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The transduction and conversion of light into work via a quantum process is dependent on the
luminescent properties of the materials involved. Materials that can exhibit emission of light
upon illumination are likely candidates for solar cells, detectors and optoelectronic devices. This
radiative recombination in a material is directly related to the output device parameters, such as
the current voltage characteristics. The chemical potential of the incoming light is a function of
the photon energy and incident radiance. The maximum amount of work per particle, or voltage,
that can be extracted by a solar converter is shown to be equal to chemical potential of the
excitation, which can be inferred from the photoluminescence efficiency at ambient temperature.
A discussion is made as to the use and optical properties of materials such as Si, GaAs, FeS,,
and organic dyes as efficient solar cell materials. In particular, the silicon I-¥ curve and
luminescence are evaluated using the model, and shown to correspond to measured devices. A
discussion is also made as to the extension of the luminescence model to the understanding of
the light emitting diode, or LED. By allowing the absorber to remain as thin as possible, lower
recombination fluxes and higher voltages are possible in solar cells and detectors.

1. Introduction

Conversion of light into electricity or into chemical products in a quantum
system can occur from the absorption of a photon via the formation of an excited
electronic state. This exited state of the absorber material is used to produce
electron—hole pairs, as in solar cell materials such as Si or GaAs, or spatially
separated bound electron hole pairs, as in biological and organic materials [1-3].
In a chemical quantum system, such as photosynthesis, the excitation leads to the
formation of chemical products with higher free energy than that of the starting
materials [4,5]. A quantum conversion process is differentiated from thermal
conversion, in which the light is converted into heat, at some temperature, before
work is extracted. In contrast to a thermal system, in a quantum system, such as a
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solar cell, a fixed number of photons yields one or a fixed number of energy quanta
such as excited electrons. This fixed number of excitations can be counted in a way
that is analogous to Dalton’s law. If the interaction of light with a material
produces electrons, or species in a higher energetic state, then the reverse
reaction, which must also be possible, will produce light from the absorber
material. This is the definition of photoluminescence, an example of which can be
found using the brightly fluorescent organic dyes used in fabrics and signposts.

The usual method of characterizing a solar cell or optoelectronic is to utilize the
absorption coefficient, and transport parameters, such as charge carrier mobility,
and electron lifetime, of the absorber material in order to determine how many
incident photons will yield electrons in the external circuit [1,2]. This technique is
analogous to building a mathematical model of a car, down to the level of the
gears, in order to determine the limits of its performance. Another, less popular,
method that has been used to determine the potential of an absorber material to
vield useful work is a more global approach [5-9]. This would be analogous to
determining the Carnot efficiency as an upper limit for the performance of a car
even before the details of the fabrication and configuration are determined. In this
paper, a thermodynamic~quantum mechanical approach will be used to relate the
luminescence or photoluminescence of a material to its ability to do work, or to
produce a voltage. In contrast to previous work, discussed in section 3.2.2, the
current—voltage curve, and conversion efficiency, of the quantum system will be
simply described from optical measurements of: (1) absorptivity, and (2) photolu-
minescence efficiency. Characterization of semiconductors by measuring the pho-
toluminescence or electroluminescence is done routinely [10,11]. In solar cell and
detector applications, one often views photoluminescence as a loss of energy,
rather than as a requirement for efficient conversion. In the open circuit condition,
where energy is not extracted, energy dissipation by luminescence will be shown to
be a measure of the device’s ability to bypass other losses, in producing work from
light (or vice versa in the case of the LED). It is shown that the current—voltage
characteristics and luminescent radiance for a quantum system are directly con-
nected. Indeed, the luminescence, while constituting the only unavoidable current
loss, can be used to determine the voltage. By measuring the luminescence, one
can therefore assess the absorber material quality, and improve optoelectronic
device fabrication techniques.

