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An analysis is made of the theory of the luminescence spectra of semiconductors with direct optical
transitions involving recombination of nonequilbrium carriers whose energies are close to the band gap edges.
The usual formulation of the theory of recombination is employed, i.e., given densities of free electrons and
holes are assumed. The first part of the review is concerned with the luminescence (of the exciton, interband,
impurity, or interimpurity type) of lightly doped semiconductors. Unsolved problems are noted and it is
stressed particularly that the interband luminescence spectrum is governed largely by the interaction of
carriers and by the mechanisms of their scattering, but in practice this has been ignored so far in the
development of the theory and in the interpretation of the experimental results. The second (main) part of the
review is devoted to the luminescence of heavily doped semiconductors. It is shown that the nature of the
electron spectrum of such semiconductors, involving formation of density-of-states “tails” and broadening of
the impurity levels, is manifested clearly in this case. It is stressed that the distribution of nonequilibrium
carriers between localized states corresponding to a continuous spectrum is usually quite different from the
quasiequilibrium distribution, i.e., it cannot be described by introduction of the quasi-Fermi level. An
allowance for this circumstance makes it possible to explain a great variety of seemingly contradictory
experimental data on the luminescence spectra of heavily doped semiconductors. The deviation of the carrier
distribution from the quasiequilibrium case is manifested also in transient characteristics of the luminescence,
and it also governs the characteristic features of radiative recombination in strongly compensated heavily
doped semiconductors, which can be regarded as one of the models of amorphous semiconductors. It is
pointed out in conclusion that the proposed concepts can account for the special features of the characteristics
of electroluminescent structures made of heavily doped semiconductors.
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INTRODUCTION the luminescence of semiconductors. This is primar-

ily due to the fact that luminescence investigations
provide one of the most sensitive and most widely used
experimental methods for investigating specific fea-
tures of the energy spectrum and transport properties
of crystals. The interest in luminescence has increas-
ed further after the discovery® of stimulated emission
from GaAs and fabrication of injection lasers,®® par-
ticularly heterola.sers,9 and also spontaneous radiation
sources characterized by a high efficiency and fast
response.’’™ In the course of these investigations a
great variety of dependences has been observed and

the results of different authors have frequently been in
direct contradiction with one another, as well as with
An enormous amount of work has been done since on the theoretical concepts used in the interpretation.’"*#2!

Edge luminescence is the spontaneous radiation of
energy close to the band gap of a semiconductor, which
appears as a result of recombination of nonequilibrium
carriers. Back in 1923, Losev' detected and inter-
preted correctly the recombination radiation which
appeared as a result of carrier injection in silicon car-
bide. In 1952, luminescence was observed in the case
of germanium p —n junctions,z'3 whereas in 1955 the
same observation was made® in the case of junctions
fabricated from GaAs, a material with direct optical
transitions exhibiting most clearly the effects associ-
ated with radiative recombination in semiconductors.
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Usually“‘"21 the luminescence spectrum &(w) is de-

duced from the Kirchhoff law using the frequency de-
pendence of the absorption coefficient a(w): &(w)

= w*a(w) exp(- w/T) (this l1aw is also used in the cal-
culation of the radiative recombination rates??). In
many cases this approach is permissible but, as
stressed below, the spectrum &(w) is governed by
those details of the dependence a(w) which are usually
ignored when absorption is considered. For example,
in the calculation of the luminescence spectra repre-
senting recombination of free electrons and holes it is
necessary to know the dependence a(w) at photon ener-
gies w close to the band gap Eg. In the case of direct-
gap semiconductors it is usual®?! to assume that a(w)
«yw-E,, which is quite unjustified because this de-
pendence is valid only in the case of sufficiently large
values of w — E, when the Coulomb interaction between
electrons and holes, and their scattering can be ig-
nored.’®'*® Allowance for the pure Coulomb (without
screening) interaction between electrons and holes
gives rise to a step in the dependence #(w) (see Sec.
1c¢). The true form of ®(w), particularly at long wave-
lengths, is governed by the screening of the Coulomb
interaction and the scattering of carriers. Thus, it
would be more natural to formulate the problem of
direct calculation of the luminescence spectra rather
than to make allowance for detalls of the dependence
a(w) important for luminescence. This will be the
approach adopted in the present review. It allows auto-
matically for a possible nonequilibrium nature of the
distribution of carriers between the states, which is
also very important.

In fact, it would seem that the luminescence spec-
trum can be reconstructed from the experimentally
determined dependence a(w), as shown in Ref. 20.
However, the luminescence spectrum obtained in this
way may differ considerably from that observed ex-
perimentally. This is due to the fact that, in contrast
to absorption, luminescence is an essentially non-
equilibrium process. Luminescence is usually observ-
ed under strong excitation conditions when the distri-
bution of nonequilibrium carriers between the states
may differ considerably from the equilibrium distribu-
tion, i.e., in only a few cases can the distribution be
described by the introduction of quasi-Fermi levels for
electrons and holes.

The nonequilibrium nature of luminescence is mani-
fested particularly clearly in the case of heavily doped
semiconductors, and most of the experimental material
has been obtained on such semiconductors. Interest in
these semiconductors is primarily due to the high effi-
ciency of radiative recombination in these materi-
als®?" and also because they represent convenient ob-
jects for investigating the properties of disordered sys-
tems.?* The difficulties which are encountered in the
interpretation of the experimental data on the lumines-
cence of heavily doped semiconductors are associated
also with the characteristic features of their electron
spectra..z""n In the reviews and monographs published
so far these features are discussed, if at all, only
cursorily and frequently in an inconsistent manner.
Recent theoretical?®*” and experimental investigations,
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to which references will be made later, have made
clear the complex nature of the luminescence emitted
by heavily doped semiconductors. The situation is far
fromtrivial, contrarytothe earlier suggestions.’+18+2!:38
These nontrivial features of the luminescence of these
materials and their importance in the interpretation

of the experimental data form a major part of the
present review. We shall be concerned mainly with
semiconductors exhibiting direct allowed optical transi-
tions, since these materials (GaAs, InSb, InAs) have
been investigated most thoroughly in the experimental
sense, and the individual properties of shallow impuri-
ties are not very important in these semiconductors.

Depending on the method of carrier generation, we
can distinguish the following kinds of luminescence:
photoluminescence resulting from illumination of a
crystal with short-wavelength light; cathodolumines-
cence excited by a beam of fast electrons; breakdown
electroluminescence associated with avalanche genera-
tion of carriers in strong electric fields; injection
electroluminescence resulting from the injection of
carriers from the contacts, mainly from p - » junctions.
An analysis of the luminescence spectra will be made
below employing the usual formulation of the theory of
recombination, i.e., assuming given densities of free
carriers. The relationship between the densities of
free electrons and holes and the rate of pumping under
various excitation conditions is a problem on its own
because the carrier densities are usually governed not
by radiative recombination but by some form of non-
radiative recombination.

The distributions of free electrons and holes can
usually be described by introducing quasi-Fermi levels
F, and F,, respectively. Therefore, for given carrier
densities the problem reduces to finding the distribution
of carriers between localized states. Special attention
will be given to this distribution. However, we must
bear in mind that the method of excitation of nonequili-
brium carriers may, in principle, influence the dis-
tribution. In particular, this is true in the case of the
photoluminescence excited by a source of light with a
fairly wide spectral band. Moreover, it is found that
in some cases #(w) is not governed uniquely by the
density of the electron states and the distribution func-
tion. Thus, in general, even the knowledge of the
carrier distribution and of @(w) is insufficient to find
the luminescence spectrum of a compensated heavily
doped semiconductor (see Sec. 2e).

An analysis of the fairly complex phenomenon of the
luminescence of heavily doped semiconductors, which
is discussed in the second part of the present review,
will be introduced by a description of the main radia-
tive recombination mechanisms active in lightly doped
semiconductors. It will be stressed that even in the
case of lightly doped semiconductors there are still
many unsolved but very important (in the interpreta-
tion of the experimental data) problems. A discussion
of the status of the theory in this case is absolutely
essential also for the understanding of the further dis- -
cussion and comparisons.
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1. LUMINESCENCE OF LIGHTLY DOPED
SEMICONDUCTORS

a) Probabilities of spontaneous radiative transitions

The wave functions of an electron and a hole with en-
ergies close to the band gap edges can be written as
follows if the effective mass approximation is used®®

¥y = F, (r) U (r) exp (ikeor), Wy = Fy (r) Uy (r) exp (ikgor), (1.1a)

where U,(r) exp(ik.or) and U, (r) exp(ik,or) are the Bloch
functions representing the bottom of the conduction band
and the top of the valence band, which correspond to
the same point in quasimomentum space in the case of
direct-gap semiconductors and, as a rule, we have

k.o =k, =0 (Fig. 1); F, and F, are the modulating func-
tions representing solutions of the wave equation in the
effective mass method®® and normalized to a standard
volume of the lattice V. In the case of free carriers,
we have

Fy(®) = VW2 exp (i), Fy () = 112 exp (k1) (1.1p)

and in the case of carriers localized at a shallow im-
purity level,

(1.1¢)

where x;l,h =a,,, is the Bohr radius of an electron or a
hole, respectively. Bearing in mind that the function
F(r) varies slowly over distances of the order of the
lattice constant, we find that the probability of a radia-
tive transition from a state / to a state f in a semicon-
ductor with direct allowed optical transitions can be
represented in the form®

Fr=(nad, )~ "% exp (—rxg ),

w = 4| | Fi @0 Fi o aef’ (1.2)

where

4eVnah

. 2
vy

2n E;y © Eg-tA

(1.2a)

w is the photon energy; » is the refractive index; v, is
the volume of a unit cell; my/m,=my/m_ ~1; m, is the
mass of an electron in vacuum, The last equality in
Eq. (1.2a) applies to the Kane model of the energy
spectrum®® (A is the spin-orbit splitting).
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K
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FIG. 1. Dependence of the electron energy on the quasimomen-
tum in semiconductors with direct (a, with GaAs as an example)
and indirect (b, with GaP as an example) optical transitions.
The arrows identify the direct and indirect transitions accomp-
anied by the emission of a photon and an optical phonon of
energy wy.
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Substituting Eq. (1.1b) in Eq. (1.2), we find that the
probability of an interband transition, i.e., the proba-
bility of radiative recombination of free electrons and
holes, is given by*

(1.3)

We v = ABkl' kf .

The probability of a band-impurity transition, i.e.,
for example, the probability of recombination of a free
electron with a hole localized at an acceptor, can be
deduced from Egs. (1.1b), (1.1¢), and (1.2) (Ref. 40):

Ao ABdtad %2 i - P 4
A () = () ()

The probability of an interimpurity (donor-acceptor)
transition, i.e., the probability of recombination of an
electron bound to a donor with a hole localized at an
acceptor, is governed by the overlap integral (1.2) of

two hydrogen-like functions (1.1¢) and in the case when
a,> a,, this probability is*!

We 3=

wd'.=64A(aa—:)3exp(—i—:)Evoexp(—i—:), (1.5)

where » is the distance between the donor and acceptor.

Equation (1.2) is derived ignoring the interaction be-
tween an electron and a hole (as well as other many-
body effects). We shall generalize Eq. (1.2) by repre-
senting the integral in this equation in the form

| 270 Fi(r) dr= [ Fo(ra) Fe (1) 8 (ro—ra) dr, dry
= § F(rn, 1) 8 (te—ra) dr. dry,

where F(r,, r,) is the wave function of an electron and a
hole. If allowance is made for the interaction between
electrons and holes, it is found that F(r,, r,) # F(r,)F(r,) .
However, in the case of a homogeneous medium we have
F(r,, r,) =¥(R)¢(r), where R is the coordinate of the
center of mass of an electron and a hole and r=r,~r,.
Thus, it follows from Eq. (1.2) that

w._,,=|A S 6 (06 @ drS‘{’(R) dnr . (1.6)

In the case of a freely moving electron-hole pair we
have ¥(R) =¥((R) = v-1/2exp(/kR), where k=k,

+k,, a¢,(r) is a hydrogen-like wave function represent-
ing the relative motion of an electron and a hole in a
state i. We then have "

We, n (&, i) = AV | @1 (0) * By, o 1.7

The scattering effects can also be included in the
formulas (1.2) and {1.8) if the wave functions F(r) and
¥(R) are not regarded as plane waves but as suitably
modified functions (see below). A rigorous analysis
of these points can be carried out conveniently using
the Green’s function formalism.?°-3:4

b) Exciton luminescence

In the case of a semiconductor with a small effective
mass of one of the carriers, an electron and a hole
form a Wannier—Mott exciton in a bound state.t®*
Luminescence resulting from its annihilation is known
as exciton luminescence. Using Eq. (1.7) for the in-
tensity of the principal spectral line of this lumines-
cence, we find that (in particular, when i =0)

. i 9 .
CDex (0)) = 2L_(’” : Yen (kvi) f‘;x(k)é(ﬂ)_ Eex)= 204 ’exa;';m 6(0)— ng)v (1 -8)
3

T
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FIG. 2. Qualitative form of the luminescence spectra resulting
from exciton and interband recombination. Here, BB and

a(w) are the luminescence and absorption spectra due to inter-
band transitions; BB' and o* (w) are the luminescence and
absorption spectra due to the same transitions but without
allowance for the interaction and scattering of carriers; BB’
a’(w) are the same spectra with allowance only for the Coul-
omb interaction between electrons and holed; OBB is the opt-
ical replica line of interband luminescence; E, is the spect-
rum due to annihilation of excitons; Ej; is the same spectrum
but when only the direct transitions are allowed for; OFE, is the
optical replica line of the exciton luminescence; OEﬁ is the
principal exciton luminescence line of indirect semiconductors;
BBt is the edge luminescence spectrum at high temperatures.

where E_, =E) + (1%k*/2m*) is the exciton energy; ag
is the Bohr radius of an exciton; m* =m m, (m, +m,)?
is the reduced massg of an electron and a hole; f ix(k)
is the distribution function of nonequilibrium excitons
in a state 7; the factor 2 allows for the spin conserva-
tion in an optical transition.'®”** If we assume that 5’
is the Maxwellian distribution, then f°(0)=#n, /N, ,
where #,, is the concentration of excitons and N, o 732
is the effective number of exciton states.*® The radia-
tive recombination rate, i.e., the number of electron-
hole pairs recombining per unit volume and per unit
time

Rua= | 5 0 (@) do, (1.9)
can be deduced from Eq. (1.8)
ex = Lex , where Tex =n.VezahA™i. (1 ‘10)

Tex

The exciton lifetime 7, is extremely short for the
majority of direct-gap semiconductors. For example,
in the case of GaAs, we have 7, ~107'? gec | this follows
from the theoretical estimate based on Eq. (1.2a) and
from the experimental data'®*® that A™ =0.3x107 sec].
However, the time required to fill a state with k=0,
governed by inelastic collisions, can exceed 7, at low
temperatures and moderate exciton concentrations.”
Under these conditions we can expect a rapid loss of
carriers from the k=0 state and the use of the Max-
wellian distribution in the calculation of £ _(0) is no
longer justified. To the best of our knowledge, a rigo-
rous calculation of £, (k) has not yet been carried out,
although the true form of this distribution at low values
of 2 governs not only the exciton annihilation rate but
also the shape of the exciton luminescence spectrum.

According to Eq. (1.8), the exciton luminescence
spectrum can be regarded as a § function. The finite

1) At high exciton concentrations their interaction becomes im-
portant but this is & separate problem.45
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width of an exciton line (Fig. 2) is governed by the
scattering processes,*** when the 5 function has to be
replaced with a bell-shaped function of width I' =#/7,,
where T, is the exciton lifetime in the state with 2=0.
This function is close to Lorentzian, i.e.,

1 I'(w)

% (o— B9, T AT+ T¢ (@)’ (1.11)

§(0—Eb)—

when excitons are scattered mainly by impurities or
acoustic phonons and the electron—phonon interaction
is weak.**** We then have A= I'=#i/7,, where 75! =70
+ 174, and the frequencies of the scattering by impuri-
ties and phonons are proportional to the corresponding
concentrations (7jy < N, 17, « 7). Thus in the case of
pure semiconductors and moderately low temperatures,
the width of the principal exciton luminescence line is
proportional to 7, as indicated by Eq. (1.11). How-
ever, the coefficient of proportionality is much less
than unity for most semiconductors.*®

Deviations from the Lorentzian profile of the lumin-
escence line (Fig. 2) are associated, in particular,
with the contribution of indirect transitions. These
occur without quasimomentum conservation because
of the scattering processes. In other words, when a
scatterer participates, exciton annihilation with 2+#0 is
possible. The probability of such transitions is low
compared with direct transitions and, therefore, in
spite of‘the fact that the majority of excitons is charac-
terized by £+ 0, their annihilation appears only in the
short-wavelength wing of the luminescence line (Fig.
2). Spreading of the luminescence spectrum toward
shorter wavelengths can be described as an increase of
the coefficient I'(w) in Eq. (1.11) on increase in fre-
quency.

