Bulk electroluminescence related to the photovoltaic effect
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An analysis is made of the phenomena related to the photovoltaic effect by universal
thermodynamic relationships. It is shown that the inverse photovoltaic effect represents
nonequilibrium generation (or absorption) of photons proportional to an external electric
field. The contribution of these phenomena to the static conductivity is discussed.

The photovoltaic effect,' representing the appearance
of a constant electric current in homogeneous crystals under
the influence of homogeneous illumination, has been ob-
served and investigated on many occasions.' Satisfactory
microscopic models of this effect have been proposed. How-
ever, the phenomena linked to the photovoltaic effect by uni-
versal thermodynamic relationships have not hitherto been
considered and they will be discussed below.

Nonlinear responses of a quantum system to an external
force, changes in mean-square fluctuations in the first order
in respect of the external force, and irreducible averages of
three quantities in a thermodynamic equilibrium state of a
system are not independent quantities. In particular, a
change in the correlation function of the current under the
action of an alternating electric field can be expressed in
terms of the corresponding nonlinear susceptibilities:
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The validity of the above relationships can be demonstrated
by a direct comparison of the expressions for these quantities
in terms of the matrix elements of the current operator and
energy levels of a quantum system, as well as by analytic
continuation of the appropriate relationships obtained by
the Matsubara diagram technique. Going to the limit w,—0,
we obtain the change in the correlation function of the cur-
rents proportional to a static external electric field:
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The first two terms in the above expression appear because of
a change in the permittivity in an electric field (electrooptic
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effect), whereas the third is related directly to the photovol-
taic effect coefficient':

j*=p**"(0) E* (@) E" (o).

If the absorption coefficient of light of a given material
is less than the reciprocal of the wavelength, it is possible to
use the kinetic equation for photons. Expressing the change
in the number of photons per unit time in terms of the corre-
lation function of the currents, we obtain
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where ef is the photon polarlzatlon vector. The first two
terms in Eq. (2) are included in 7; ' ~Ime. An allowance
for these terms gives rise to a correction to the absorption
coefficient and this correction is proportional to the field and
not to the photon distribution function. The third term in
Eq. (2) describes nonequilibrium generation and absorption
of photons under the influence of a static electric field. It
should be stressed that this effect is due to the absence of an
equilibrium in a sample, i.e., it is connected with the flow of
an electric current. If in the presence of an electric field an
equilibrium is established in a sample and an inhomogen-
eous distribution of the charge density creates diffusion cur-
rents compensating the ohmic current, this results in com-
pensation of nonequilibrium generation (absorption)
referred to above. Usually electroluminescence is the term
used for the generation of photons of visible light when a
current is flowing through a sample and such generation is
attributed to the presence of inhomogeneities.* The effect
described by the system (3) can be called electrolumines-
cence, bearing in mind however the arbitrary nature of the
sign of (6N /6t), and the circumstance that the generation
and absorption occur in a homogeneous sample. If before the
application of a field the sample is in equilibrium with exter-
nal thermal radiation and there are no photon fluxes, then
steady-state radiation fluxes appear in the sample and in the
surrounding space after the application of the field; the di-
rections of these fluxes are reversed on reversal of the sign of
the field. A radiation detector with the same temperature as
the sample reacts only to these fluxes.
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Unfortunately, the characteristics of such electrolu-
minescence cannot be determined from the currently avail-
able experimental data because measurements of the photo-
voltaic effect are carried out at photon energies which are at
least an order of magnitude higher than the thermal energy
and the contribution of such frequencies to the integral elec-
troluminescence is exponentially small. Therefore, in our es-
timates we shall use a specific theoretical model of the photo-
voltaic effect.

Let us assume that in the case of an intrinsic semicon-
ductor we have w,, €1/7<T, where 7 is the carrier momen-
tum relaxation time. The dominant mechanism of the photo-
voltaic effect at frequencies w S T is naturally the intraband
effect.!> In this case the photovoltaic current appears be-
cause of asymmetric scattering of carriers with a distribution
function which is perturbed by an alternating electric field.
An estimate of the photovoltaic tensor given in Ref. 1

B~Ee’nywr 'm0

(ny, m, and v, are, respectively, the density, mass, and typi-
cal velocity of carriers; £ <1 is a dimensionless parameter
representing the ratio of the probabilities of asymmetric and
symmetric scattering) is valid in the frequency range 1/
74w < T and is independent of the specific symmetry of a
noncentrosymmetric crystal. We shall estimate the energy

flux from an opaque sample, i.e., a sample with the smallest.

size much greater than the reciprocal of the absorption coef-
ficient. We shall then assume that the absorption is mainly
due to carriers:
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where o is the Stefan-Boltzmann constant and vy, is the
drift velocity of carriers. A flux of this intensity should be
readily detectable in experiments.