2. Luminescent efficiency
2.1. A model quantum system

For the purposes of this paper, we shall consider the two state quantum system
as outlined in fig. 1. Light is absorbed by the material to produce electrons in the
conduction band, CB, which can recombine in three separate ways. Electrons can
recombine radiatively, giving up the excitation energy in the form of an emitted
luminescent photon [4,5,8]. The electrons can also decay non-radiatively through
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Fig. 1. A two-level quantum system connected to an external load. Solar or incident radiation produces

an excitation which has three pathways for recombination. Non-radiative recombination can occur

through Auger processes, or through a recombination center, RC, to produce phonons or heat.

Luminescent output represents the radiative recombination. Recombination through the external load,
at a voltage, V, is shown via the quasi-Fermi levels, Eg, and Eg,.

traps, or through Auger recombination to produce a phonon or lattice vibration
[1,8]. Alternatively, if the electron survives these recombination processes, it may
be collected by the external circuit to produce a voltage, and to do work, as it again
returns to the ground state or valence band, VB. This voltage is simply the
difference in chemical potential, between the quasi-Fermi levels, Eg, and Eg,, of
electrons and holes in the CB and VB, as shown by the dotted lines in fig. 1 [1].

Each process in fig. 1 also implies the reverse reaction. For example, the
absorption or excitation reaction implies the backward reaction, which is radiative
recombination. Just as in a chemical reaction, products can recombine to produce
starting materials, although these processes can occur with different rate constants.
Analogous to a chemical reaction, the reaction of electrons with photons is
characterized by a Gibbs free energy per particle, or chemical potential, which
represents the net direction in which the reaction proceeds [12]. In the section that
follows, this chemical potential will be related to luminescence and recombination.
This recombination will then be balanced with the input flux in order to obtain the
dependency of the voltage on the luminescence efficiency, as well as the current
voltage characteristics of the device.

2.2. Luminescent radiance and radiative recombination

The emission of light produced from radiative recombination from a material at
ambient temperature (T, = 300 K) is given by the ideal luminescence spectrum,
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which is a generalized Planck equation, corrected for the quantum emissivity, €, of
the process. Thus,

n? e’

2
Lo To) =e(0) 45 Copl(e —my KT = 1°

(1)

where e is the photon energy, and L is the spectral radiance, which is the radiant
power per area per projected solid angle per photon energy interval. To obtain the
flux or number of photons, one divides eq. (1) by the photon energy, e. The
constant # is the index of refraction of the medium in which the solid angle is
measured. For a silicon absorber immersed in glass or plastic, the value of »n is
between 1.45 and 1.6 inside the glass and 3.5 inside the silicon. The constants 4
and ¢ are Planck’s constant and the speed of light in vacuum, respectively. The
constant k is Boltzmann’s constant (8.62 X 107> eV /K). The chemical potential,
or charge times voltage, is given by w. The subscript x refers to the light source. In
this paper, 0 will refer to ambient radiation, OR will refer to the radiative
recombination, and S, or in, will refer to solar or incident radiation on the
absorber. The subscript SC will refer to the absorbed or short circuit flux. Eq. (1)
has the form one would expect for a Boson gas such as photons [12,13].

A black body, such as the sun, can be viewed as a special kind of luminescent
body with zero chemical potential at a high temperature, T = 5762 K. Another
way of looking at eq. (1) is to consider the entropy balance during the absorption
of a photon [9]. The loss of a photon from a beam of light is accompanied by a loss
in entropy of e/T,, where T. is the temperature of the light [12]. If only p is
converted to work at ambient temperature T,, then (e —u)/T, is the entropy
transferred to the surroundings. Equating these two entropies yields eq. (1) from
the more commonly described Planck black body equation. Thus, one can regard
solar photons as having a chemical potential p =e(1 —7,/7.) equal to the
maximum work, or free energy, they can produce at ambient temperature.