In the case of real semiconductors the exciton lumi-
nescence spectrum can have a fairly complex form.*¢*’
Thus, at low temperatures the principal line is due to
the annihilation of excitons bound to defects. The fine
structure of the exciton line can be determined if we
allow for the polariton effects, i.e., for the mutual
influence of the electro-magnetic field and excitons.
Some experiments“ have revealed luminescence asso-
ciated with the annihilation of excitons in one of the
lowest excited s states. The intensity of such lumin-
escence obeys &, = az (n)f%(0) « n”* expl (E), - E,)/n’ T},
i.e., it decreases faster than »™, where n is the prin-
cipal quantum number in the Coulomb problem.”’

43 .44

In addition to the principal line, an optical replica
line representing the annihilation of an exciton and
simultaneous emission of a longitudinal optical phonon
is also important. It is shifted in the direction of long-
er wavelengths relative to the principal exciton line by
an energy equal to the optical phonon energy w; (Fig.
2). In the case of luminescence involving optical pho-
nons the selection rule of quasimomentum (1.7) is not
obeyed, i.e., the optical replica line is entirely due to

?) This does not apply to high values of » when Ag(n) becomes
greater than the screening length or the scattering length.
Screening and scattering cause the higher excited exciton
levels to'merge with the continuous spectrum, reducing ef-

_fectively the band gap E{ (See Sec. 1.c).
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indirect optical transitions. Consequently, excitons
with any vector k contribute to this line, Its profile

is governed by the density of the exciton states f,, (k)
and by the dependence on % of the constant of the inter-
action between an exciton and an optical phonon. This
constant™ is known to be proportional to 2 and the
characteristics of £, (k) at low values of k are not sig-
nificant so that in the case of nondegenerate excitons
the profile of an optical replica line is described wel
by the function {w - E%, + w,)*”? exp(— w/T). Since the
optical replica line is due to the annihilation of excitons
with any value of k and the interaction with longitudinal
optical phonons is strong, the rate of recombination
accompanied by the emission of such phonons can be
considerable“:

14 6

(1.12)

- (me—mp) T (€—Ew
Ropt = Aex sl wx( € )
where &, and €. are the static and high-frequency (op-

tical) permittivities.

When the bottom of the conduction band and the top of
the valence band differ by %, (Fig. 1b), direct recom-
bination of an electron and a hole is generally impos-
sible. In the case of such indirect-gap semiconductors
the annihilation of an exciton is usually accompanied by
the emission of an optical phonon and the corresponding
line is the principal one in the exciton luminescence
spectrum. Since the optical phonons which are then
emitted are characterized by » =%,, we can ignore the
dependence of the exciton-optical phonon interaction
constant on 2. Consequently, the profile of the exciton
luminescence line of indirect-gap semiconductors is
described accurately*® by the function (w - E, - w;)'”
xexp(— w/7T), i.e., it differs greatly from the profile
of the principal exciton line and its optical replica in the
case of direct-gap semiconductors (Fig. 2).

c) Interband radiative recombination

In the case of direct-gap semiconductors the spectral
dependence of the luminescence, emitted per unit vol-
ume as a result of recombination of free electrons and
holes, is described by the expression®

Do (@) =1 3 wen (ke kn) fe (ke fv (kn) 8 (0 E2—ec—en), (1,13)

K, Ky

where E, is the band gap of a semiconductor; ¢, and g,
are the kinetic energies of an electron and a hole; f,
and f, are the distribution functions of electrons and
holes between the states in free and valence bands.
Since the relaxation time of the free-carrier energy is
usually less than the recombination time, it follows that
f. and f, can be regarded as the Fermi functions with
the electron and hole quasi-Fermi levels F, and F,,
respectively.

When electrons and holes are not degenerate, it is
essential to allow for the interaction between them. In
other words, interband luminescence should be regard-
ed as a consequence of the annihilation of excitons which

3 In the case of semiconductors with a complex valance band
(Fig. 1a) the expressions for &, (w) represent a sum of the
bands of light, heavy, and spin-split-off holes.!’
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are in states of a continuous spectrum. Such exciton
states can be described conveniently by the wave func-
tion depending on k=k, +k,, K=Kk, - k,, where k, and

k, are the wave vectors of an electron and a hole which
are an infinite distance apart. Going over in Eq. (1.13)
to the variables K and k, and applying Eq. (1.7), we
find that in the case of nondegenerate carriers

Fp—Fp—o )
T )

Aw ( 2m*
T

‘Dc,v(m):W 47 )m(m——E‘;)‘/’Aeprsh"Aexp(

(1.14)

where A=7VE,,/(w - El). According to Eq. (1.14), the
function &, (w) increases abruptly at w = E, from zero
to a finite value and decreases exponentially at short
wavelengths (BB’ in Fig. 2), i.e., ¢ ., (w)=6(w

- E)) exp(- w/T); on the other hand, it follows from Egs.
(1.13) and (1.3) that &, (w) o< (w ~ E)*”2 exp(- /7).
Such a luminescence line is represented by curve BB”
in Fig. 2, which shows how strongly the interaction
between carriers influences the shape of the spectrum.
For example, the half-width of the line corresponding
to the curve BB” is 1.87, whereas in the case of the
BB’ curve it is 0.7T. The half-width of the lumines-
cence spectrum of the purest semiconductors usually
has an intermediate value?’**3"#? and the line profile
(BB in Fig. 2) is smoother than that predicted by Eq.
(1.14). This discrepancy is due to the fact that Eq.
(1.14) is derived ignoring the scattering of carriers and.
other many-body effects. For example, the recombin-
ation of an electron with a hole accompanied by the
simultaneous emission of one, two, etc. longitudinal
optical phonons leads, as in the exciton luminescence
case, to corresponding optical replica lines (OBB in
Fig. 2).

It follows that determination of the shape of the inter-
band luminescence spectrum of direct-gap nondegen-
erate semiconductors is a very difficult task because
one has to allow for the Coulomb interaction between
carriers and for their scattering, and for the fact that
indirect transitions contribute to the luminescence.
This task has not yet been tackled fully. Qualitatively,
many-body effects can result in the following changes
in the luminescence spectrum.

The finite lifetime in each state, i.e., the energy
indeterminacy, shifts somewhat the spectral maximum
of the luminescence toward longer wavelengths (Fig.

2) so that a long-wavelength wing of the interband lu-
minescence line appears in the spectrum. These ef-
fects can be reproduced by replacing the § function in
Eq. (1.13) with some function of finite width, by analogy
with Eq. (1.11), As in the exciton luminescence case
(Sec. 1b) the observed spreading compared with Eq.
(1.14) toward shorter wavelengths"5 *® js associated
with the contribution of indirect transitions which lift
the restrictions imposed by the selection rule (1.7) in
respect of the quasimomentum k. The long-wavelength
wing includes also a contribution of the luminescence
corresponding to the annihilation of excitons from ex-
cited states in the discrete spectrum. When tempera-

4) This formula is given in many monographs and is used with-
out any justification in the analysis of experimental results.
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ture is increased, the scattering by phonons becomes
stronger so that the interband luminescence spectrum
spreads even further toward longer wavelengths, and
the optical replica lines increase in intensity in accord-
ance with Eq. (1.12) and become broader. At suffi-
ciently high temperatures the lines corresponding to
different edge luminescence channels merge so that the
fall of the luminescence intensity on the long-wavelength
side becomes monotonic (Fig. 2). Experimental investi-
gations of the luminescence and absorption have shown
that the long-wavelength fall is described by exp{— w/7T)
over a wide range of w and 7, in accordance with the
Urbach rule. A convincing theoretical justification of
this rule is not yet available, although an analysis of
this question has a long history behind it.”"'®*21+2343

Naturally, many-body effects influence also the fre-
quency dependence of the absorption coefficient a(w).
If we use the Einstein relationships between the proba-
bility of spontaneous emission of a photon and the
probability of its absorption,”***!® we can represent
a(w) in the form

212243
o 2 e (e, kn) (1 — o (ko))
¢ Koo Kp

o (w) =

X 1= fy (k)] 8 (0 — EP* — ge—ey). (1.15)

It follows from Egs. (1.13) and (1.15) that in the case of
nondegenerate carriers and when E®*=E/, we have

n2@3 Fh—Fp—o nto? np
Do 0= B0 S0 ) Bt 2o 2 (1 1)

This relationship can be obtained also from thermody-
namic considerations,22 which—strictly speaking—are
applicable only to equilibrium luminescence. The as-
sumption of thermodynamic equilibrium is not used in
the derivation of Eq. (1.16), but no allowance is made
for the polaron effects resulting in a long-wavelength
(Stokes) shift of the luminescence lines compared with
the corresponding absorption lines. Due to these ef-
fects the values of E; and E®, and also #, and m,, in
Eqs. (1.13) and (1.15) can differ considerably. In the
case of solids, as for molecules, the Stokes shift can
be explained by the Franck-Condon principle.’® In the
case of semiconductors this means that the creation of
an electron-hole pair on absorption of a photon occurs
with the nuclei remaining in a frozen configuration.
Then, as a result of the interaction of a carrier with
lattice ions, the configuration becomes locally distort-
ed and this produces a polaron®® characterized by a
large effective mass and a low energy compared with a
free carrier. Radiative transitions between the polaron
states then determine the luminescence. In the case of
majority semiconductors a weak-coupling polaron is
then formed® and the reduction in the energy due to the
formation of electron and hole polarons, i.e., the dif-
ference between the optical £ and thermal E_ band
gaps appearing in Eqs. (1.15) and (1.13), respectively,
represents approximately

EF' — Ey= Ado + Ajo1 = % V32a, (VT4 V1), (1.17)

where 7, and I, are the ionization energies of hydrogen-
like acceptors and donors. According to estimates, in
the case of some direct-gap semiconductors, particu-

larly GaAs, the value of A, exceeds I, and the exciton
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binding energy. Therefore, without allowance for the
polaron effect an interband luminescence line can be
regarded as representing, in accordance with its ener-
gy position (Fig. 2), an exciton or impurity lumines-
cence line, which is a typical error in the interpreta-
tion of the luminescence spectra of pure single crys-
fals.

The electric field associated with a carrier causes
not only displacements of ions, but also changes the
electron and hole densities. If this effect is allowed
for, an additional term appears on the right-hand side
of Eq. (1.17). Infact, when the photon frequency is
w=E} > wy, where wy is the Maxwellian relaxation
frequency, the absorption of a photon occurs in the
presence of a frozen electron and hole configuration,
which then becomes modified and screens the field of
the resultant carriers. This effect reduces the elec-
tron and hole energy by the correlation energy of an
ionized gas per electron-hole pair®' and this energy is
equal to ¢*/£7), where 7, is the Debye screening radius.

If carriers (for example, electrons) are degenerate,
then »; < g, and the Coulomb interaction between an
electron and a hole becomes insignificant. This leads,
in particular, to the disappearance of the exciton lumi-
nescence.®®* Calculations of &(w) and a@(w) in accord-
ance with Egs. (1.13), (1.15), and (1.3) give the follow-
ing results in the case of scalar effective masses®

Ocv (o) =g3(F) ot [oxp (B - mp ) 1]

X [exp (2t s ) 1|7, (1.18a)
e A L e e ST

s e (B2 )7 (1.180)

.- It then follows from Eq. (1.18a) that
the radiative recombination rate (1.9) in the case of
interband transitions is

where w;=w-E,,

312 pn

Ny

or R y=Ap=ptum (1.19)

Bev =4 ()

mp +me
in the case of nondegenerate and strongly degenerate
(F,- E_,> Tm,/m,) electrons, respectively. Since in
the case of nondegenerate semiconductors the Coulomb
interaction between an electron and a hole is important,
the interband radiative recombination coefficient W, ,
=N,R,,,/np depends strongly on the carrier density and
temr.\erature."ﬁ A greater difference between R., and
the value given by (1.19) can be expected in the case of
heavily doped semiconductors (Sec. 2a).

Figure 3 demonstrates the great difference between
the observed luminescence spectra of heavily doped
semiconductors and those calculated using Eq. (1.18a);
this difference increases on increase in the degree of
doping of a semiconductor (compare curves 3 and 4 in
Fig. 3). Moreover, the frequency dependence of the
absorption coefficient a(w) of a heavily doped semicon-
ductor differs greatly from that calculated using Eq.
(1.18b).2"'*"'2® Thig difference is partly due to the fact
that no allowance for the carrier scattering, which
weakens the energy and quasimomentum selection rules,
is made in Ref. 52. However, the main reason for the
discrepancy between the theory and experiment is due
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FIG. 3. Photoluminescence spectra of differently doped sam-
ples of n-type InSb at 4.2°K (Ref. 52): 1) n=1.4x10% cm™%;
2) n=5%x10¥% em™% 3) 2.5x 10% e¢m™%; 17)-3’), 4), 5) theore-
tical interband recombination spectra; 4) calculated using Eq.
(1.18a) for = 10! cm™%; 17)-3') calculated from Eq. (2.10)
(Sec. 2b) for n=N, (p+ om)~1= 10% 1) v= 4.4 meV, u,=F,
-E,=12 meV (Nd~1 3x10% em™); 2 ¥ = 7.4 meV, p,=27
meV (Ng & 5% 10% cm™); 3') v= 14.5 meV, u, = 68 meV

(N4~ 2.5% 107 em™); 5) impurity recombination spectrum
corresponding to Eq. (1.22), 2.5x 101" cm™%, and 1,=30 meV.

to the fact that a major change in the electron spectrum
of a semiconductor resulting from fluctuations of the
carrier density and of the charged impurity concentra-
tion” ?® is ignored in the calculations of Ref. 52. Thus,
the use of formulas (1.18) in the case of heavily doped
semiconductors is doubtful even if only a rough estimate
is required (Sec. 2a).

This does not apply to semiconductors with very low
values of 7, and high ¢, which are degenerate even at
such low electron densities that the influence of doping
on the spectrum can be ignored. In particular, this
applies to PbSnTe.

d) Impurity radiative recombination

The spectral intensity of the luminescence per unit
volume, resulting from the recombination of free elec-
trons with holes iocalized in acceptors in a direct-gap
semiconductor, can be deduced from Eq. (1.4):

1ipe (£) 8 (00— te—~FEg—1,)
—ed(l—exp[(¢ — F,+ Ev)ITHY

De.o (0) =Nl o | - de.  (1.20)
where I, is the ionization energy of an acceptor; Ny is
the concentration of neutral acceptors; I, =Iyn,/m ¢
is the kinetic energy of an electron; p.(c) is the density
of states given by*®

pe o) =5r (5= ) " Ve (1.21)
It follows from Egs. (1.20) and (1.21) that*™
. ©Vo—E I, 1
Ce.a ()= NoB e T By 4 i Fali] @=EgFLiTne (1-22)

where B=(W,/2r°)(2m /%2)**. The last factor in Eq.
(1.22) represents the dependence of the transition prob-
ability (1.4) on the electron wave vector. If (F,-E,)
<1Ij, it can be regarded as equal to unity because sub-
ject to this condition we find from Eq. (1.4) that

(1.23)

We o= Wo=64nda} = 6474 (me‘f[u )

In this case the spectral line profile is independent of
the individual characteristics of shallow acceptors and
Eq. (1.22) applies also to semiconductors with an aniso-
tropic effective mass of holes. The physical meaning
of this result is that the characteristic value of the wave
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FIG. 4. Explanation of the absence of selection rules relating

to quasimomentum in the case of impurity radiative recombin-
ation.

vector of the hole localized at an acceptor » =a;‘ is
greater than the characteristic wave vector of an elec-
tron governed by the value of T or F,- E, (Fig. 4), It
means that all the electrons are equally likely to re-
combine with localized holes and the spectral line pro-
file is governed only by the electron state occupancy
(Fig. 5). 1Inthe case of a nondegenerate semiconductor
it follows from Eq. (1.22) that the energy of a spectral

maximum is
om=E;—I,+05T, (1.24)

and the line half-width is then 1.87.
case, we have

In the degenerate

(1.25)

whereas the line width is governed by the value of F,
~ E_; the characteristic energy of the fall of ®(w) at
high frequencies is 7 (Fig. 5).

om=Fo— E,—I,—Tln [ﬂ"—;ﬂl—t],

The rate of impurity radiative recombination deduced
from Eqs. (1.9) and (1.22) is

(1.26)

which applies to nondegenerate and degenerate (if F,
~ E_<1) electrons. The concentration of neutral ac-
ceptors (density of localized holes) N, is found from®

i (1.27)