We shall briefly consider characteristic symmetric real-
izations of the effect. In a material with the pyroelectric sym-
metry we have

dN/ot~PE

(P is a selected vector) and the total number of photons
generated per unti volume differs from zero. In the case of
nonpyroelectric piezoelectrics we have

ON[0t~ ke kPuPET,
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and the total number of photons generated by unit volume is
zero. The magnitude and the sign of the flux which appears
on any face of a crystal depends considerably on the orienta-
tion of this face relative to the symmetry axis of a crystal.
The sum of the flux intensities from three mutually perpen-
dicular faces of a crystal is zero. In the case of a crystal of
class O, we find that

ON[ot~KE

and the sign of 8V /8t is different for right- and left-hand
polarized waves. The energy flux across the crystal surface
differs from zero only because of the natural optical activity
of the crystal and it is small in terms of 7ag/#fic compared
with Eq. (4), but its compensation is due to the addition of
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two oppositely directed fluxes with different polarizations.

The density of the photovoltaic current is expressed in
terms of the occupation numbers of the photon states N, :
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In this expression in addition to the terms proportional to N,
describing the photovoltaic effect and appearing because of
the asymmetry of the photon absorption processes there is a
term independent of N, which is due to the asymmetry of
the emission processes. The magnitude of this term can be
found noting that Eq. (5) represents an expression for the
second-order response of the current to an electromagnetic
field, i.e., it should contain only terms of the first and zeroth
power in N, and in a state of equilibrium of the electron
system with thermal radiation there should be no current.
Therefore, in the case of ferroelectric crystals we can expect
an effect similar to the pyroelectric effect and also related
directly to the photovoltaic effect. If we abruptly change the
temperature of external thermal radiation, then the tem-
perature of a crystal transparent at frequencies ~ 7 /#
changes slowly under the influence of such radiation, where-
as the photon distribution corresponding to the temperature
of the external radiation is established much faster. There-
fore, according to Eq. (5), a current flows through the sam-
ple. Estimating it subject to the above assumptions, we ob-

tain
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where T, is the temperature of the external radiation. It
should be pointed out that knowing the dependence of j on
the temperature of the external radiation, we can find the
frequency dependence of the photovoltaic effect in the in-
frared range. In the limit 7—T,,, the current j and the
change in the energy € per unit volume are related very sim-

ply:

This relationship can be obtained directly from thermody-
namics and the analysis is similar to a thermodynamic analy-
sis of the Peltier effect.

The photons emitted in the electroluminescence pro-
cess also create a current, in accordance with Eq. (5). This
mechanism contributes to the static conductivity. We find
from Eqgs. (5) and (3) that
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Estimating this expression under the assumptions made
above, we obtain
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The mechanism of the photovoltaic effect associated with
the asymmetry of the impurity-band transitions® gives rise to
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a correction of the conductivity of the same order of magni-
tude. Then, the activation factor in Eq. (3) cancels out to a
factor which occurs in the conductivity via the density of
carriers in a band.

This contribution to the conductivity is characterized
by a strong spatial dispersion at distances of the order of the
reciprocal of the absorption coefficient of thermal photons.
At these distances we can observe size effects in the conduc-
tivity of such conductors. This contribution makes the con-
ductivity dependent on whether the conductor is surround-
ed by reflecting or absorbing surfaces. If two
noncentrosymmetric conductors are separate and insulated,
but radiation can be exchanged between them, then the ap-
plication of an emf to one of the conductors gives rise to a
current in the other conductor. These effects make it possi-
ble to identify the above contribution against the back-
ground of the conventional conductivity, in spite of the
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smallness of the latter. ) )
The author is grateful to G. M. Eliashberg, E. 1.
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