The emissivity, 0 < e < 1, measures how close the material comes to the ideal
case € = 1. This will now be shown to be a function of the material properties and
absorber thickness. A quantity directly related to the emissivity is the absorptivity.
The quantum absorptivity, a(e), is the fraction of the incoming light which is
absorbed by the material to produce an excited state. From a consideration of the
detailed balance between the absorption and emission of light, it can be shown
that the quantum absorptivity and emissivity are equal, just as are the thermal
absorptivity and emissivity as expressed by Kirchhoff’s law {5,9]. Neglecting free
carrier absorption, the thermal and quantum absorptivities are approximately
equal, and thus a simple optical absorption measurement can be used to determine
the emissivity. In order to prove this, we can define the photon flux at an energy, e
by

Lx(e’ M T())

ee(e) )

L;(e’ 122 TO) =
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Fig. 2. A schematic energy diagram showing the balance between excitation by, and emission of, light.

The output radiance always consists of the non-absorbed radiation plus the luminescence. If the input

radiance equals the ambient black body radiation, an equilibrium occurs and the relation a = e can be
demonstrated (see text).

!

One can then describe the output light, L/, from an absorber as the sum of the
emitted luminescent light and the non-absorbed, i.e. reflected incident light for the
geometry indicated in fig. 2. This gives [9]

Loy =e(e) Log + Liy[1 - a(e)]. (3)

If the incoming light is equal to the ambient blackbody radiation, L), = L), the
chemical potential in eq. (1) is zero (Lyz = Lj). The outgoing radiation must then
balance the incoming, even in the presence of non-radiative losses. This means L,
is equal to L! . For this case, eq. (3) yields

a(e) =e(e). (4)

This equality is true since the absorption and emission are time reversible on a
microscopic scale. Although we chose to evaluate the relationship between a and e
at ambient equilibrium, these quantities are parameters that are characteristic of
the absorber at a given temperature. If the incoming flux is not equal to the
ambient radiation, then the chemical potential is not zero, and, from eq. (1), the
radiative photon flux, L{y, is approximated by its ambient value, L}, multiplied by
a Boltzmann factor of exp(u /kT,). We have shown above that the radiative losses
are given by a(e)L; under ambient radiation input, so that these losses are
a(e)Lyexp(u /kT,) under solar illumination. Note that even though the probabili-
ties given in eq. (4) are equal, the photon fluxes for the output or input, as given by
eq. (1), will not always be equal. The input radiation is arbitrary, and the output
luminescence is determined the chemical potential. In section 2.3, we will relate
the chemical potential to the incoming flux, and photoluminescence efficiency.
The results given in eq. (4) allows one to easily evaluate eq. (1) from the
absorptivity of a material. Fig. 3a shows the results of eq. (1) plotted for the ideal
silicon luminescent spectrum using a voltage of (.55 V, as well as the more realistic
spectrum for silicon calculated by including the absorptivity, a(e), shown in fig. 3b.
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Fig. 3. (a) Photoluminescent spectrum of silicon at a temperature of T, = 300 K. The chemical potential

used is 0.55 eV in eq. (1). The solar spectrum is shown on the same log scale, and occurs at three orders

of magnitude above the Si spectrum. The Si output is obtained by multiplying the ideal spectrum by the

absorptivity, a(e), for 200 wm thick Si. (b) Calculated absorptivity—emissivity, a(e), of a 200 wm thick

slab of silicon. The calculation utilized the Yablonovitch light trapping and absorption enhancement

model [8] (see text). A thinner Si absorber, shown as a dashed line, would produce a more gradual
transition from low to high photon energies.

The expected Si spectrum is thus obtained as the product of the absorptivity, a(e),
and the ideal spectrum, which is shown as a dotted line in fig. 3a. The absorptivity
can be directly measured, or it can be calculated from the absorption coefficient.
The absorptivity for a thick (z =200 pm) silicon slab was obtained from the
absorption coefficient, a(e), shown in fig. 4, utilizing the light absorption and light
trapping model of Yablonovitch [8]. This light absorption model has been shown to
describe thin absorbers better than the Beer—Lambert law. This is because
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Fig. 4. Absorption coefficient of single crystal silicon, Si, used to calculate the absorptivity in fig. 3b
(1,381
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multiple reflections, absorption enhancement, and light scattering are considered.
In the case of maximum absorption, the absorptivity is thus given from the
thickness, ¢, and the absorption coefficient as [8]

a(e)

a(€)=m. (5)

In this paper, we shall assume that the transmission of the front, or illuminated,
interface shown in figs. 1 and 2 is unity, and that the back surface of the absorber
i1s a perfect mirror. This is a reasonable assumption for textured surfaces where
light trapping occurs. For other cases, non-unity transmission coefficients can
simply multiply eq. (5).