Rc. a™= “703\70" = 0404 (]\'Da’}‘,) n,

= pN_Wo—nNgW, — v, N,,

where W, and W, represent the coefficients of the cap-
ture of an electron and a hole by a neutral and a nega-
tively charged acceptor, respectively. The coefficient
v¢ representing the rate of thermal release of holes
from acceptor states to the band, can be expressed
using the principle of detailed balance in terms of
parameters of an equilibrium semiconductor® **:
vr=N"W,po/N} = W,N, exp(~1,/T), where an allowance
is made for the fact that N? /N° exp[(F‘J -E,-1)/T];
and po=N, expl(E, - F))/T], Fyis the Ferm1 level under
equilibrium conditions. The thermal release of elec-
trons to the free band is ignored in Eq. (1.27) because

5 strictly speaking, Eq. (1.27) applies to the case of injection
luminescence when nonequilibrium carriers appear in a semi-
conductor by injection from a contact. In the case of photo-
excitation, the right-hand side of Eq. (1.27) should be supple-
mented by the term OpnlphN (cph is the photoionization cross
section and Jy, is the density of the incident light flux) and
p in Eq. (1.28) should be replaced with p + crpthth". How-
ever, these corrections are usually unimportant because non-
equilibrium holes are formed mainly by interband rather than
impurity absorption.
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FIG. 5. Shape of the luminescence spectra in the case of im-
purity recombination: a) nondegenerate semiconductor; b)
degenerate semiconductor (the dashed curve is the Fermi
function and the chain curve is the density of states).

of the high activation energy of this process. Using the
obvious relationship N,=N,+ N_, we find from Eq.
(1.27) that the steady-state probability of the presence
of a hole at an acceptor center is

N P __P 1
Po= Ng =~ 2+0nt+Nvexp(—7Ta/T) ~ p+6n 1+expi(s,—T.)T}"* (1'28)
where 8 =W,/W, and
e,=T1n( Ny ) (1.29)

p+6n

It follows from Eq. (1.28) that we cannot introduce
a single quasi-Fermi level of free and localized holes,
since the density of the latter Ny depends strongly on
the value of &n. The carrier distribution is of quasi-
equilibrium nature only in the case of shallow centers
acting as traps, which are characterized by a time con-
stant of thermal release of a carrier to a band vy
shorter than the recombination time.”® However, in the
case of recombination centers which—by definition—obey
the opposite condition, introduction of a quasi-Fermi
level is clearly unjustified. We finally obtain the fol-
lowing expression from Eqs. (1.26) and (1.28):

Re.o=b4n4 (Nuah)np [ p+on+ Neexp (—22) 7" (1.30)

e) Interimpurity (donor—acceptor) recombination

A real semiconductor always contains both acceptor
and donor impurities, which usually act as traps of
nonequilibrium carriers. At low temperatures, when
the thermal release even from shallow impurity levels
is a negligible process, the dominant effect is the in~
terimpurity recombination process involving transitions
of electrons captured by donors to one of the neighbor-
ing neutral acceptors. The distance between a donor
and an acceptor not only governs the transition proba-
bility =,,, given by Eq. (1.5) but also the energy of the
emitted photon***®*® Then, in view of the discrete
distribution of impurities in the lattice, line lumines-
cence spectra are observed.®”"® When the recombina-
tion takes place between electrons and holes captured
by shallow impurities, the luminescence spectrum is
in fact continuous,®®**®! gince impurities that govern
the luminescence energy near the spectral maximum
are separated by a distance », which is considerably
greater than the lattice constant. In this case the ener-

gy of an emitted photon is*®*®

(1.31)

where E(r) =¢’/cv; here I, and I, are the ionization en-
ergies of single acceptors and donors, and E(r) de-
scribes the Coulomb interaction between impurity ions

o =FE, —I,—14+4 E (),
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and carriers localized at these ions. In considering
the luminescence spectrum we may assume that shal-
low impurities are distributed at random in a semi-
conductor. In fact, the correlation in the distribution
of impurities is important only over distances such that
the Coulomb energy of the interaction between impuri-
ties is comparable with the thermal energy correspond-
ing to the freezing of the diffusion of impurities in the
lattice. For realistic parameters of a semiconductor
the correlation radius is approximately equal to the
lattice constant,*®"®! and a pair of shallow impurities
with such a short internal separation does not have any
bound state.’®*®* We can thus see that the spectral in-
tensity of the luminescence can be written in the
formSB.EB.BZ

Dy, 5 (0) = 4N 4N, riwy o (r) p () g—; ~ rép (r) exp ( —- i—:) , (1.32)

where p(7) is the average (over the impurity configu-
rations) nominal probability of finding an electron at a
donor if this donor is separated by a distance » from an
acceptor with a localized hole.

In the case of a p-type semiconductor (N, > N,) each
donor is surrounded by a large number of neutral ac-
ceptors located at a distance »; from the donor so that
the quantity p(») is governed only by the probability of
occupancy of a specific donor.’® This quantity satis-
fies® the equation®

e gV (1—p) Watve (T)p, (1.33)

where W, is the electron-capture coefficient of a donor
and v{T) is the probability of thermal release of an
electron from a donor to the conduction band, which—
applying the principle of detailed balance, as in the
case of Eq. (1.27)—can be written in the form v (T)
=W,N, exp(-I,/T). The probability of a radiative tran-
sition of an electron to any acceptor V=27, v(»)) is
governed by the specific configuration of acceptors
surrounding a given donor and, therefore, should be
regarded as a random quantity. However, in consider-
ing the steady-state spectra we can replace ¥ with its
average value®:

o
V= S 1wy a () -4nN,r2dr = 4avN, S r2exp ( — 3—: ) dr=64nA4N 0.
v

(1.34)

It then follows from Eqgs. (1.5) and (1.31)-(1.33) that,
under steady-state conditions,®

nWoveE~*exp (—4I)/E)
Vg exp (—4l g IE) -+ V- vy (T)+ ity

Dy, 2 (0) = 410NN, (%)a , (1.35)
where I'=I,. It is clear from Eq. (1.35) that the ener-
gy at the maximum in the luminescence spectrum w,,
corresponds to the excess photon energy E(r) =E , of
Eq. (1.31) described by
r YF nWa N Whexp (— 14/T)

4 Vo exp (— 4T3 Eg) v iWak NoW pexp (— Ig/T)

En= (1.36)
and the donor-acceptor recombination rate is approxi-
mately

o

1 . BALAN g (N aaf) nWy
Ria=— Sq’d'a(E) AE & AV aa) T alVad N eWooxp (—TaT) © (1.37)
0

6) See Footnote 5.
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It is clear from Eqs. (1.34)-(1.36) that at low temper-
atures and low pumping rates the value of E,, and,
consequently, that of w, given by Eq. (1,31) is mini-
mal. The lower the concentration N,, the closer is
the value of w, to E,~7,~ I, (Refs. 59 and 60). When
temperature and pumping rate J (n<J —Refs. 62 and
63) are increased, the value of w, rises approaching
E -1, i.e.,

(1.38)

Dependences of this type are well supported by the
experimental results®®® and they occur because on in-
crease in J the pairs with large internal distances
(“long-lived configurations”) responsible for the emis-
sion of the long-wavelength photons described by Eq.
(1.31) become saturated faster because of the lower
probability given by Eq. (1.5) and representing the
relevant interimpurity transitions. Consequently, the
luminescence begins to be dominated by pairs with
shorter internal distances and this increases w,,. It
follows from Eq. (1.35) that the spectral band profile
and its intensity at saturating pumping rates are inde-
pendent of T (Refs. 56, 58, and 61), in agreement with
the experimental results.’®% At low pumping rates the
thermal redistribution of electrons, via the band, from
the long-lived to the short-lived configurations be-
comes important. Consequently, an increase in T re-
duces the intensity at the long-wavelength edge and
increases somewhat the short-wavelength part of the
spectrum. These features of the luminescence spec-
tra are in agreement with the experimental results on
p-type GaAs (Refs. 65-67).

By — 1y —Ia<<on<<E; —1I,

The existence of configurations with different deexci-
tation times is manifested by certain features of the
changes in the luminescence spectrum with time.*® 6% 6
The intensity decreases much faster at shorter than at
longer wavelengths and, therefore, long times corre-
spond to smaller values of w, (Refs. 18 and 67). This
is due to the fact that after a time the recombination
process begins to be governed by the long-lived con-
figurations.’®'® Thermal release of electrons from
the long-lived configurations results in a narrowing of
the spectrum with time.'®'®" The total intensity de-
creases in accordance with an essentially nonexponen-
tial law: at first the short-lived configurations are
deexcited faster and an exponential decay correspond-
ing to v,(7) is established only after a longer time.

We shall now note some features of the interimpurity
recombination process in strongly compensated sam-
ples for which the spectral intensity of the luminescence
is calculated in Refs. 62 and 70. The condition N,=N,
allows us to consider only the donor;—s%%ceptor pairs
with the shortest internal distances, and if the Bohr
radius of a hole obeys g, <a,, we can assume that the
hole is first captured by a pair. In fact, if the inter-
nal distance of a pair is » <2a,, a bound electron state
does not exist at all,*®***® and in the case of longer in-
ternal distances the process of thermal ionization re-
sults in the release of an electron to a band before re-
combination. In the photon energy range w=E, ~ I,
corresponding to pairs with »=2qa, the smallness of
I(#) has the effect that the thermal release of holes to
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the valence band is important and this results in ther-
mal quenching of the short-wavelength luminescence
edge.” It should be noted that the long-wavelength edge
of the spectrum is governed by transitions between
donors and acceptors separated by large distances, in
accordance with Eq. (1.31), The probabilities (1.5) of
such transitions are low and, consequently, the inten-
sity at the long-wavelength edge decreases as a result
of an increase in T because of the thermal release of
electrons to the band, exactly as in the case of a p-type
semiconductor. In other respects the changes in the
luminescence spectrum which occur as a result of
changes in T and the rate of excitation are qualitatively
the same as in the case of p-type semiconductors.
However, the spectral changes in the case considered
can be quite large.*

In the case of strongly compensated semiconductors
the termination of excitation is followed by decay not
only of the donor occupancy but also of the acceptor
occupancy. This slows down the decay of the lumines-
cence intensity.” In fact, if ¢>v;}(T), all pairs with »
such that v(») >vd have already become deexcited. In
the case of donor—acceptor pairs with large values of
7, electrons and holes localized at them are released
thermally to a band before recombining, i.e., electrons
jump between donors until they are located at a distance
from a localized hole such that v(#) =v(T). Pairs with
such a fixed value of » govern the luminescence, i.e.,
w,, ceases to depend on time. The occupancies of
donors and acceptors then decay in accordance with the
bimolecular law so that the total luminescence intensity
obeys &,,,< t. Such decay of &,,,(t) is a characteris-
tic feature of strongly compensated semiconductors at
low temperatures.*®?

f) Role of different radiative recombination channels

We shall stress particularly that the role of a given
recombination channel is governed not so much by the
probability of the corresponding radiative transition
(Sec. 1a) as by the nature of the distribution of car-
riers between the energy levels. At low temperatures
the luminescence emitted from pure crystals is mainly
due to the exciton recombination process.®** In the
case of a doped semiconductor (for example, one with
n-type conduction) the role of this recombination is
governed by the ratio of the capture time of a hole by
an acceptor to the time that a hole is bound to an elec-
tron to form an exciton.™ If N, > n, then the interim-
purity recombination predominates because practically
all the nonequilibrium carriers are trapped by the im-
purity centers involved. When temperature is increas-
ed, thermal release of electrons to the band becomes
important and w, approaches Z, -, in accordance with
Eq. (1.38). This quantity is typical also of the impurity
recombination case [Eq. (1.24)] whose role increases
continuously as temperature is increased. Thus, ina
certain range of temperatures the interimpurity and
impurity recombination mechanisms determine the
luminescence in the same frequency range. We can
identify the dominant channel only on the basis of the
shape of the luminescence spectrum and its time char-
acteristics. A comparison of Eqs. (1.30) and (1.37)
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shows that the temperature from which the impurity
recombination predominates is less than the ionization
energy of a donor level. According to the experimental re-
sults,” in the case of GaAs characterized by I,~6 meV
(=70°K), the impurity recombination process becomes
significant already at 7=15-20°K. The role of the
impurity recombination increases on increase in the
rate of excitation. In the interpretation of the spectra
of the impurity and interimpurity luminescence®® one
should allow for the possibility of recombination of an
electron with a hole, which is in an excited acceptor
state.!*”® Further increase in temperature results in
quenching of the impurity luminescence which is then
mainly due to the interband recombination process
whose characteristic time is minimal when electrons
or holes are degenerate [Eq. (1.19)]. However, at
high carrier densities we can expect new nonradiative
recombination channels: Auger (impact)’® and plasma.’

2. LUMINESCENCE OF HEAVILY DOPED
SEMICONDUCTORS

The radiative recombination process in heavily doped
semiconductors is fairly complex because of the special
features of the energy spectra of these semiconductors
and also because of the distribution of carriers between
the states. The energy spectrum of a heavily doped
semiconductor is treated in detail in Refs. 27 and 28.
In Sec. 2a we shall give only the basic information re-
quired in the subsequent discussion. Next, we shall
identify the main radiative recombination channels in
heavily doped semiconductors and we shall discuss each
of them in the subsequent subsections (Secs. 2b-d). At
the end of Sec. 2a we shall discuss the most typical
experimental situations and for each case we shall
identify the dominant radiative recombination channels.
We shall deal specifically with the case of a heavily
doped and strongly compensated semiconductor in Sec.
2e. Finally, in Sec. 2f we shall discuss the special
features of the transient characteristics of the lumin~
escence emitted by heavily doped semiconductors.

a) Energy spectrum of heavily doped semiconductors. Main
radiative recombination channels

Heavily doped semiconductors are those in which the
average distance between impurities is less than the
Bohr radius of an impurity state. Inthe case of an
n-type semiconductor there are no localized states cor-
responding to single donors if the heavy doping condi-
tion N,a? > 1 is satisfied (N, is the donor concentration
and a, is the Bohr radius of a donor state). In fact, if
N,a’>1, the kinetic energy of an electron localized in a
region of size 7,*N3’* (equal to the average distance
between donors) is higher than the energy of the Cou-
lomb attraction by a donor. An impurity ievel is then
displaced to a band and the semiconductor becomes de-
generate. For this reason a heavily doped semicon-
ductor does not contain excitons and, consequently, it
is meaningless to talk of exciton luminescence.

The heavy doping condition also means that the
screening radius r; of the Coulomb potential is less
than the Bohr radius q,, i.e.,

196 Sov, Phys. Usp. 24(3), March 1981

rp= (_g_)il” ( 4::/3 )112 = %“ﬂ("ag)-m < @e. (2.1)

The effective electron mass m, is small in some semi-
conductors so that the condition Nya® >1 is obeyed only
in the case of relatively low donor concentrations: for
example, in the case of InSh this happens for N, =10™
cm”, whereas for GaAs it occurs beginning from N,
25%10" ¢em™. The donor concentrations in radiative
p —n structures are usually higher than these values.

In heavily doped semiconductors the state of an elec-
tron is governed not so much by the field of a single
impurity as by the field created by all the impurities
and carriers present in a given semiconductor. This
many-body interaction results in broadening of an im-
purity level, i.e., it produces an impurity band and
considerable density-of-states tails in the band gap.
These tails appear in the presence of any random
field.?® The field may be associated with macroscopic
inhomogeneities of a sample, thermal vibrations of the
lattice which are the cause of the Urbach tails (Sec.
1c), and fluctuations of the charge in an electron-hole
plasma created, in particular, by external excitation.

Reliable theoretical results on the energy spectrum
and the nature of electron states in a degenerate heavi-
ly doped semiconductor have been obtained for energies
close to the Fermi level F, as well as for energies cor-
responding to strongly localized states (see, however,
Ref. 77). In fact, electrons near the Fermi level have
a high Kinetic energy p, =F, - E, =(k*/m,N.” and this
energy is considerably greater than the potential ener-
gy of the interaction between electrons themselves and
also between electrons and impurities (e*/€)N2/° (€ is
the permittivity). Consequently, near these energies
the electron gas is only slightly nonideal. The theory
of a Fermi gas with a weak interaction was developed
back in the thirties,’® and the results can be found in
books.”® The influence of the Coulomb interaction re-
duces to an increase in the effective mass of carriers
and a reduction in the Fermi energy: the dispersion law
and the nature of the wave functions at energies close to
F, remain practically the same as for an ideal crystal.

