneous broadening of the 
nonphonon lines was apparently due to random electrostatic interaction of the impurity ions during hopping migration of 
holes between charge states (0) and (1) of Ga atoms.

According to the literature [35, 36], the position of the nonphonon DA-photoluminescence line maximum ħωem 
in p- and n-Ge crystals shifted to higher energies upon increasing the intensity of the steady-state interband illumination 
because hydrogen-like impurity ions were neutralized with photoexcitation of the crystals near the fundamental (interband) 
absorption [39]. This decreased the rms fl uctuations of the electrostatic potential (Wa and Wd). According to Eq. (11), a 
decrease in Wa = Wd led to an increase in ħωem.

Conclusions. Nonphonon donoracceptor photoluminescence was quantitatively described in terms of the proposed 
lattice model using semiconducting crystals of p- and n-Ge as examples. The model considered the D0-band of hydrogen-
like donors and the A0-band of hydrogen-like acceptors in the energy gap of a crystalline matrix. It was assumed that the 
doping and compensating impurity atoms formed a nonstoichiometric simple cubic impurity lattice with period 1.24(Na 
+ Nd)1/3 in the crystalline matrix, where Na + Nd is the summed concentration of acceptors and donors. The density
distribution of acceptor and donor energy levels in the semiconductor band gap was assumed to be normal (Gaussian). 
The rms fl uctuations of the potential energies of donor and acceptor ions were considered equal. Nonphonon radiative 
donoracceptor recombination in the p-type semiconductor occurred between a nonequilibrium electron from the fi rst donor 
excited state and a nonequilibrium hole acceptor with an energy level coincident with the Fermi level in the acceptor band. 
Nonphonon radiative donoracceptor recombination in the n-type semiconductor occurred between a nonequilibrium hole 
from the fi rst acceptor excited state and a nonequilibrium donor electron with an energy level coincident with the Fermi 
level in the donor band. An analytical formula describing the dependence of the position of the nonphonon donoracceptor 
photoluminescence line maximum on the impurity concentration at liquid He temperature and low levels of steady-state 
interband photoexcitation of the semiconductor was obtained. A numerical calculation in terms of the proposed model 

Fig. 2. Dependence of energy ħωem of photons emitted in DA-recombinations on 
concentration Na of Ga atoms in p-type Ge crystals doped with Ga (acceptors, a) and 
compensated by As (donors, d); points, experimental [6, 35] at liquid He temperature; 
line, calculation by Eq. (11) for Ea,q = −EF

v( ) and Ed,2 = Id/4 for degree of compensation 
K = Nd/Na = 0.4.

Fig. 3. Dependence of energy ħωem of photons emitted in DA-recombinations on degree 
of compensation of donors by acceptors K = Na/Nd in n-type Ge crystals doped with 
As (donors) and compensated by Ga (acceptors); points, experimental [36] at liquid 
He temperature; line, calculation by Eq. (11) for Ed,s = ( )

F
cE  and Ea,2 = Ia/4 for donor 

concentration Nd = 6·1017 cm3.

1015 1016 1017
705

710

715

720

725

ћωem , meV

Na , cm−3

p-Ge:Ga,As
K = Nd/Na = 0.4

 0 0.2 0.4 0.6 0.8 K

600

640

680

720

ћωem , meV

n-Ge:As,Ga
Nd = (5�7)⋅1017 cm−3

 



976

agreed quantitatively with known experimental data for the position of the nonphonon donoracceptor recombination line 
maximum in neutron-transmutation doped p- and n-Ge doped crystals.
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