The peak in the photoluminescence spectrum in fig. 3a for silicon is shifted to
an energy which is slightly lower than the optical bandgap energy (eg = 1.1 eV for
Si). Silicon is only used here as an example. A similar result could be obtained for
LED materials such as AlGaAs, or InGaAsP. The idealized solar spectrum utilized
in this paper is shown in fig. 3a for comparison, and in figs. 5a and 5b on a linear
plot. A reduced black body ambient curve is also shown in fig. 5a on the same
scale. It can be seen from these curves that the solar flux level is approximately
three orders of magnitude higher than the luminescent flux level from silicon, at
0.55 V, and that the ambient curve has a peak value that is two orders from the
diluted solar spectrum. The peak wavelength of 1.07-1.08 eV and the shape of the
Si photoluminescence spectrum shown in fig. 3a was confirmed experimentally and
also found in the literature [14).

2.3. Relationship between voltage and luminescence efficiency

From eq. (1), it is possible to obtain the photoluminescent efficiency. For a slab
of absorber material, at open circuit, OC, this luminescence efficiency, @, is simply
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Fig. 5. Solar spectrum approximated by a diluted black body by setting the temperature T,=Tg =

5762 K, and p = 0 in eq. (1). This spectrum is calculated from the generalized Planck equation, eq. (1),

multiplied by 1.6X107° to obtain an illumination at the earth’s surface of 1000 W/m?. The plots

shown are for: (a) solar photon flux together with the T =300 K black body flux, solid line, and (b)
recalculated for the solar spectral irradiance as a function of wavelength.

the rate of photons emitted from the material, /g, divided by the incident photons
absorbed, Iy, plus the thermal excitations, /,/®. This involves a simple integra-
tion of eq. (2) over energy. Thus,
® e Ir radiative recombination 6

. = = = - - a

oc(w: 1) Isc +1y/P total recombination (6a)
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Solving this for @ yields
[ e(e)mLig(e, n) de — [ e(e)mLi(e) de
0 0

D/Owa(e)wL’s(e) de

b =

, (6b)

where D is the dilution factor, 1.6 X 10~° for 1000 W ,/m?, which represents the
inverse square fall off of the irradiance from the sun’s luminous surface to the
earth (0 <D < 1) [5]. For most cases, the lower limit of the integration can be
taken near e,. The denominator in eq. (6b) is then the absorbed solar photon flux.
If laser, or other light, is used instead of solar illumination, the denominator in eq.
(6b) is replaced by the absorbed photon flux, per unit area, producing excited
states. As an aside, if electroluminescence [1] is used instead of the photolumines-
cence, as for a light emitting diode, the denominator is replaced by the number of
electrons per unit area injected into the CB, as current 1. More will be said about
the LED and current extraction in section 3.3. In the numerator of eq. (6b), the
term subtracted is the small background black body flux at ambient temperature.
This yields the net recombination due to the illumination or excess charge carrier
density. The factor of w included in each integral is due to the integration over the
projected solid angle [5,13]. In a more compact form, eq. (6b) becomes

Iy — 1 _ Iy exp(p/kTy) — I

ISC ISC

, (6¢c)

where the terms in eq. (6¢) are defined by eq. (6b). The approximation given in eq.
(6¢) consists of the Wien approximation of the generalized Planck equation given
in eq. (1) (i,e. —1 in the denominator of eq. (1) is neglected). The Wien
approximation can also be used to obtain an approximate expression for the
ambient photon current, [,. Assuming an absorptivity of 1, the integration yields