At energies close to the bottom of the conduction band
E? of an unperturbed crystal the kinetic energy of elec-
trons is low and the interaction of electrons with one
another and with impurities becomes predominant. The
strong scattering of electrons makes it impossible to
describe their states by the Bloch function, i. e., in this
range of energies the wave vector Kk is a good quantum
number and it is pointless to talk of the dispersion law.
A convenient characteristic of the energy spectrum of
a heavily doped semiconductor is the density of states
p(e). This function does not vanish at energies cor-
responding to the edge of the unperturbed conduction
band (EY) but forms a tail of the density of states (Fig.
6a). The edge of the valence band spreads in a simi-
lar manner. The electron states at energies E < E!
are associated with random clusters of several donors,
i.e., with local fluctuations of the donor concentration.
The characteristic size of a potential well which ap-
pears because of the random distribution of impurities
is equal to the screening radius »; of Eq. (2.1) and its

A.P. Levanyuk and V. V. Osipov 196



)

r 4®

&

c

FIG. 6. Energy band diagram and radiative recombination
channels of a degenerate heavily doped semiconductor: a)
density of states p(€); b) local distortion of the band edges due
to fluctuations of the impurity potential; c) electronp, and hole
kp mobilities (E, and Ey are the percolation levels of electrons
and holes; p, is the density of states near the acceptor level
with an ionization energy 1,). The wavy lines represent the
following channels: band-tail (BT) transitions, band-band
{BB) transitions, and band—impurity (BI) transitions.

rms depth is®®~%
v=V&W VN (2.2)

In fa.ct,27 the rms fluctuation of the number of impuri-
ties in a volume of size 7, is of the order of v{@r/3)N,3
and the potential energy of an electron in the field of
such a fluctuation is(e*/€r W {@r/3)N, 3 =7.

If an n-type heavily doped semiconductor contains
only donors, the density-of-states tail of the valence
band differs from the corresponding tail of the conduc-
tion band by being sharply restricted.”” The deep ac-
ceptor states now occur in the parts of a crystal where
there are no donors whatever. However, in practice
all the heavily doped semiconductors are compensated,”
so that we shall concentrate specifically on compen-
sated materials. In the case of a compensated n-type
heavily doped semiconductor the density-of-states tail
p,(E,) of the valence band penetrates without restriction
into the band gap. The probability of small fluctuations
of the potential is given by the Gaussian distribution.
Therefore, if we regard a hole as a classical particle,
we find that p (E,) in the range E, > E, is a Gaussian
function’” with the variance described by Eq. (2.2),
where N, is replaced with N=~N + N,. The states lying
deep within the band gap are formed as a result of

clustering of several acceptors in a region of size » < »,.

When the number of impurities in a cluster is consider-
ably greater than unity, each such cluster can be re-
gardedm as a uniformly charged sphere of radius r.
The form of p,(¢) can then be obtained from the follow-
ing simple considerations. The probability @ that z
impurities of the same sign are located in a region
where on the average there are m impurities is given
by the Poisson formula, which can be written in the

") The absorption and luminescence spectra of some heavily
doped semiconductors, particularly Sn-doped InAs and GaAs
(Ref. 83), indicate that very short tails are formed and this
is clearly associated with a low degree of compensation gov-
erned by the individual properties of the impurity used and by
the conditions during the preparation of the samples.
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following form if z > 3:
Q=exp [zln(%’—'—l—i”.

The deep states under consideration are hydrogen-
like,”” so that z = v/, and we approximately find that

p(e)=pgexp (—]/—;—?In I/IZ.,)

More exact formulas allowing for the finite size of a
cluster of impurities and for the Coulomb interaction
between impurities are given in Refs. 27 and 28.
According to these formulas, the density of states in
the valence band tail of a compensated heavily doped
semiconductor can be written in the form

pv(e)=p'{.exp[——(1;s)5], e=Ep—E.>0, (2.3)
where
5=2, yh‘sz§y=(4nNrg)i/2_€% for 0<€<th=\’“3\’ﬁ,l{fzv
(2.3a)
1 2 D) - -
s=“2""h'“2=“1“_2[(1_i) Nﬁi)ﬂ,J”InD ¥ (y) for En<e<Enm,
(2.3b)
3
s=3. Wor=GLIYY for e>En=2'"Tyln[(70)" 500 ],
(2.3¢)
Here,

Dy () = 0% [ ()" Waah) ],

A is of the order of unity, and T, is the temperature of
“freezeout” of impurities in the lattice.”’**® The for-
mulas (2.3) describe p,(e) only approximately. In

fa,ct,27 they are derived as asymptotic forms and are
used only in a limited range of energies; in real situ-
ations the values of ¥, Ey,, and E,;, do not differ great-
ly. Therefore, it is frequently possible to use the
simple approximationv'“’ described by Dv(g)oc exp(—~ 5/70):
where I, <y, <v.

The formulas (2.3) describe qualitatively also the
density-of-states tail of the conduction band. In Egs.
(2.3b)—(2.3c) the quantities referringto acceptors should
be replaced with the donor parameters. There are
doubts about the validity of Eq. {2.3a) in most cases.
This is due to the following reasons: the formula (2.3a)
is derived using a quasiclassical approximation which
is justified usually for holes of greater effective mass
than electrons. In the case of small values of m the
ground energy level of an electron in a potential well is
located considerably above the bottom of the well. This
can be allowed for if we use Eq. (2.3a) with v, . <%,
(see the end of Sec. 2b).

It should be stressed that fairly deep states in the tail
resemble impurity rather than band states, i.e., they
are strongly localized in the sense that the conductivity
{mobility) involving these states is close to zero.*®®
In the case of shallower states the mobility increases
abruptly at energies E. and E,, which are called the
percolation levels of electrons and holes, respectively.
In other words, the mobility u considered as a function
of the carrier energy has a definite gap E. - E, (Fig.
6c). Similar considerations are usually employed in
discussing amorphous semiconductors.?#:28-8:% 1t
should be noted that the percolation level E, (Fig. 6),
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above which holes can be regarded as mobile (free),
differs from the energy E° corresponding to the top of
the valence band of an undoped semiconductor and the
difference is 7,=(2/3)y (Refs. 93 and 89). If m, <m,,
the quantity v, =E2- E, (Fig. 6) can be considerably
greater. The band gap of a heavily doped semiconduc-
tor can naturally be described by

Ey=Bom Ey— 8By = By—Yo—ta— g — 2= 105, (2.9)

where AE, (the last two terms) describes the carrier-
density narrowing of the band resulting from the inter-
action of recombining electrons and holes with carriers
already present in a semiconductor®®® (see Sec. 1¢).

We shall now identify the three main types of radia-
tive transition in a heavily doped semiconductor and
we shall consider which of them predominate in a given
experimental situation. We shall consider only the
case when m,  «<m,. When this condition is valid, the
theory simplifies greatly and becomes clearer. More-
over, the condition is satisfied by a large margin in the
case of the direct-gap semiconductors GaAs, InSb, and
InAs which have been investigated more than the others.
We ghall compare the theory and experiment for these
specific semiconductors.

We shall assume that a compensated heavily doped
semi-conductor satisfies the condition N,a® >1. Then,
bearing in mind that a, > a, we have to distinguish the
case of: a) intermediate doping (Na} > 1 but N,a} <1);
b) heavy doping with acceptors (N,ai >1). In case a)
there are localized states linked to single acceptors,
i.e., we can expect p,(¢) to have a maximum at e=I,
(Fig. 6a). However, it should be noted that such a
maximum does not appear if even in the case of mod-
erate doping we have ¥ >I, (Ref. 27). This situation
shouldalso be regardedas case b), whenthe density-of -
states tails decrease monotonically with depth in the
band.

In the case of an n-type heavily doped semiconductor
the density-of-states tail has practically no influence
on the absorption’’ and luminescence® spectra. Re-
combination radiation in the region of a spectral maxi-
mum is due to electron transitions from levels lying
close to F,, i.e., far from the free band (Fig. 6). On
the other hand, the density-of-states tail of the valence
band has a considerable influence on the luminescence
spectrum because nonequilibrium holes are first cap-
tured in localized “tail” states and then they recombine
with electrons.?®*®! Therefore, when case a) applies,
the luminescence is governed by the recombination of
free electrons with holes localized at acceptor levels
(BI transitions in Fig. 6) and at deep (E, > E) tail levels
(BT transitions), and also with free holes (BB transi-
tions). In .case b) or, more exactly, when there is no
maximum of p,(g) at e=1I,, luminescence is governed
by the BT and BB transitions. These are important
only at high temperatures or low pumping rates. The
luminescence corresponding to such transitions is in
fact considered in Sec. 1¢c. The luminescence spec-
trum due to BT transitions is considered in Sec. 2b
and that due to B! transitions is discussed in Sec. 2 c.

In the case of p-type heavily doped semiconductors we

198 Sov. Phys. Usp. 24(3), March 1981

have to allow for the capture of nonequilibrium elec-
trons by localized states in the conduction band tail.
Thus, for these materials in case a) luminescence is
governed not only by BB, BT, and BI transitions, but
also by TI and TT transitions (see Fig. 13 below),
which correspond to the recombination of electrons
trapped by deep states in the conduction band tail with
holes localized correspondingly at acceptors in deep
states of the valence band tail. The luminescence emit-
ted in this case is considered in Sec. 2d, where atten-
tion is concentrated mainly on TI transitions (interim-
purity radiative recombination).

In case b), i.e., in degenerate p-type heavily doped
semiconductors the luminescence is governed by BB
and BT transitions, exactly as in the case of n-type
heavily doped semiconductors. The differences which
follow from the inequality m, <<m, are discussed at the
end of Sec. 2b.

In Sec. 2e we shall consider separately the lumines-
cence emitted by strongly compensated heavily doped
semiconductors. For these materials the value of v is
particularly large and, as a rule, we have case b).
Nonequilibrium electrons and holes in these semicon-
ductors fill the tail states, so that TT transitions play
an important role.

b) Interband radiative recombination in heavily doped
semiconductors

In the case of a degenerate n-type heavily doped semi-
conductor the energy of a hole is governed by the local
fluctuations of the impurity potential, and the position
of the Fermi level of electrons F, is the same for the
whole crystal (Fig. 6). Consequently, the character-
istic energy of the photons emitted as a result of re-
combination varies from point to point in such a crys-
tal. This determines the position of the maximum and
the profile of the luminescence line. It is important to
note that, in spite of the continuous energy spectrum of
a heavily doped semiconductor, the distribution of non-
equilibrium holes in the tail states cannot be regarded
as quasiequilibrium @ priori,?*% i.e., it cannot be de-
scribed by a quasi-Fermi level (this is usually true of
free holes; see Sec. 1c¢). In fact, the continuity of
p.(€) represents only the average over the whole vol-
ume of a crystal. Levels form in the band gap at
different points in a crystal because of clustering of
several acceptors or, more exactly, because of local
fluctuations of the impurity potential (Fig. 6). We can
thus see that states in the valence band tail with ener-
gies E, > E, can be regarded in a natural manner as a
set of acceptor levels. As shown in the theory of heavi-
ly doped semiconductors,?’ each energy in the tail cor-
responds to a fluctuation-induced potential well of spec-
ific size (optimal fluctuations). For example, in the
region of small (Gaussian) fluctuations we have R =7,
whereas for deeper states we obtain R <»,. This al-
lows us to assume the potential wells to be smooth with-
out additional minima, which is confirmed also by the
monotonic nature of the correlation function of the fluc-
tuations of the potential.’’*** Fairly deep potential wells
corresponding to localized states (E, > E ) are separa-
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ted from one another by fairly large distances, which
are greater than the characteristic size of a well R.
This means that the overlap of the wave functions of
holes localized even in neighboring wells is exponen-
tially small because of the relatively large value of m,
(Ref. 92). In other words, each potential well of this
kind resembles a single impurity center.

In discussing the recombination of holes localized in
the tail states we need allow only for the ground state
in each fluctuation well,'” since excited states corre-
spond to the same energies as the ground states in
shallower wells, but the number of such wells is con-
siderably greater. For this reason the tail density of
states has been calculated allowing only for the ground
states.?®"®? It follows from these representations that
the probability of an “acceptor” well with an ionization
energy t=E, - E, > 0 satisfies an equation’® similar to
Eq. (1.27):¥

P — Wy () (1 — gu) =0 W (&) g — Wy ()N exp (= &) gu, (2.5)

where n and p are the densities of free electrons and
holes; W, is the coefficient of the capture of a free
hole by an “acceptor” well of this kind, which depends
weakly (as a power law) on the depth of the well and on
temperature®'®; W, is the coefficient representing
radiative recombination of a free electron and a local-
ized hole of energy E,; N, is the effective number of
nonlocalized states (with energies E, < E,) in the val-
ence band of a heavily doped semiconductor. The last
term in Eq. (2.5) allows for the thermal release of a
hole from an “acceptor” well to the valence band, i.e.,
to nonlocalized states. Equation (2.5) ignores the tun-
nel transitions of holes between the wells because, as
pointed out earlier, the probability of such transitions
is exponentially small®'® and it can be ignored com-
pared with the probabilities of recombination of a hole
and its transfer to a band (this is at least true for

my, > m,).

Under steady-state conditions, we find that Eq. (2.5)
gives

Wy » ep—Eey -1
gn (€)= — = 1-Ltexp
pW ot i g+ WoN  exp (-%) p-i-6n [ ( T )]
(2.6)
where
Ne T
gp=TlIn (m) . B(e)= “pv;,:) (2.6a)

The formula (2.6) is analogous in meaning to Eq. (1.28)
and it shows that the distribution of holes between local-
ized tail states is very different from the quasiequili-
brium function. Thus, if the distribution of holes is
described by a quasi-Fermi level F,, thenat 7=0 all
the states with E, < F, would be occupied by holes and
the states with £, < F, would be free. In fact, it fol-
lows from Eq. (2.8) that at 7=0 the localized states
are occupied by holes and the probabilities of occupancy
are similar for these states: these probabilities differ
considerably from unity and are given by p(p + 6x). In

8 Just as above, only the ground state of the acceptor is taken
into account in the theory of impurity recombination.®
% See Footnote 5 and the remark at the end of this subsection.
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fact, a free hole captured by a localized tail state at

T =0 is more likely to recombine with one of the free
electrons than to go over to a different localized state
because the overlap of the wave functions of holes in
localized states is very small. The degree of occu-
pancy of each localized state is governed by the rates
of capture of holes and of the recombination of these
holes with electrons. Therefore, the higher the value
of n, the greater the rate of recombination of electrons
with localized holes and the smaller the degree of
occupancy of each state. When temperature is increas-
ed, the thermal release of holes from localized states
becomes important and, therefore, the degree of occu-
pancy of shallow wells (with energies close to E,) de-
creases, whereas the occupancy of deeper wells in-
creases.

The situation described here is well known in the
theory of impurity recombination when luminescent
impurity centers are divided arbitrarily into trapping
and recombination centers. By definition,*® the trap-
ping levels obey the condition that the time for ther-
mal release from these levels is less than the recom-
bination time and, therefore, the distribution of car-
riers between such levels is of quasiequilibrium type.
The opposite condition is satisfied by the recombina-
tion levels (centers) so that the distribution of carriers
between them cannot be described by introducing a
quasi-Fermi level. It follows from Eq. (2.6) that the
tail states with ionization energies lower than &
=£,(€)) act as the trapping levels, whereas the states
with € > ag act as the recombination levels. In other
words, ¢, is the demarcation level separating the lo-
calized states in the tail into these two types. Natur-
ally, at temperatures 7 > ¥ the demarcation boundary
separating the recombination and trapping levels be-
comes broader and the distribution of holes becomes
practically quasiequilibrium. However, it should be
noted that at temperatures T > ¥ the majority of the
states localized in the tails is empty because of the
thermal release of carriers and the luminescence is
mainly due to the radiative recombination of free (BB
channel) and not of localized (BT channel) holes (Fig.
6).

The fact that the experimental results obtained in in-
vestigations of the static and transient characteristics
of the luminescence of compensated heavily doped
semiconductors are in conflict with the assumption
of a quasiequilibrium distribution of carriers between
the tail states has been pointed out by the authors of
experimental papers of Refs. 90, 97, 98.

If we know the distribution of holes between the local-
ized tail states, given by Eq. (2.6), we can calculate
the spectral intensity of the luminescence due to the BT
transitions (Fig. 6) from
Qpr (©)

=0 § § War (Be. E0) pe (B fe (E) pv (Ew) g0 (En) 8 (Bo— Eu— w) o, 4 Ep,
2.1

where W 1(E,, E,) is the coefficient of radiative recom-
bination of a free electron of energy E, and a localized
hole of energy E, > E,. Since we are considering free
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electrons, their distribution is of the quasiequilibrium
type, i.e., f£.(E,) is the Fermi function. The density of
states p(E,) can be described by the usual expression
(1.21), since the corrections associated with heavy
doping are small at energies E, = F,,, as pointed out in
Sec. 2a, and the actual form of the density of states

at energies E, < E_ has little effect on the main results.