= e KT o= (2 2,45 ?

for the second integral in the numerator of eq. (6b), where x,=e,/kT,. A similar
expression is obtained for Ig., where kT (0.4966 ¢V) replaces kT, [S]. This
expression applies if the absorptivity is a step function at the bandgap energy
(a(e) =1 for e > e,). For most semiconductors, the first two terms in the parenthe-
ses can be neglected. In general, and especially for thin absorbers, the absorptivity
is a function of the photon energy and the integrals in eq. (6b) must be carried out
numerically. It is therefore worth noting from fig. 5a that if defects are present in
the absorber such that they cause absorption near 0.05 eV, these defects will
dramatically increase I, and lower the voltages. More will be said about this in
section 3.7. This may explain why intrinsic absorber and p-i-n structures yield
higher measured voltages than doped material [1,2].

As stated previously, the quantum absorptivity and emissivity given in eq. (6b)
are equal. This allows one to evaluate the results of egs. (6b) and (6¢). For
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Fig. 6. Calculated voltage as a functionof photoluminescence efficiency, under solar spectrum illumina-

tion, for various semiconductor materials using eq. (6c). The dashed curve for silicon utilizes the ¢ = 200

pm data for the absorptivity, a(e), in fig. 3b. The other materials utilize a step function absorptivity at
the optical band gap, ¢, and eq. (7).

convenience, the radiance of the sun and ambient radiation, Ly and L, respec-
tively, are approximated as diluted black body radiation by setting w =0 and
Tg=35762 K, or T;=300 K in eq. (1). This neglects atmospheric absorption,
however, the results are essentially unchanged. Fig. 6 shows the results of eq. (6b)
for various bandgap energies, assuming a step function absorptivity emissivity. Eq.
(7) was thus used for the evaluation of I and I,,. A photoluminescence efficiency,
@, of 1.0 represents 100% conversion and Stokes shifting of the incident light into
re-emitted light. As can be seen, a logarithmic dependency of V.~ on @ is found.
Shown as the dashed line in fig. 6 are the results of a numberical integration of eq.
(6b), using the absorption data for silicon shown in figs. 3b and 4. The effect of this
is the lower the “effective” bandgap of silicon from the 1.1 eV usually quoted. The
results are in good agreement with experimental voltage values [1,3,15,16]. The
experimental @ values for GaAs and Si are near 107" and 1074, respectively
[1,14,17]. The voltages predicted from fig. 6, 1 V and 0.6 V, respectively, are in
good agreement with observed values for 1 sun illumination. This is an important
test for the model. In general, the voltage determined by eq. (6¢) is slightly higher
than the potential at the contacts due to resistive losses.

3. Discussion and alternative derivations

3.1. Maximum open circuit voltage in a quantum device

The dependency of the open circuit voltage on the luminescent efficiency can be
further emphasized by solving for the chemical potential in the approximation
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given in eq. (6¢). This allows one to obtain
aVoc=n =kTy In(Isc/1y) + kT, In &, (8)

where I is the short circuit, SC, current, and I, becomes the ideal or lowest
reverse saturation current for a given material. This is similar to the result
originally obtained by Shockley and Queisser and others, except for the term
containing @ [5-9]. This equation has the form of the usual diode equation with a
correction for non-unity photoluminescence efficiency [1]. It is seen from eq. (8)
and fig. 6 that a small photoluminescence efficiency, on the order of 1073 to 104,
is sufficient for fairly efficient operation as a photovoltaic cell. The measured value
of @ for silicon is in this range [7,8,14]. This correctly accounts for the voltages
observed.

3.2.1. Alternative derivation using detailed balance

Egs. (6) and (8) can be interpreted in terms of recombination and charge
collection. This is obtained from the detailed balance of electrons in the conduc-
tion band (or excited state) shown in fig. 1. We will neglect resistive losses at
present, but will discuss them in the section that follows. If we represent the ratio
of the non-radiative recombination flux to radiative flux, /g, as k, we obtain

k = (non-radiative losses) /(radiative losses). (9a)
From eq. (6a), note that,
l+xk=1/0. (9b)

The parameter «, like @, is not a constant for the material, i.e. GaAs, Si, but is
also dependent on the sample quality and defect concentration. For a given
sample, however, it can be considered a constant. This allows one to balance
electrons entering and leaving the excited state. Figs. 7a and 7b illustrate the
relationship between the various losses. In fig. 7a, one sees that the solar and
ambient photon fluxes produce an output current after radiative and non-radiative
recombination have reduced the flow. This yields the balance

thermal excitations + ambient absorbed + solar absorbed
= luminescent photons + phonons + current extracted, (10a)

or
(k+ DIy +Tge=Tyg +xlyg +1, (10b)

where [ is the current collected, per unit area, in the external circuit as shown in
figs. 1 and 7b. The terms in eq. (10b) are defined by eqgs. (6b) and (6c). The
recombination flux or current is, from eq. (1), related to the voltage or chemical
potential. In general, for a current extracted /, one obtains from eq. (10b)

I
I=1Ig— %[exp(u/kT(,) ~1]. (10c)

This has the form of the well known diode equation [1,3,5]. If the electrical current
density is desired, then the right hand side of eq. (10c) is multiplied by the
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Fig. 7. (a) Schematic diagram showing the flow of current through a solar converter material. Solar, and

a small flux of ambient blackbody radiation, enters the converter. What is left after recombination is

present as a photocurrent, I. The radiative recombination, or loss, is given by I,z and the non-radiative

loss is given by xlyg. (b) Circuit diagram of a solar cell illustrating the relationship between the

maximum voltage or chemical potential, u, series resistance, and the voltage appearing across the load
resistor, Ry,,4. The ratio of the non-radiative path to radiative, or luminescent, is .

elemental charge, g (1.6 X 107" C/ particle). Under open circuit conditions,
I=0, and eq. (10b) yields egs. (6¢c) and (8). Comparing eq. (10¢) to the diode
equation [1], /,/® becomes the reverse saturation current, for the I-} curve.
From eq. (7), the I, value for Si is on the order of 107 '® A /cm?. The best reverse
saturation currents for Si diodes are near 107 '> A /cm?. This confirms that the &
value is on the order of 1073-10~* for Si, and lends validity to the recombination
model represented by eqgs. (6) and (10). The current-voltage characteristics of Si,
under 1 sun illumination, are plotted in fig. 8. Photoluminescence measurements
can thus predict the -V curve of an optoelectronic device.

Eq. (10) can be understood as the balance between driving force, represented by
w, and kinetic or rate processes represented by the current I. As the current
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extracted increases, the observed voltage, and thus luminescent and non-radiative
flux, will decrease (i.e. @ and « are constant). This is seen by comparing eqs. (1)
and (10c). Solving eq. (10c) for the luminescence efficiency ® one obtains an
expression that is identical to eq. (6¢), with the exception that the denominator in
eq. (6¢) is replaced with Ig- — I, so that @ remains a constant for the sample. In
other words, if a current is extracted, the observed photoluminescence efficiency
will be that given by eq. (10b) multiplied by 1 — n,, where n; is the fraction of Iy
extracted in the load [8]. This lowering of the luminescence with current the
extracted, or chemical species produced, is observed experimentally in semicon-
ductors [17]. It is also well known that the photoluminescence of chlorophyll is
approximately 3% in a living plant, and 30% if the pigment is separated from the
rest of the electron transport chain [4]. This corresponds to operation under load
and open circuit, respectively.