We shall now consider the dependence of Wy on the
energies of an electron E, and a hole E,. If the ground-
state energy ¢ =E, ~ E, in an “acceptor” potential well
(which represents a potential hump for electrons, see
Fig. 6) is less than u, =F, - E,, electrons approach
a hole freely, so that Wy is a weak (power-law) func-
tion of the carrier energy. Transitions of this kind
correspond to photon energies w > E, (Fig. 6). Kfa
hole is localized in a deeper potential well (e> u ),
an electron may recombine with such a hole only by
tunneling. Transitions of this kind are responsible
for the luminescence in the photon energy range w< E, .
As pointed out earlier, deep states in the valence band
tail are due to local clusters of a large number of
acceptors. The number of acceptors in a cluster is
governed by the well depth: Z, =¢!'”1'”, In this case
a potential hump for electrons represents a repulsive
Coulomb center of charge -eZ, screened at distances
r>¥=2Z,6(cu,) " because of expulsion of free electrons
from the region adjoining the cluster. Using the quasi-
classical approximation, we obtain the interpolation
formula®

War (Ee, En) = WiaT exp (—2ﬂ [/- e —M—) s (2.8)

my Ee—Eg+pn

which reduces in the limit p, —~0 to the familiar formu-
1a?""% for an unscreened Coulomb center. The corre-
sponding coefficient of radiative capture of electrons at
temperatures T<u,=F, - E_ is

Wa(e)=5 | Pe(Ee) fo(Ee) Wer (e, En) dEe
E

~Whexp(—2n )/ L), (2,9)

my Pn

where
my (Ee—E¢) £

mels Iﬂ ’

Substituting in Eq. (2.7) the expressions (2.6) and

(2.8), we find that the spectral intensity of the interband
radiative recombination in compensated heavily doped
semiconductors resulting from band-tail transitions
(BT transitions; see Fig. 6b) is given by*®'*

Dpr (0) = PpsWhr

Whr = 64Aa}

o Po (w-—E,+e)exp[—2n I/%F—_E?%m_(ﬁ;)'}

d
x’“““{"”' °>E [p+n0 (e)1[1+exP (ep—e)][‘.+exp (m—Eg—pn+e)]

T T

(2.10)
where s and v, are selected depending on which energy
interval of Eq. (2.3) is ¢ located. Examples of the
®pr(w) spectra plotted according to Eq. (2.10) and us-
ing numerical integration are shown in Figs. 3b and 7.
The theoretical curves in Fig. 3b are compared with
the experimental photoluminescence spectra.sz of InSb
samples with different degrees of doping. The the-
ory*®*® does not allow us to find accurately the values
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FIG. 7. Theoretical luminescence spectra of heavily doped
semiconductors representing recombination of free electrons
with holes localized in tail states (BT transitions, Fig, 6).
The curves are calculated using Eq. (2.10) and assuming the
parameters of GaAs: Ny ® 10 cm™, p,=F, - E. = 70 meV,
Y=30 meV, andA=1n[N,/(p + 6n)]= 7. Temperature (°K):

1) 4.2; 2) 40; 3) 77; 4) 150; 5) 300.

of %, and ¥, occurring in Eq. (2.4) for E, and the value
of E,(n) determines the energy of the emitted photons
[Eq. (2.10)]. Therefore, in plotting the curves in Fig.
3b it is assumed, in accordance with Egs. (2.2) and
(2.4), that E, =E] - V%, and the coefficient a is se-
lected so that the position of the maxima of curves 2
and 2’ coincide. It is clear from Fig. 3bthat the theoreti-
cal curves plotted on this basis are in good agreement
with the experimental results. This good agreement
between the theory and experiment is largely explained
by the fact that the effective mass of electrons in InSb
is small and that m, > m_, i.e., the conditions used in
the derivation of Eq. {2.10) are satisfied by a large
margin. The curves in Fig. 7 illustrate the effects of
increase in temperature on the luminescence spectrum.
They are plotted using the parameters of GaAs with
N,=10"® ¢cm™, i.e., with donor concentrations typical
of electroluminescent structures. The calculated
spectra (Fig. 7) are in qualitative agreement with those
found experimentally.”"'®"!%"'% ynfortunately, it is not
possible to carry out a quantitative comparison of the
theory with experiment. This is due to the fact that in
this case the parameter N,a® is of the order of unity
and particularly, as stressed in the Introduction,
throughout this review the densities of nonequilibrium
carriers are assumed to be given. Under experiment-
al conditions the density of nonequilibrium carriers
(holes) created by photoexcitation or by injection de-
pends strongly on the coordinate and temperature and
the nature of such dependences is governed by the dom-
inant recombination channel which is usually nonradia-
tive.!” The exception to this rule is the range of low
temperatures, when according to Eq. (2.10) the shape
of the spectrum is independent of the nonequilibrium
carrier density.?® This has made it possible to carry
out a quantitative comparison for InSb (Fig. 3b).

It is clear from Fig. 7 that the interband lumines-

10 This is the reason why also in the subsequent subsections
we are comparing the theory with the experimental results
only qualitatively, employing those dependences which mani-
fest the main characteristic features of the investigated radi~
ative recombination channel in heavily doped semiconductors.
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FIG. 8. Edge luminescence spectra of »-type InAs (z= 2% 1018
cm™¥ obtained® at various temperatures T (°K): 1) 77; 2) 100;
3) 123; 4) 150; 5) 170. The inset shows the temperature de-
pendences of the band gap E, of indium arsenide and of the
spectral maxima A and B.

cence spectrum of a heavily doped semiconductor does
not terminate at w=E,, as suggested by Eq. (1.18),
but decreases toward longer wavelengths in accord-
ance with approximately the same law as p (¢). The
quantity v, is a characteristic energy of this fall also
on the short-wavelength side, whereas according to
Eq. (1.18) this should be the quantity T (Fig. 3a).
These conclusions can also be obtained from rough
estimates®® of the integral in Eq. (2.10), which indi-
cate that at low temperatures the energy of the spec-
tral maximum is

b <Em, T (2.11)

On = Eg+a—V2y—¢8 for

This result is readily understood if we bear in mind
the physical meaning of the quantity 52. In fact, in
discussing the distribution (2.6}, we have mentioned
that a?, gives the position of the demarcation level sep-
arating localized states in the tail into recombination
and trapping levels, emptied by thermal ionization.
This means that £ is the characteristic energy of ion-
ization of the acceptor levels which at a given temp-
erature determine radiative recombination and, there-
fore, Eq. (2.11) follows in fact from Eq. (1.25) if I,
~ g} is substituted in the latter. Hence, it is also
clear that the value of w,, depends weakly on the actual
form of the function p (¢) (Refs. 29 and 31).

Figure 8 also shows another characteristic feature
of the observed luminescence spectra of heavily doped
semiconductors: at low temperatures the energy of the
spectral maximum w,, decreases in direct proportion
to temperature and the rate of decrease is much great-
er than that of EX(7). This dependence of w,, on T can
be explained by the fact that increase in temperature
results in thermal liberation of carriers from the deep-
er levels in the valence band tail, so that €} shifts into
the band. Then the slope of w,(T), as indicated by
Eqs. (2.11) and (2.6a), is governed by Ll N,(p + &)1,
Estimates indicate that 8= W3/W, amounts to 107 -
10®. Moreover, we must bear in mind that, beginning
from certain values of n;, nonradiative capture of a
hole by localized tail states may be controlled by the
Auger recombination process™'® when W, n5! and,
therefore, 8n, clearly does not exceed 10"-10'® cm™.
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FIG. 9. Qualitative temperature dependences of the energy of
the luminescence maximum of a degenerate heavily doped
semiconductor with different carrier densities. The initial
parts of curves 1-5 correspond to Eq. (2.11), the number of
the curve increasing with the carrier density (rate of excita-
tion). Segments 6 and 7 correspond to Eqs. (2.14) and (2.15),
respectively.

Thus, in the case of n-type heavily doped semiconduc-
tors we find that In(N,/0ry) =57 at low rates of excita-
tion. A slope of approximately this kind is exhibited
by a number of heavily doped semiconductors: InAs
(Ref. 99; see Fig. 8 in the present paper), GaAs (Refs.
100-102), CdS (Ref. 103), and CulnSe, (Ref. 104).

Not only the initial slope, but also the general form
of the function w,(7) depends strongly on the degree of
doping and the rate of excitation (pumping). This func-
tion has a minimum (Fig. 9) near a temperature equal -
to min(7,, T,), where

Ty=max {[( )" ALT2 10Ny (p+0m)) |7, B Lot (N, (p+80)1) ),

(2.12)
Ty =max{(y2vn, 1,20 Y2, vIn"U2 [N, (p+nby)t]). (2.13)

In the case of heavy doping and high rates of excitation,
when p + 6yn is large, we have Ty > T3, i.e., the mini-
mum of w,(7) is located at T, =73, whereas at low
electron and hole densities it is located at T, = T1.
The reason for this behavior of w,(7) is that at low
values of p + 0y the value of 52 becomes greater than
Eg, before the condition €< ¥*/7 is violated, i.e., the
value of sg emerges from the Gaussian tail region [Eq.
(2.3a)]. In the case of heavy doping and high excita-
tion rates this does not occur, i.e., the maximum of
the luminescence spectrum corresponds to the recom-
bination of electrons and holes localized in the Gaussian
tail states at all temperatures. In the range 7> T; the
distribution of holes between the Gaussian tail states is
essentially quasiequilibrium. Then, it follows from
Egs. (2.6) and (2.3a) that the maximum of the number
of filled states in the tail p,(e)gy(€) corresponds to'®
€=7/T and this determines the value of w,, (Ref. 29):

om=patEg— L —TIn (%2) (157, (2.14)

It follows from Eq. (2.14) that an increase in tempera-
ture shifts w,, toward shorter wavelengths (compare
Figs. 9 and 7) and this frequency ceases to depend on
the excitation rate. This behavior of w, is due to the
fact that an increase in temperature makes the distri-
bution of nonequilibrium holes between localized tail
states increasingly more uniform. Since the number
of shallow localized states (with energies close to E,)
is much greater than the number of deep states, the
former begin to dominate radiative recombination in
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heavily doped semiconductors. The value of w, is in-
dependent of the rate of excitation at high temperatures
because the probability of occupancy of shallow states
is then low.

However, if p + 6y is small then, beginning from a
certain temperature when &) becomes larger than E,,
luminescence is governed by electron transitions to
deep tail states. Such radiative transitions occur only
because of the tunneling of carriers (Fig. 6) so that
Eq. (2.11) for w, now contains appropriate correc-
tions,* which do not alter the dependence w,(7) in the
range T < Ty provided m, < m,. Attemperatures T
> Ty, the thermal spreading of the step describing the
occupancy of localized states in the valence band tail,
given by Eq. (2.6), has the effect that.w, is governed
by fluctuations with &> E;, [Eq. (2.3b)] and it is given
approximately by®!

4 A
Egtpaty nl/ m -0, (%-TT“-)Z T,<T<T,

W= —_
2 I
Bt im—Ea=Tl (%), >t d) B

(2.15)
i.e., when temperature is increased this frequency
first shifts toward shorter wavelengths and then toward
longer wavelengths (curve 7 in Fig. 9). It should be
noted that at these temperatures and excitation rates
the luminescence spectrum may have a second maxi-
mum w/, whose position is given by Eq. (2.14). It is
clear from Eqs. (2.14) and (2.15) that at high tempera~
tures we have w!, - w, =Ey, (Fig. 9), which can be
used to estimate experimentally the value of E;, (Ref.
31).

It follows that at all excitation rates the dependence
w,(T) is nonmonotonic and the degree of nonmonotoni~
city decreases on increase in the rate of excitation
(Fig. 9). This evolution of the spectrum follows from
Eq. (2.10) and it explains the temperature dependences
of w, observed experimentally for n-type GaAs at dif-
ferent excitation rates.'*®"*%!"" It ghould be noted that
the observed dependence w,(7) is influenced by the
temperature dependence of the band gap: E, =E.-BT.
It is clear from Eq. (2.11) that this has the particular
effect that at temperatures T> Ty =78"" the value of
w,, decreases on increase in 7. For GaAs with N,
=10" cm™ we have T, =150~200°K, which is in agree-
ment with the experimental results.!9:1%:107

1t is clear from an analysis of Eq. (2.10) that* the
dependence of the probability of radiative recombina-
tion on the carrier energy, given by Eq. (2.8), is man-
ifested—as expected—Dby the fact that the fall of $(w) at
long wavelengths does not repeat the behavior of p, ().
This should be particularly noticeable in the case of
sufficiently strongly compensated heavily doped semi-
conductors when My <(m,/m,)' "y, 5,. Inthe far long-
wavelength region the strong dependence of the proba-
bility of radiative recombination on the photon energy,
given by Eq. (2.8), may give rise to a temperature
dependence of the profile of the long-wavelength edge of
the luminescence spectrum of strongly compensated
heavily doped semiconductors.®

At sufficiently high temperatures the process of in-

202 Sov. Phys. Usp. 24(3), March 1981

3
o

° 2 . 7 &
2 §0
3 2 ®
2 g’
¥y
7/42 35 4 79°
° . . s
135 M0 145 @,eV 130
e
. 554327
2
St 4
[
®y?
2° ; R
135 40 145 Gpev

FIG. 10. Dependence of the position of the spectral maximum
of the luminescence of compensated GaAs on the intensity of
this maximum: a) electroluminescence of a p-—n junction at
various temperatures!® (1—77°K, 2—98°K, 3—188°K, 4—
300°K); b) photoluminescence of n-type samples!!? at T="77°K,
numbers of the dependences from 1 to 6 correspond to an in-
crease in the degree of doping from Ng=3.5x 10! cm™3 to N,
=7x10' ¢m™3 and a low degree of compensation K=N/NJ2
3-10, curve 7 represents a strongly compensated n-type sam-
ple, 13 dashed curves 8-10 correspond to a weakly compensat-
ed p-type materiall’? (8—N_=8x10'" cm™, 9—N,=5x10'®
em™3, 10 - N,= 5x101? cm'3), and curve 11 corresponds to a
strongly compensated p-type sample“"’; ¢} luminescence of
p-type samples® at T=77°K due to excitation of carriers from
a heterojunction (N,=1.5x10'® em~%, increasing numbers of
curves correspond to an increase in the degree of compensa-
tion from K=15to K=0.9%4.

terband radiative recombination is governed mainly by
band-band transitions (BB in Fig. 6). The spectrum
of such luminescence can be calculated in the usual
way (see Sec. 1c) using the concept of the quasi-Fermi
level of holes.®'1%:1%® At intermediate temperatures
the luminescence spectrum of a heavily doped semi-
conductor may have two maxima due to BT and BB
transitions, respectively (Fig. 6). Such spectra have
been observed in several experiments®''" (Fig. 8).

According to the experimental results obtained in
investigations of the electroluminescence of heavily
doped semiconductors’'**18:1% 11 ot relatively low
temperatures, an increase in the rate of injection
shifts w , toward shorter wavelengths. It has been
found subsequently®*'2*!!® that the magnitude of the
shift depends strongly on the type of conduction of a
heavily doped semiconductor and on the degree of its
compensation (Fig. 10). These results can be explain-
ed on the basis of Eq. (2.11). In fact, at nonequili-
brium hole densities satisfying p > 8¢n, the quantity

& =TIn N, (p + 6,n)-1

decreases and, consequently, w_ increases on increase
in the rate of excitation. As pointed out earlier, we
find that 6n,~10"-10'® ¢cm™ and this quantity decreases
when the degree of compensation is increased and,
therefore, the condition p > 6ny, may be obeyed even at
low excitation rates. The physical reason for this in-
crease in w,, can easily be established if we bear in
mind that €} of Eq. (2.6a) is the ionization energy of
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that acceptor level in a tail for which the frequency of
hole capture and subsequent recombination is equal to
the frequency of thermal release of holes. An increase
in the hole density results in an increase in the rate of
their capture and this reduces the value of 53; conse-
quently, w, increases in accordance with Eq. (2.11),

At higher temperatures (7> T; or T,), it follows
from Egs. (2.14) and (2.15) that the position of the
spectral maximum is independent of the rate of exci-
tation up to very high values of the latter. The higher
the temperature, the faster the rate of excitation from
which w, begins to rise on increase in this rate. This
conclusion follows from an analysis of Eq. (2.10) and is
confirmed by the experimental results (Fig, 10a).