3.2.2. Relationship to past work

The use of detailed balance and black body radiation to describe the efficiency
of a solar cell, or quantum converter, is by no means new. The original paper by
Shockley and Queisser [6] was followed by many others [7-9]. Chemical potential
has also been included in the description of luminescence from semiconductors in
the work of Wiirfel [12]. Wiirfel has included the concept of absorptivity in the
description of the luminescence, similar to eq. (1), and found that this accurately
described GaAs LED emission. The inclusion of non-radiative losses has been
done by Ross, Yablonovitch and Baruch [7,8]. The concept of the effective
temperature of the light has been used prior to that of the chemical potential [6].
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In the present work, the concepts of luminescence, non-radiative recombination
and chemical potential have been combined and presented in the nomenclature
used in semiconductor device technology. The goal in this paper is to describe
optoelectronic device parameters from simple measurements of the optical absorp-
tivity and photoluminescence efficiency at room temperature. From the diode
equation given by eq. (10c), it is shown how the photoluminescence efficiency,
absorptivity and non-radiative recombination directly relate to the reverse satura-
tion current. Applications and modifications of this approach will be presented in
the sections that follow.

3.3. Application of the luminescence model to LEDs

The production of clectricity from light implies a reverse process which is
commonly used in the electronics industry [1]. This is the light emitting diode or
LED. Referring to fig. 1, one can see that the injection of electrons into the
conduction band from an external source, will increase the radiative, and non-
radiative, recombination. In practice, charge injection is accomplished using a p-n
junction identical to that used for solar cells. Since the photoluminescence effi-
ciency of Si is very low, so too will be the electroluminescence [1]. For this reason,
I11-V materials such as AlGaAs and GaAsP are commonly used, since their
photoluminescence yields lie in the range of 107° to 1.0. The current—voltage
curve presented in eq. (10c) is also applicable to LEDs. The illumination term, /g,
can be neglected if the diode is not exposed to a light source. In general, the
equations presented in this paper are applicable to LEDs, detectors, electrolumi-
nescent displays, and a variety of other optoelectronic devices.

A recent development for silicon will allow for an interesting application of the
ideas presented in this paper [18,19]. It has been found that silicon can be made to
yield visible photoluminescence and electroluminescence if it is first electrochemi-
cally etched in acid and then anodically oxidized to produce small, “quantum
sized”, columns of Si material. It is thought that the confinement of electrons in
quantum-well-like structures allows for direct bandgap type behavior, and lower
non-radiative losses. A p-type Si wafer treated in this way shows visible red-orange
luminescence when placed under a normal UV lamp. Visible red electrolumines-
cence is also observed during the oxidation step. In this case, the photolumines-
cence efficiency, @, and absorptivity, a(e), have changed from their normal values,
so that higher open circuit voltages are predicted, from egs. (8) and (10), for
porous Si than for normal Si. Since the resistance of the material is on the order of
10° ), the photocurrent may be low, similar to that of an organic dye solar cell [2].
The effects of ohmic resistance, and of other kinetic factors, on the observed
photocurrents will be discussed in section 3.6.

3.4. Conversion efficiency

The actual conversion efficiency, n*, for a solar quantum converter or detector
can be calculated from a sum of absorbed input light minus the radiative and
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non-radiative losses all multiplied by the chemical potential per particle, or
voltage. The efficiency is then given by

._ pl(r+ DIy + Ise = (k + 1) g ]
input solar power '

(11)

From eq. (10), the term in the brackets rearranges to the extracted current. This
yields

. .
M(Isc - g(;[eXp(#/an) - 1]
n* = P : (12)
D[ mLy(e) de
0

The maximum power point is defined from d(x/)/dV = 0. Eq. (12) thus provides
an important check of the validity of the luminescence and recombination model
described in this paper. The luminescence-recombination approach for the deter-
mination of efficiency given in eq. (12) is identical to the traditional method of
finding the voltage and current, V,, and I at the maximum power point obtained
from the /-V curve given in eq. (10) [1]. Note, from egs. (1) and (11), that as the
ambient temperature increases, so too will the radiative losses, I,x. The derivative
of the voltage expression given in eq. (8) yields du /dT = — (1/TXe, — ) if eq. (7)
is used for I,. This derivative, which is approximately —2 meV /K for Si, is
equivalent to that obtained using p-n junction theory [1,3]. This results in a
lowering of the conversion efficiency with temperature in a manner that has
previously been described [5,9]. The luminescence approach has also been used to
determine the maximum conversion efficiency as a function of bandgap, or cut-off,
energy. For the case of @ = 1, the conversion efficiency given in eq. (12) peaks at
approximately 33% near a bandgap energy of 1.4 ¢V [6-9]. Figs. 6 and 8 show that
lower @ values result in a lower voltage values. Lower @ values will thus shift the

n* versus e, curve downward [7].