We shall now consider the reason for the difference
between the excitation-rate dependences of w,, observed
for n- and p-type heavily doped semiconductors at low
temperatures (T="177°K) and low rates of excitation
(Figs. 10b and 10c). This dependence is governed
mainly by the occupancy of the tail states with the mi-
nority carriers. The characteristic parameters of the
impurity potential are determined by the majority car-
riers and the energy of localizationgo=%%/m*»5 ina
typical potential well of size 7, and of depth ¥ depends
strongly on the carrier mass.”” A bound state forms in
a typical potential well if g <7y. Inthe case of n-type
semiconductors this condition is usually satisfied by
a hole because of its large effective mass. For exam-
ple, in the case of n-type GaAs, it is obeyed beginning
from N,=5x%10" cm™. Consequently, this material
exhibits an extended valence band tail, whose energy
size increases on increase in the degree of doping.
This accounts for the considerable rise in w , when the
rate of excitation is increased, observed for n-type
GaAs (Fig. 10b), which becomes greater for higher
degrees of doping. In the case of p-type samples the
situation is usually opposite. Electrons have a small
effective mass and do not form bound states in typical
potential wells even when N,=10' ¢cm™. For this rea-
son the energy size of the conduction band tail remains
very small right up to these high acceptor concentra-
tions.!” Consequently, even at fairly low temperatures
it is found that localized states in the conduction band
tail become thermally emptied and the dependence of
wn on the rate of excitation disappears. In other words,
the characteristic temperatures 7y, T;, and 7, are
very low in the case of p-type GaAs. This accounts
for the absence of the dependence of w,, on the rate of
excitation in the case of uncompensated p-type GaAs
samples'? at the same temperatures and for the same
degrees of doping as in the case of n-type samples,
which clearly show this dependence (Fig. 10b). More-
over, the same reasons account for the fact that the
dependence w,(T) - E,(T) observed for p-type GaAs
has, in contrast to n-type samples, only a rising part
at T= 77°K (Ref. 107). Compensation of p-type semi-
conductors results, in the final analysis, in partial

11) Experimental data!’ on the frequency dependence of the ab-
sorption coefficient of heavily doped GaAs also indicate that
the density-of-states tail appears for the minority carriers
only in n-type crystals.?
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FIG. 11, Summary of the experimental data of Refs. 7, 18, 21,
81, 82, 84, 85 on the dependence of the energy of the spectral
maximum wp, on the degree of doping. The open symbols cor-
respond to 77°K and the dark symbols to 295°K. The chain
curve shows the position of the Fermi level of electrons F;, at
77°K, and the continuous curve the value of ¥, —E} + E,.

emptying of states in the valence band tail and this be-
gins to manifest itself in the luminescence. For the
same reason it is found that, the higher the degree of
compensation of p-type samples, the lower are the
rates of excitation at which the dependence of w, on the
pumping rate becomes important (Fig. 10c and Sec.
2e).

Thus, the position of the spectral maximum depends
strongly on temperature, as well on the nature and con-
centration of the dopant, degree of compensation, and
rate of excitation. Therefore, an analysis of the de-
pendence of w, only on the degree and nature of doping,
which has been made in some of the reviews, seems
pointless. It is meaningful only in the case of very low
or very high temperatures and also in the case of high
rates of excitation when, according to Eqs. (2.11) and
(2.14), we have wy =ty , + E,=F, ,— E{ , +E, for de-
generate n- and p-type semiconductors, respectively.
Figure 11 shows the results of various investigations
of GaAs which represent, in our opinion, precisely
these cases. We can see that an increase in the degree
of doping of n-type samples increases w, considerably,
but decreases it in the case of p-type samples. The
change in w,, on increase in the impurity concentration
is governed, on the one hand, by an increase in the
Fermi energy U,,,=F,,, - E!, and, on the other, by
the concentration-narrowing of E, given by Eq. (2.4).
In the case of n-type semiconductors the smallness of
w. ensures that the first factor predominates, whereas
in the case of p-type semiconductors the second factor
is the more important. In fact, the large value of
makes p-type semiconductors degenerate only for N,
z5%10"™ em™. At lower acceptor concentrations the
holes are nondegenerate and, therefore, the energy
of the spectral maximum is w,, ~E, — T (see Sec. 1¢),
i.e., the dependence of this energy on the acceptor
concentration is entirely due to the band narrowing
of Eq. (2.4).

We recall that the above results apply to injection
pumping of photoexcitation with photons of energy
>F,~E, E, (see Footnote 5). At lower energies of the
exciting photons, for example, when Q < E,, the ab-
sorption of light can only be due to the ionization of
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levels in the deep tail of the valence band, i.e., local-
ized rather than free holes are generated optically
(Fig. 8). The probability of this process is given by
Eq. (2.8) where E, =E, + Q and the photoionization
cross section a,,(E,, Q) differs significantly from zero
at low values of T only if E, > F - Q. In this case we
can calculate &(w) from Egs. (2.7) and (2.6) but we
must replace pW, with g, (E,,Q)I. It is then clear that
the luminescence spectrum has only frequencies w <
right up to high temperatures and w,, is close to Q.

We can thus see that the photoluminescence and in-
jection luminescence spectra may differ significantly
both in respect of the form and nature of their temper-
ature dependence. Differences of this kind have been
observed experimentally.'”

c) Impurity radiative recombination in heavily doped
semiconductors

As pointed out earlier, the majority of direct-gap
semiconductors is characterized by m, < m, and when
the impurity concentration is 10'°=10" c¢m™ the heavy
doping condition is satisfied for donors(N,d >1) but
not for acceptors (Va3 < 1). In other words, the wave
functions of even shallow isolated acceptors are strong-
ly localized and we can ignore their overlap at such im-
purity concentrations, i.e., an impurity band defined
in the usual way®®"®' does not form. Nevertheless, fluc-
tuations of the donor concentration result in smearing
of the acceptor level. If then ¥ <7, the density of
states p,(¢) has a maximum at the acceptor ionization
energy I, (Fig. 6) where this density is”

N (En—Ey —1a)?
v (En) =y (Bn) = <7t —exp [ —— i |

(2.16)

When this situation occurs in an n-type semiconductor,
its luminescence is governed by the recombination of
free electrons of energy E, = F, with holes localized at
acceptors. In fact, nonequilibrium holes which appear
in a sample because of illumination or injection are
first captured by the acceptor states and then they re-
combine. In this case, it is natural to speak of im-
purity radiative recombination in heavily doped semi-
conductors, governed by band-impurity transitions

(BI channel; Fig. 6).

The potential due to fluctuations of the impurity con-
centration is fairly smooth if N,#3>>1 and, therefore,
we can adopt the bent band approximation for holes
because of their large mass. This means that in in-
vestigations of impurity recombination we can regard
a heavily doped semiconductor as an array of volume
elements of size »,, in each of which recombination
takes place as described in Sec. 1d. The position of
the top of the valence band in a given elementary vol-
ume is governed by the local fluctuation of the poten-
tial V and the Fermi level of degenerate electrons is
the same for the whole crystal (Fig. 6). As a result,
the energy of a spectral luminescence maximum varies
from one elementary volume to another and this deter-
minea;, the position and profile of the luminescence
line ?

A similar situation may occur also in nondegenerate
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compensated heavily doped semiconductors with a
small effective electron mass. In fact, if #%/m %>,
bound states do not form in typical potential wells and
electrons tunnel easily across potential humps with
the same characteristic dimensions. In this case, the
conduction band of a heavily doped semiconductor is
practically unaffected by fluctuations of the impurity
potential, i.e., the position of the bottom of this band
is the same throughout a crystal25 30 (see, however,
Sec. 24d).

In considering the hole capture kinetics we have to
distinguish two types of acceptor level.®> The first
type is located in those parts of the crystal where the
top of the bent band E? +V lies above the percolation
level E,, i.e., where the impurity potential represents
a hump for holes. These levels are responsible for
the BI, luminescence (Fig.6). The second type of level
is located in those regions where the valence band
edge lies above the percolation level. Such acceptor
levels are responsible for the B, luminescence chan-
nel. The capture of free holes at levels of the second
type is a two-stage process. Initially a hole is cap-
tured nonradiatively by a localized tail state (see Sec.
2b) and then by an acceptor level (Fig. 6). The mech-
anism of hole capture by such an acceptor level is
analogous to the cascade mechanism® for which the
capture probability W, depends weakly on the impurity
ionization energy. For this reason we are justified®
in adopting the model of a set of acceptor levels with an
ionization energy I, +V - v,, whose occupation proba-
bility for regions with V= v, is given by Eq. (2.6),
where 6 can be regarded as practically constant.

In the case of recombination via levels of the first
type an important factor is the thermally activated
nature of the capture of holes by these levels. In fact,
we can find a hole in a region where the top of the val-
ence band E'+ V lies below the percolation level E,
(Fig. 6) only if the hole has the appropriate thermal
energy (the hole is regarded as a quasiclassical par-
ticle). The probability of filling of these levels is given
by Eq. (1.28), where we have to allow for the fact that
the density of holes in the regions where E'+ V< E, is,
in accordance with the Boltzmann distribution, p(V)
=pexpl(E°+V~E)/Ti=pexp(V-7)/T). Bearing
these features of the hole capture in mind, we find that
the probability of filling of acceptor levels can be writ-

ten in the form®'®*

No (V) T Fa\ -
ga (V)= =p[p+0nn (V) + Ny exp (=T} |7 (2,17)
where

1 for V>vn, ie. En>E,=E{ 4y,

w .
=1 V)= —
6 Wp ° 1) {exp(VT?") at vV <yyp.

1f we know the local concentration of neutral acceptors
N%V), the spectral intensity of the luminescence emit-
ted by a given point in a crystal can be calculated from
a formula analogous to Eq. (1.20):

P (Ee) 8 (Ee—EY—V—1I3—0w

)
1+exp (Ee— F)/T] dE., (2.18)

@51 (0,V) = N3 (V) | Wa (V)

where W,(E,, V)=W,,, is the probability of radiative re-
combination of a free electron of energy E, and a hole
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localized at an acceptor. It follows from Eq. (1.4) that
this probability is practically independent of the ener-
gies of the free electron and the localized hole. In
fact, the circumstance that the acceptor level is broad-
ened by an amount of the order of ¥ does not affect the
nature of the wave function of a hole localized at an
acceptor because, by hypothesis, we have »; > ¢q,, and
the wave function of an electron with E, = F, is, as
pointed out in Sec. 2a, a Bloch function. This makes
it possible to use Eq. (1.21) for p (E.). Averaging

&g ,(w, V) over the potential fluctuations, which are
Gaussian®' if V <y, we shall determine the spectral
intensity of the luminescence® due to BI transitions
(Fig. 6):

72

® Ve EF o I T e — -
B (0) = NaDo Vo—Eg zn+l+luexp( T )qa(l) av
B = ey O—Fot ES Vi :
- H—exp(————-——-)
T
(2.19)

We note that in the limit ¥ ~0 this formula reduces
to Eq. (1.22) obtained without allowance for the broad-
ening of the acceptor levels.

Characteristic features of the impurity luminescence
spectra of heavily doped semiconductors can be illus-
trated conveniently for the case when electrons are non-
degenerate, but because of the smallness of », we can
ignore distortions of the bottom of the conduction band
caused by fluctuations of the impurity concentration
(see Sec. 2d). In this case Eq. (2.19) assumes the fol-
lowing form for temperatures T <y:

_ {0o—wa—yn+0.57)2
NaBo "pe"p[ _—21;5‘—]

Vany

Dpy (w) = Lpr, 4 Ppr, =

p+0n1 (0)+ Ny exp( m_TEg ) '
(2.20)

where

n(w)={ exp

1t is clear from Eq. (2.20) that at low temperatures
and low rates of excitation the energy of the spectral
luminescence maximum is wB'=E, -1 ; the character-
istic scale of the fall of &y,(w) at long wavelengths is
the quantity ¥ whereas at short wavelengths it is 7. At
higher temperatures (T 2y, =E, - E!; see Fig. 6) or at
higher rates of excitation, when

1, for oo, =E,—1I,,

( m_z.m“ ) , for o>>0,.

])>1;*E[_0:1+A\',,exp(——IT'l)]exp (%), (2.21)

the value of wi‘ rises by an amount %, and the lumines-
cence line broadens assuming the Gaussian shape. The
changes in w™ are described approximately by the ex-

m
pression®
B = By— Iy 05T 4 3up (p+ ") (2.22)

In the case of degenerate n-type heavily doped semi-
conductors we find from Eq. (2.19) that

B _ 3 : 2(Fn—E,) .
0w TP —Ey—la—— FHY-EC 4 Tln = p_:’ip* -(2.23)

In both cases the behavior of w2 is due to the thermal-
ly activated nature of the filling of acceptor levels of
the first type, located in those regions of a crystal
where the top of the valence band is below the percola-
tion level E,, i.e., where the impurity potential is a

205 Sov. Phys. Usp, 24(3), March 1981

nr

J.\
s&'.g’

@, rel. units
<y
2

8
S

Photon energy, meV
3
s
=)
Half-width, meV

s

s "
40 & 87
Temperature, °K

1 S Y j

2 1
47 420 E] 4o
Photon energy, maY

FIG. 12. Impurity luminescence spectra of n-type InAs
samples“s (n=1.5%10%% em™ at various temperatures T(°K):
1) 30; 2) 40; 3) 50; 4) 56; 5) 77. The inset shows the temp-
erature dependences of the position of the maximum w,; and
of the half-width of the luminescence line 4,

hump for holes (Fig. 6). In fact, since E, lies ¥,
above the edge of the unperturbed valence band E?, the
maximum of the function p (E,) of Eq. (2.16) is located
in the energy range corresponding indeed to acceptor
levels of the first type. Increase in temperature or in
the rate of excitation results in filling of these levels
and this broadens the luminescence line and shifts its
maximum toward shorter wavelengths by »,. These
effects are observed, for example, in GaAs doped with
Mn (Ref. 115) and in moderately doped n-type InAs
(Refs. 116 and 117; see Fig. 12 in the present paper).

It should be stressed that, as in Sec. 2b, the distri-
bution of holes between the acceptor states (2.17) dif-
fers considerably from the quasiequilibrium form.
This is not surprising because the results given here
differ qualitatively from the conclusions obtained on the
assumption of a quasiequilibrium distribution of holes.
If the latter were true, the long-wavelength edge of
the luminescence line would have become saturated
and wX would have been governed by the difference of
the corresponding quasi-Fermi levels, i.e., it would
have depended strongly on the rate of excitation,!®'!*
On the other hand, if the true nature of the hole distri-
bution (2.17) is allowed for, it is found that, in accord-
ance with Eqs. (2.19) and (2.20), the intensity &,(w)
increases proportionally to the nonequilibrium hole
density if p <8n and w<E, - I, and this is in agree-
ment with the experimental results.’®'®?® In fact, this
follows even from the theory of Shockley-Read impurity
recombination® and is reflected in Eq. (1.22), describ-
ing the luminescence spectrum without allowance for
the broadening of the acceptor level. We can see from
Egs. (2.22) and (2.23) that the value of w?! depends

12) The distribution of holes between the acceptor states may
be of quasiequilibrium type even at low temperatures, when
these states overlap strongly, i.e., when a wide impurity
band with a high carrier mobility is formed. In this case
holes may have time to be redistributed between the states in
such an impurity band by hopping conduction® %28 before they
recombine with electrons.
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weakly on the rate of excitation and changes only by an
amount 7, in a narrow range of temperatures and exci-
tation rates (Fig. 12).

d) Interimpurity radiative recombination in heavily
doped semiconductors

If under the doping conditions considered in the pre-
ceding subsection we have N, >N,, the luminescence
of such a p-type semiconductor observed at moderate-
ly high temperatures and excitation rates is governed
by the recombination of nonequilibrium electrons with
holes localized at acceptors. Transitions of the BI
and TI type (Fig. 13) determine the luminescence spec-
trum at lower frequencies than those corresponding to
interband recombination channels (TT, BT, BB). Since
the luminescence spectrum due to B! transitions is
considered in the preceding subsection, we shall con-
centrate here on the radiative recombination corre-
sponding to the TI channel (Fig. 13). Transitions of
the TI type represent the recombination of electrons
captured by localized states in the conduction band tail
and holes localized in one of the neighboring acceptors.
" Such interimpurity recombination represents the same
mechanism into which the donor-acceptor recombina-
tion transforms (see Sec. 1e) in compensated heavily
doped semiconductors.®

As in Sec. 2 ¢, we shall assume that (because of the
smallness of m.) an electron does not form a bound
state not only at a single donor, but also in a typical
potential well of depth ¥ and size »y. Therefore, local-
ized states in the conduction band tail located below the
percolation level E, (Fig. 13) are governed by the
local clusters with sufficiently large numbers of donors,
which can be regarded as “point” Coulomb centers with
different charges.”” The density of such states p,(E,

)

FIG. 13. Energy band diagram and recombination channels

of a strongly compensated (nondegenerate) heavily doped semi-
conductor: a) density of states; b) energy band diagram; c)
dependence of the electron g, and hole #p mobilities on their
energy. Here, E. and E, are the percolation levels of elec-
trons and holes, respectively; E% and E} are the edges of
band gap of an undoped semiconductor; I, is the ionization
energy of an acceptor level. The wavy lines represent the fol-
lowing recombination channels: tail-impurity (T recombina-
tion of an electron captured by a localized state in the conduction
band with a hole at one of the neighboring acceptors; band—im-
purity (BI) recombination of afree electronwitha hole captured
by an acceptor; tail-tail (TT) transitions; band—tail (BT)
transitions; band—band (BB) transitions.
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FIG, 14, Energy band diagram near a point-like cluster of
donors corresponding to a localized electron state of energy
€. in the conduction band tail. The shaded regions represent
the continuous carrier gpectrum. The wavy lines identify rad-
iative transitions (Fig. 13).

- E,) is given approximately by Eq. (2.3b) with ¥,,1,2
=7, and the wave function of a localized electron is hy-
drogen-like?” with a Bohr radius q,,=a,z”, where the
number of donors in a cluster is z=(EJ- E)! ’[]1%,

Holes characterized by a large mass can be regarded
as quasiclassical particles and their behavior can be
described in the bent band approximation. Then, if
a, <7y, an acceptor level follows the changes in the
edge of the distorted valence band, i.e., its position is
governed by the magnitude of local fluctuations of the
impurity potential. Consequently, the position of the
acceptor level near a potential well created by a local
cluster of 2z donors depends on the distance » from the
center of the well approximately as (Fig. 14)

By (r) =B+ [, — 220 (2.24)
A local density of free holes p(7, z) near such a well is
also a function of the distance from the center of the
well. In this case, free holes are not degenerate and
their distribution can be described by introducing a
quasi-Fermi level F,, i.e.,

ES—F 25 (E,

)=pere (- <252).

(2.25)
The probability of the recombination of an electron lo-
calized at a cluster with 2z donors and a hole captured
by an acceptor located at a distance » from the cluster
(Fig. 14) can be written, as in the theory of donor-ac-
ceptor recombination (see Sec. 1e) in the form of Eq.
(1.5):

v(r, z)=vaexp(_ 2rz )

e

(2.26)

The energy of the emitted photons is then given by Eq.
(1.31), i.e.,

0=Ee—Ey+ 5. (2.27)

The number of localized states in the conduction band
tail of a heavily doped semiconductor is much less
than N, so that if N,> N4, near each donor cluster there
is a sufficient number of acceptors (Fig. 14). This
makes it possible to study the recombination of local-
ized carriers by considering only the processes occur-
ring near one cluster. The probability of occupation of
an acceptor i near a well of depthg_=(E} - E,) is then
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given by33
2 — p(riy E) Wy (1—gn) =Wy Nye "s/Tg,

-nW o gn—v (1 Eo)gnte, (2.28)
where W, is the probability of the capture of a hole by
an acceptor and ﬁ’,, is the probability of recombination
of a free electron with a hole localized at an acceptor.
In this case the value of W, or W, depends weakly on
the carrier energy (see, however, Sec. 2e). The dis-
tribution of electrons between localized tail states is of
the quasiequilibrium type,® i.e.,

ge=1 (B)=[1+exp(Lp)]™> (2.29)

where F,=E,- T In(N_/n)=E, - l,is the quasi-Fermi
level of electrons. This is due to the fact that at low
temperatures a hole cannot approach sufficiently close-
ly a donor well (Fig. 14) and become captured by the
acceptor nearest to this well. Therefore, a localized
electron may recombine only with holes located at dis-
tant acceptors and the probability of such a process
given by Eq. (2.26) is low. Consequently, thermal re-
lease of electrons from walls predominates over the
loss by recombination even at low temperatures and
this results in electron thermalization. The distribu-
tion of holes between acceptors differs considerably
from the quasiequilibrium form because of high ioni-
zation energy of acceptors 7, allows us to ignore the
thermal release of holes. The probability that a hole
occupies an acceptor under steady-state conditions fol-
lows from Egs. (2.28) and (2.29):
pi{n, E)Wp

- — 2.30
p(r, EQ Wp+WplNy exp (—71a/T)+rWyn+v (11, Ee) fe (Ee) ( )

9n

and it is governed mainly by the rates of hole capture
and recombination.

If we assume that the distribution of acceptors near
each donor well is random (see Sec. 1e), the spectral
intensity of the luminescence due to 77 transitions
(Fig. 14) can be represented, by analogy with Eq.
(1.32), as follows:

min(Ey. EY+1g+6)
dr

Ou(@ =4aNeo [ pelBE¥(rEo) fo(Ee) an(r, E.) g 0 dE.,

{0}

-ca

(2.31)

where 7 is expressed in terms of E, and w by means of
Egs, (2.24) and (2.27).

A maximum of & y(w) lies near the energy E, -1,
(Fig. 13), where the competing mechanism is the im-
purity recombination (see Sec. 2¢). A numerical
analysis of Egs. (2.20) and (2.31) shows® that, depend-
ing on temperature and rate of excitation, the recom-
bination radiation spectrum at energies E, I, has one,
two, or even three maxima and two of them are rela-
ted to the TI channel, whereas one is related to the
BI channel. An analysis of Eq. (2.31) shows that the
temperature dependence of the principal spectral maxi-
mum of the TI channel w." depends strongly on the rate
of excitation. We shall now explain this result. Radia-
tion of energy wzw‘:I is due to electron transitions
from levels E. = F, corresponding to clusters with z
=2y =(EY= F)/*[]'2, The value of » corresponding to
the maximum of &,{w) is determined by the competi-
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tion between two factors. The closer the position of

an acceptor to the center of a cluster (Fig. 14), the
higher is the probability of diagonal radiative transi-
tions given by Eq. (2.26), but the lower the probability
of occupation of an acceptor by a hole given by Eq.
(2.30). 1t follows from Eq. (2.31) and from Egs. (2.3b),
(2.25), (2.26), and (2.30) that

Drp(0) ~v(r)gu(r, 2) pe (Fo) ~v (N p(r, 2) pe (Fp)
rz e?z EQ—Fy
~e (2 -V ). (2.32)

Yo

and this this intensity reaches a maximum at »=»,
=a T, The energy of a hole localized at an ac-
ceptor located at a distance » from a donor cluster is
E, =E%+1I,- é'z, /€7 . Bearing in mind that z,,>» 1, we
find from Eq. (2.27) that

oh = By—ye—L~ThhXep2)/ 121 Ko (2.33)

It is clear from Eq. (2.33) that at very low tempera-
tures T<7¥, In%N./n), we have

o =Ey—ve—I +2 V Ty, (2.34)

i.e., this frequency increases on increase in tempera-
ture irrespective of the rate of excitation (value of »).
When temperature is increased further, the nature of
the dependence wI'(T) depends strongly on n. When
the excitation is weak (n <10%N.), then w™* decreases
practically linearly on increase in T beginning from
the lowest temperatures and this is due to the lower-
ing of the electron quasi-Fermi level, i.e., due to
thermal liberation of electrons from the shallower
donor wells. It should be noted that the energy of the
maximum in the luminescence spectrum resulting from
interimpurity (donor-acceptor) recombination in light-
ly doped semiconductors increases when T is increas-
ed (see Sec. 1d), i.e., it is qualitatively different
from the dependence w  (T) for heavily doped semicon-
ductors excited at low rates. This change in the na-
ture of the temperature dependence of the spectral max-
imum of the interimpurity luminescence has been ob-
served, for example, for compensated p-type Ge as
the degree of its doping is increased.'!

In the case of strong excitation the majority of donor
wells is filled with electrons and, therefore, w}' is
governed by the Coulomb interaction of a free hole with
the shallowest wells. When T is increased, holes
approach these wells more closely, i.e., 7, decreases
and wﬂ becomes a monotonically rising function of
temperature.

1t is clear from this discussion why the value of wT!
(in agreement with numerical calculations®) is prac-
tically independent of the hole density and this density
governs only the luminescence intensity in accordance
with Egs. (2.30) and (2.31). It should be stressed that
the actual form of the density of states in the conduc-
tion band tail p.(E.) also has a weak effect on the na-
ture of the dependences of w L on T and #n. The form
of p.(E,) affects the long-wavelength edge of the lumin-
escence spectrum; the fall in the short-wavelength edge
region is characterized by 7.

Substituting the value of » in Eq. (2.32), we find that
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Orr(w) « exp[ — (Tl Lo 4y )2 (4124 9509]. (2.35)

Hence, it is clear that the intensity of the interimpuri-
ty radiative recombination is low both at low and high
temperatures and that it reaches its maximum at a
temperature approximately given by

(2.36)

Low-temperature quenching of the TI channel is due to
the fact that in the limit 7—0 the probability of inter-
impurity recombination v(») is low, because holes can-
not approach close to donor clusters (Fig. 14). High-
temperature quenching is due to lowering of the quasi-
Fermi level F,, i.e., it is due to the thermal empty-
ing of the increasingly deeper donor wells and also due
to the release of holes from acceptors to a band.

_ 9%/3.2/3:1/3 1n-2/3 e,
Ty=2""y2/3y}/3 In-2/ —

When temperature is increased, the interimpurity
luminescence spectrum may exhibit quenching as well
as a second maximum.*® The second maximum is due
to the fact that an increase in temperature equalizes
more and more the occupancies of the donor wells of
different depth, i.e., the Fermi step of Eq. (2.29) is
flattened. Consequently, there is an increase in the
role of radiative recombination of electrons localized
in shallower wells whose number is greater than that
of deep wells and which can be approached more close-
ly by holes. Since the electron energy in such wells is
close to the percolation level E., the position of the
second maximum and its temperature dependence are
described approximately by Eq. (2.34). Hence, it
follows that, in particular, these two maxima are sep-
arated by about 7 In(N_./») and, therefore, at high rates
of excitation they are indistinguishable.®®

It thus follows that the interimpurity radiative recom-
bination is significant at low rates of excitation (n < N,)
at temperatures close to 73, given by Eq. (2.36). In
the opposite case the impurity recombination mechan-
ism of Eq. (2.20) predominates. The latter mechanism
{BI channel) is responsible for the third maximum of
o' in the impurity luminescence spectrum and this
maximum shifts toward shorter wavelengths when tem-
perature is increased. The dependence 2T (7) is given
by Eq. (2.22) and is discussed in Sec. 2c. In contrast
to wI? of Eq. (2.33), the thermal shift of w2! of Eq.
(2.22) depends not on the electron density but on the
ratio of n to p (nx p —Ref, 33), which is governed by
the dominant recombination channel.

e) Edge luminescence of strongly compensated heavily
doped semiconductors

An increase in the degree of compensation K =N,/N,
reduces the density of free electrons in an n-type
heavily doped semiconductor and the Fermi level F_
eventually appears below the percolation level (F,
< E., see Fig. 13). In such a strongly compensated
heavily doped semiconductor the mechanism of low-
temperature luminescence at low rates of excitation is
radiative recombination of localized electrons and holes
(TT transitions; see Fig. 13). On reduction in the car-
rier density the screening radius #;, and consequently
¥ of Eq. (2.2), increase and their values begin to de-
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pend strongly on the correlation in the distribution of
impurities. For a random distribution of impurities
the radius 7 is particularly large and its order of mag-
nitude is'#

rem NPR®  (Na>Na) (2.37)

i.e., it is governed by the total carrier density #,
which in equilibrium is equal to Ny~ N,. In the case of
a correlated distribution of impurities the values of

7p and ¥ are not so large and they are independent of the
degree of compensation and the rate of excitation. The
correlation in the distribution of impurities may, in
particular, be due to their Coulomb interaction,® *%'¥%
which at temperatures exceeding T, (diffusion “freez-
ing” temperature®) results in a redistribution of im-
purities. If the intrinsic carrier density at 7="7T, does
not exceed the impurity concentration, we can ignore

the carrier screening and then®’"1%

r°=l/ 511'\":’
This situation occurs in strongly compensated wide-gap
materials, in particular—as indicated by theoretical
estimates and experimental investlgationsm-in GaAs
with N 210" cm™. On the other hand, in the case of
strongly compensated Ge, there is no correlation in the
distribution of impurities.*® The large value of 7, de-
scribed by Eq, (2.2), in the case of a strongly compen-
sated heavily doped semiconductor is responsible for
the Gaussian form (2.3a) of p,(¢) in a fairly wide range
of energies.

(N =Ny+Nqg)- (2.38)

It should be stressed that in the region of the Gaussi-
an tail (2.3a) the fluctuations dominating the density of
states | optimal fluctuations of p (¢)] are at large values
of 7y nonoptimal for the optical absorption coeffici-
ent?”'128:1%" 314 luminescence intensity.** Consequently,
there are differences between the dependences p(c),
a(w), and &(w)."® In fact, the density of states is gov-
erned by wells with the most probable size », (Refs.

27 and 28). The absorption of light of frequencies w

< E, occurs only as a result of diagonal transitions
assoclated with the tunneling of carriers (TT transi-
tions, see Fig. 13). The probability v of this process
decreases exponentially on increase in the size of fluc-
tuations R and, therefore, the fluctuations governing
the form of a(w) have the characteristic size B < 7
(Refs. 27 and 126). The luminescence intensity &(w)
is governed, like the probability v of radiative diagonal
transitions, by the electron and hole populations of the
initial and final states, respectively. Since these pop-
ulations decrease on increase in the probability of
radiative recombination v, it is clear that fluctuations
optimal from the point of view of ®(w) are of size be-
tween R and 79 and depend on the rate of excitation.®*

It is clear that the spectral intensity of the recom-
bination radiation generated in a strongly compensated
heavily doped semiconductor depends exponentially on
w. The argument of the exponential function in &(w)
can be found,* apart from a factor of the order of unity,

13) These differences are slight for small values of 7, and m,
(see the discussion which follows and also Ref. 29).
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by a method similar to the approximation of a uniform-
ly charged sphere.”” The value of this factor can be
found using a more rigorous method of optimal fluctua-
tions.'?"*® This approach gives

D (0) ~ S dE, dExd(Eo — Ep — 0)(qegnv (Eer En, B) P(Eoy Epy, R)),

(2.39)
where (. . . ) denotes averaging over the various con-
figurations of the potential. Luminescence of frequen-
cy w=E. - E, results from the tunneling of carriers
across a barrier of height A=E, - w. Inthis approxi-
mation it is assumed that various barriers of a given
height A differ only in respect of the size R, The ex-
cess number of impurities z necessary to create a
barrier of height A and size R is approximately cRA/2*
and, therefore, the probability of the appearance of
such a barrier when R < y; can be written in the form?

P (Ee, En, R)=Pyexp ( — 8o ) =Poexp (—t S22) . (2.40)

If we assume that the energy of a localized hole is
close to the bottom of a potential well, the probability
of recombination involving tunneling of an electron
across such a potential barrier is

(2.41)

In Eqs. (2.40) and (2.41) the quantities £ and 1 are co-
efficients of the order of unity.?’

RV mA
v (Ee, Ey, R):vnexp(—q——Lﬁ'L),

We shall now consider the electron g, and hole g,
distribution functions. If m, < m,, the electron dis-
tribution can be described by introducing a quasi-Fermi
level F,, whereas the distribution of holes between
localized tail states can differ considerably from the
quasiequilibrium form.* In fact, in view of the small-
ness of »,, we can expect electrons to tunnel readily
and the potential wells with identical parameters to
have levels shallower than those occupied by holes.
Since the majority of electron and hole wells is sepa-
rated by distances of the order of 7;, the probability
of radiative recombination is negligible for most elec-
trons and holes. Therefore, an electron localized at a
level shallower than that of a hole is more likely to be
released to a band than to recombine with a hole. This
process continues until an electron finds itself at a suf-
ficiently close distance from a localized hole. In other
words, the thermal redistribution of electrons is a
faster process than the recombination., On the other
hand, holes are localized at deeper levels and the
probability of their recombination may exceed the prob-
ability of their thermal release. The situation largely
resembles that encountered in the donor-acceptor re-
combination process in a lightly doped but strongly
compensated semiconductor® (see Sec. 1e).

The probability of radiative recombination decreases
exponentially on increase in the distance between an
electron and a hole and, therefore, we can calculate
&(w) by considering only the nearest electron and hole
wells. This approximation is equivalent to allowance
for only the nearest donor-acceptor pairs in the theory
of interimpurity radiative recombination (see Secs. le
and 2d). In this case the probability of occupancy of a
hole well of depth E|, in the configuration of a potential
with a characteristic size R is given by™
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4

E.—FEy 1

an=PWy [ Wyt NoWoexp (S22 v (A, R (ED ] (2.42)

It should be noted that when carriers are excited opti-
cally with light of photon energy @ > E,, the quantity
pW, in Eq. (2.42) should be replaced with pW, + oy, 1.

If @ <E,, the situation becomes much more complex
but the conclusions reached at the end of Sec. 2b are
still valid.

If we calculate the integral in Eq. (2.39) by repiacing
the Fermi function g, =g, with a step. w. .ina ihat*

PWpv (R, AYP (R. A)
D () ~ < PWp+ NyWpexp [(ES— Fn—A)T|— v (R. &) >,

(2.43)

The function averaged in Eq. (2.43) has a sharp maxi-
mum in its dependence on R so that its average value
can be replaced with the most probable value. A simi-
lar method has been used to determine the spectral
dependence of the absorption coefficient of a strongly
compensated heavily doped semiconductor which has the
following form®"**® when F, - E - v>w > wy =E' - I,(r,/
a,)**(Nad)*3:

o (@) ~ (v (8, By P(A, R) ~exp [ =B (=) ]+ (2.44)

Ta(Ralips

and in this case the size of an optimal fluctuation is
R=a(a/1)4(Na%)" . A more rigorous approach'’®
based on the optimal fluctuation method'?® makes it
possible to determine the coefficient 8=2/5v7 and it
shows'? that the ionization energy of a shallow donor
I, and its Bohr radius a, in Eq. (2.44) should be re-
placed by the corresponding parameters of an exciton.

1t follows from Eq. (2.43) that #(w) has a maximum
at w=w, ", where

Ne N Wy
omi=E,— T In —< —Tln VT (B E— ) (2.45)
At short wavelengths (w > w,), we find that™
£y — Ep— o
@ (o) ~exp [ =B (4 (g]vﬂ;z,; ) (2.46)

i.e., when w> w,;, the fall of #(w) is governed by the
value of T. The shape of the long-wavelength edge of
the luminescence spectrum depends strongly on the rate
of excitation. A comparison of Eqs. (2.43) and (2.44)
shows that at high rates of excitation we have &(w)
~ a(w) because g, = 1. At very low excitation rates we
have g, *pW,/v(R, 8) <1 and under the (. . .) sign in
Eq. (2.43) we are left with the function P(R, a). This
function has a maximum at R, =7, and (P(R, a)) gov-
erns the density of states (2.3a) (see Refs. 27 and 28),
so that #(w) can be written in the form
0 2
iy B (2.47)
At intermediate excitation rates the function under
the sign (. . .) in Eq. (2.43) has a maximum at R=R,,
|R<R,=a,v1,/8 In(v,/pW ) < 7,]and then #(w) is describ-
ed by*

@D (w) ~exp [ —

o_
Eg ©

D (w) ~exp[—( o

)5/2 Naln (gvn/pr) ] ! (2.48)

where ¢ is of the order of unity. We thus find that
only at high rates of excitation when the deep states

in the valence band tail are occupied does the fall of
&(w) at long wavelengths reproduce the behavior of the
absorption coefficient a(w) given by Eq. (2.44). 1t
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follows from a comparison of Egs. (2.47) and (2.48)
with Eq. (2.44) that in other cases the value of ®(w) in
the range w < w,,; decreases with reduction in the fre-
quency faster than does @(w). This feature is evidence
of the absence of quasiequilibrium in the distribution of
nonequilibrium carriers and it has been discovered in
an analysis of the experimental data on the photolumi-
nescence and electroluminescence of compensated GaAs
(Refs. 13 and 90). The tunnel nature of the radiative
recombination process resulting, in particular, in the
absence of a quasiequilibrium in the distribution of
localized holes has to be taken into account also in an
analysis of the photoconductivity of strongly compen-
sated heavily doped semiconductors. The tunneling
makes the size of fluctuations governing the recombina-
tion rate considerably less than »y. This is due to the
fact that, although the probability (2.40) of formation of
fluctuations of the potential of size R < r, is low, the
probability of radiative transitions (2.41) is high in the
case of fluctuations of smaller size. For this reason
the recombination process is not thermally activated
even in the case of strongly compensated and heavily
doped semiconductors characterized by large values of
7. Thus, the assumption of a thermally activated de-
pendence of the carrier lifetime and a quasiequilibrium
distribution of carriers underlying the investigation
reported in Refs. 130 and 131 is unjustified in the case
of strongly compensated heavily doped semiconductors
and it cannot be used in the calculation of the depen-
dence of the photocarrier density on the intensity of
illumination. When illumination ceases, the carriers
separated by short distances, which determine the rate
of recombination, recombine rapidly but this does not
alter greatly the total photocarrier density.'¥’ In fact,
the majority of electrons and holes is separated by
high barriers with a characteristic size 7y and, there-
fore, their recombination time is extremely large.
This accounts for the “frozen” photoconductivity effect
observed in strongly compensated heavily doped semi-
conductors.

It should be noted that at high rates of excitation when
Eq. (2.48) is valid, the characteristic energy of the
fall of &(w) depends on the density of nonequilibrium
mobile holes, i.e., in the final analysis it depends on
the temperature and rate of excitation. This depen-
dence may be manifested also at lower rates of exci-
tation corresponding to Eq. (2.47). This applies to
semiconductors with moderately wide gaps in which the
distribution of impurities can be (as pointed out earlier)
random and the value of ¥ depends on the rate of ex-
citation (see the beginning of Sec. 2 e).

1t follows formally from Eq. (2.46) that #(w) has a
maximum at

(2.49)

oRh=Ey—(Vapy 1 ( 242)"

Since Eq. (2.48) is derived for energies w > w1, the
value of w,2 determines the spectral maximum only at
large values of T when wy; > w,1. Since we have con-

14) A gimilar situation occurs also in strongly compensated
semiconductors exhibiting donor-acceptor recombination
(see Sec. le.)
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FIG. 15. Qualitative temperature dependences of the energy
of spectral maximum of the luminescence emitted by a strongly
compensated heavily doped semiconductor. Segments 1-6 of
the curves are described by the following formulas: 1) Eq.
(2.45), with upper curve corresponding to a higher rate of
excitation; 2) Eq. (2.51); 3) Eq. (2.52); 4) Eq. (2.53); 6) Eq.
(2.54); 6') Eq. (2.49). Curves labeled 2’ and 6’ apply to the
cage of an uncorrelated distribution of impurities.

sidered above the process of radiative recombination
only via the Gaussian tail states of Eq. (2.3a), the for-
mulas (2.45) and (2.48) are valid only at T< T (Ref. 31)
and T > Ty (Fig. 15), respectively, when E%- w, < (Ey,.
Hence, it follows that the temperature dependence of
w,, is nonmonotonic, as in the case of weakly compen-
sated heavily doped semiconductors (see Sec. 2b) and
this is in agreement with the experimental results,!!**12

In the intermediate range of temperatures the recom-
bination radiation is governed by carriers localized in
deep-tail states associated with point-like acceptor or
donor clusters for which the densities of states are
given by Eqs. (2.3b) and (2.3c), respectively. In con-
sidering the spectrum of such luminescence we have to
distinguish®' the recombination of localized carriers
(TT transitions; see Fig. 13) and of free carriers with
localized ones (BT and TB transitions; see Fig. 13).
Clearly, the spectral maximum corresponding to TT
transitions lies at lower photon energies than that cor-
responding to BT transitions (Fig. 15). Therefore,
although at the temperatures under consideration the
luminescence is associated mainly with BT transitions,*
we can expect TT transitions to give rise to an addi~
tional long-wavelength maximum whose energy mea-
sured at low temperatures (T < T,; see Fig. 15) is in
fact given by Eq. (2.45) (Ref. 31).

The luminescence spectrum due to BT transitions is
described by formulas similar to Eqs. (2.9) and (2.10)
but these formulas now apply to nondegenerate elec-
trons.” Here again we have to distinguish the cases
of small and large values of ;. In the case of a cor-
related distribution of impurities, when »; of Eq. (2,38)
is small and we have m, < m,, the dependence of the
recombination probability on the carrier energy can be
ignored.® We then find from Eq. (2.10) that*®

PoyWhpnpexp{— [(Eg—w)/yn, ]}

¥ Vv X [0 = Eg) /7T 6un (2.50)

Dpr (0) =

Under these conditions free electrons have an energy
of the order of T and tunnel easily and, therefore,

&g x(w) is governed by the density of states in the val-
ence band tail (2.3) multiplied by the probability of
occupancy of these states (2.6). It follows from Eq.
(2.50) that at moderate rates of excitation the energy
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of a spectral maximum is® (see Fig. 15):

Eg—Tln-p’JVr—VneEmo at T<T,—(212), (2.51)
BT
mm1=l Eg—1, (2)* at T,<T<T,, (2.52)
E;—Ep+pT at T>T,—(2.15), (2.53)

where B is of the order of unity. At high temperatures
an additional short-wavelength maximum appears in
the luminescence spectrum at

whh=Eg—T- for T>T, (2.13) (2.54)

At high rates of excitation only this maximum remains
(Fig. 15). The fall of 5 {w) at long wavelengths in
accordance with Eq. (2.50) reproduces the density of
states in the valence band tail, whereas at short wave-
lengths the characteristic scale of the fall is T. (We
recall that in the case of a degenerate heavily doped
semiconductor discussed in Sec. 2b the short-wave-
length fall is characterized by v, .)

If the distribution of impurities is uncorrelated, i.e.,
if the values of »; are large, electrons recombining
with holes localized in deep-tail states have to tunnel
across practically unscreened Coulomb barriers.
Therefore, radiative recombination is governed by
electrons with energies ¢, ~ 7. This has the effect that
in the formulas (2.51)-(2.53) for «2 " we have to include
positive corrections but these do not alter the nature of
the dependences of w2T on T or the rate of excitation®
(Fig. 15). The influence of tunneling on the long-wave-
length edge of the luminescence spectrum at w < w, is
the more important effect. In this case the long-wave-
length part of the luminescence spectrum does not re-
produce p,(e) or a(w), and cooling results in quench-
ing at long wavelengths. One should also note that the
high-temperature asymptote of the principal spectral
maximum is different’ for large values of »; given by
Eq. (2.49) from that for small values of 7, given by
Eq. (2.54) (Fig. 15).

The luminescence spectrum of a strongly compen-
sated heavily doped semiconductor may, in principle,
also have a maximum (Fig. 15) associated with the re-
combination of free holes and localized electrons (TB
transitions; see Fig. 13). However, the intensity of
this maximum is low®' if m, > m, because of the low
probability of tunneling of holes whose mass is greater.

f) Transient luminescence characteristics

The time dependence of the luminescence spectrum
after the end of excitation is influenced directly by the
nature of the distribution of the minority carriers be-
tween the localized tail states. For example, if the
distribution of holes in an »-type heavily doped semi-
conductor is of the quasiequilibrium type, then after
the end of excitation the change in this distribution as a
result of recombination reduces to a displacement of
the quasi-Fermi level of holes F, deeper into the band
gap. Then, the intensity of the low-frequency lumin-
escence should not decrease until the quasi-Fermi level
F, reaches that energy level in the valence band tail
which determines the luminescence at the frequency
in question (Fig. 16a). However, experimental studies
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FIG. 16. Time characteristics of the photoluminescence of
of heavily doped and strongly compensated samples of GaAs at
77°K: a) liminescence intensity decay ®(¢) after the end of an
excitation pulse recorded for different photon energies!13 [1 cor-
responds to the photonenergy 1.341 eV, 2 to 1.365eV, 3to 1.39
eV, 4 tol.414eV, and 5t01.439eV, chain curves show the
decay of #(¢) in the case of a quasiequilibrium distribution of car-
riers between the tail states]; b) evolution of the luminensc-
ence spectrum in time¥ (the numbers alongside the curves give
the time in micro-seconds from the end of an exciting pulse);
¢) dependences of the decay and rise time constants on the
photon energy. 3

of the decay of the luminescence of compensated heavi-
ly doped GaAs have shown” '®*'® that, irrespective of
the frequency, the luminescence intensity decreases
exponentially immediately after the end of excitation
(Fig. 16a). This means that the luminescence intensity
decreases not only at short but also at long wavelengths
(Fig. 16b). It has also been found that the time con-
stant of the decay and rise of the intensity at long wave-
lengths depends weakly on the frequency and that it de-
creases strongly at short wavelengths beginning from a
certain particular frequency (Fig. 16c). Thus, dif-
ferent levels in the valence band tail governing the
long-wavelength luminescence are deexcited indepen-
dently. This shows that the distribution of holes be-
tween the tail states is not in quasiequilibrium, as first
pointed out in experimental investiga.tions.m'9"'ua'”‘a
The reasons for this absence of quasiequilibrium falls
are discussed in detail in Sec. 2b.

We shall now consider the decay of the luminescence
emitted by an n-type weakly degenerate compensated
heavily doped semiconductor (1, <7%). At low excita-
tion rates the density of free electrons in such a semi-
conductor can be regarded as constant and equal to the
equilibrium value »n,. Since the scatter of the electron
energies is small, the luminescence decay at this fre-
quency is governed by the change in the population
4,(€) of a group of closely spaced levels in the valence
band tail. Since free holes are captured almost im-
mediately by localized tail states after the end of ex-
citation, we can substitute p =0 in the transport equa-
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tion (2.5), which gives

LLY R [ 7oWn () + WoNy exp (— ) ] m o). (2.55)

If we bear in mind that in this case £=E, - w (to within
Ly, and &T) it follows from this equation that &(w, #)
~g (@, )~ expl-/7(w)], where

- —E
T (w) =nWy (0) + WpNy exp ( o e ) .

7 (2.56)

The dependence 7(w) observed experimentally® '3 at

low frequencies (Fig. 16¢) can be explained® by the
energy dependence of the probability of radiative tran-
sitions (Sec. 2b). The steep fall of T{w) at high fre-
quencies (Fig. 16c) is related to the thermal release
of holes from relatively shallow levels in the valence
band tail, followed by their capture by deeper levels.

At high rates of excitation such that nonequilibrium
electrons are degenerate, the fast decay of the short-
wavelength luminescence can be due to another reason.
In this case the end of excitation reduces the electron
density and displaces the quasi-Fermi level toward the
bottom of the conduction band, which displaces the
spectral intensity maximum. Naturally, when the elec-
tron density increases so much that u, becomes less
than 7,, the luminescence decay changes the profile and
position of the spectral line (Fig. 16b) only slightly.

It is clear from Fig. 16a that the luminescence decay
slows down with time. This is characteristic of strong-
ly compensated samples'® and it is of the same origin
as the “frozen” photoconductivity (Sec. 2e).

CONCLUSIONS

Our discussion of the luminescence spectra of heavi-
ly doped semiconductors is based on the assumption
of given (constant) densities of free carriers, which is
usual in the various problems considered in the theory
of recombination.’*****®® 1t is of interest to determine
also the relationship between the densities of electrons
and holes and the rates of pumping for different types
of excitation, i.e., the relationship between such den-
sities and the current in the case of injection lumin-
escence or the intensity of the exciting light in the
case of photoluminescence. In such cases the main
channel controlling the density of free nonequilibrium
carriers is usually not the radiative recombination but
one of the forms of nonradiative recombination. A
consistent analysis of this problem in the case of exci-
tation has not yet been made [see, in particular, the
comments after Eq. (2.48)].

The theory of injection luminescence of heavily doped
semiconductors based on the assumptions made in the
present review is developed in Refs. 36 and 37. It
has been possible to explain, from a common stand-
point, the great variety of the experimentally observed
specific brightness-voltage and current-voltage charac-
teristics of light-emitting structures made of heavily
doped semiconductors. The characteristic tempera-
ture 75 of Eq. (2.15), above which the distribution of
carriers between localized states in the tail becomes
essentially quasiequilibrium and the nature of the spec-
trum ceases to depend on the rate of excitation, is
found to be the “demarcation” temperature also in the
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case of brightness-voltage characteristics. For ex-
ample, at T >T; the dependence of the luminescence
intensity on the voltage is of the thermally activated
type ® < exp(eV/BT) with 8=1, irrespective of the
parameters of the light-emitting structure.®® This re-
sult explains the experimental data of Refs. 7, 13, 18,
98, 105, 111, 134 whereas the usual concepts®™ '3 indi-
cate that, for example, in the case of a p ~i~-n struc-
ture we have =2, On the other hand, at low tempera-
tures (7'< T) there is a greater variety of the bright-
ness-voltage characteristics. For example, in the
case when the internal quantum efficiency is close to
100%, it follows from the experimental results'*"'* that
B =2 for p - n structures and $=1.5 for p - i -~ n struc-
tures in the case of interband” or impurity® recom-
bination. In the case of low-efficiency structures the
dependence of the luminescence intensity on the voltage
is usually not thermally activated but is governed by
the nature of the density-of-states tail. This theoreti-
cal conclusion” is also in agreement with the experi-
mental results,”'18'88+111:134:136 g31,00 the nature of the
tail determines also the form of the luminescence spec-
trum, there is a correlation between the brightness~
voltage characteristic and the luminescence spectrum,
found also experimentally.!*®

It should be noted that in the interpretation of the
experimental results we have to bear in mind'®® that
the nonthermally activated nature of the brightness-
voltage characteristic may be’'associated also with tun-
nel radiative transitions in the region of a p - n junc-
tion of a structure made of a heavily doped semicon-
ductor.’*” Moreover, the shape of the luminescence
spectrum observed at temperatures T < T3 may have
been influenced considerably by the inhomogeneous
distribution of the injected carriers. In a comparison
with the experimental results the formulas for the
spectra given in the present review should be integrat-
ed with respect to the coordinate.
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