3.5. Thin film absorber materials

Eq. (10) can also be used to explain the high voltages observed in very thin film
solar cells and sensitized materials [1,20]. One can see from egs. (1) and (8) that an
optimum thickness might be found so as to maximize the power. As the thickness
or particle size of the absorber is decreased, the maximum voltage, Ve, will
increase, since total recombination fluxes are lowered. This is due to the lowering
of e(e), and thus I, for thin absorbers (see fig. 3b). This is shown in fig. 9a for
silicon, used here as an example. The data in figs. 3 and 4 were used for the
calculation shown in figs. 9a and 9b. The absorbed solar flux, 5., on the other
hand, will decrease with decreasing absorber thickness. The solar conversion
efficiency is the product of the maximum voltage and current multiplied by the fill
factor [1,3). This is equivalent to eq. (12). Since the fill factor usually has an upper
limit near 0.7-0.9, the product I3V, is a measure of the maximum solar
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Fig. 9. (a) Maximum voltage, V¢, versus thickness for silicon showing that higher voltages are

predicted from egs. (8) and (10c) for thinner absorber materials. The data in fig. 4 were used for the

determination of a(e). The photoluminescence efficiencies used are 1078, 107% and unity. (b)

Normalized maximum current voltage product versus thickness for silicon under the same conditions as
in (a). The curves should be truncated near 5 A for a one-atom thick Si layer.

conversion efficiency, n*. This product, IV, is shown in fig. 9b for silicon, and
attains an optimum for each photoluminescent efficiency value. A detailed opti-
mization for silicon yielded similar results [8]. In contrast to the theoretical results
shown in fig. 9a, as the absorber thinned, surface defect densities may dominate
over bulk defects, and the value of « may increase. This will limit the voltage
values for small thickness values. It is experimentally known, however, that
decreased thicknesses generally translate into higher output voltages [15,16]. The
photoluminescence efficiency, and «, as stated previously, are not constants for the
material, but are dependent on the sample preparation, geometry and history. The
example given in fig. 9 is only an illustration of the type of analysis possible using
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the luminescence model. Silicon is used here as an example. Similar results may be
found with any optoelectronic material. Thus, the thickness or particle size of an
absorber should be such as to absorb most of the solar photons, but not as thick as
to quench luminescence. Luminescence is thus seen as a loss to the process of
conversion of light into useful work, but also as a measure of voltage and absorber
material defect density. The higher the surface and bulk defect densities, the
higher will be «, the non-radiative recombination, and the lower will be the voltage
u /q, the photoluminescence efficiency @, and the conversion efficiency.

3.6. Resistive losses and kinetic effects

It should be noted from fig. 7b and eq. (12) that photoluminescence, though
necessary, is not sufficient for an efficient solar cell or quantum converter. In this
paper, the maximum voltage, chemical potential, or driving force has been de-
scribed. Power is the product of driving force (thermodynamics) and flux (kinetics).
Specifically, the photocurrents described in the equations presented in this paper
must be supported by an adequate charge carrier mobility and conductivity of the
material. Only then will photocurrent values near I~ be realized in the external
circuit. If a resistance Ry is included in series with the external load shown in fig.
7b, eq. (10c) is modified to

1(
I=1Ig— é{exp[q(V+qu5)/kT(]] -1}, (13)

The term in the numerator of the exponential factor represents the fact that the
current is supported by the sum of the voltage generated, and the voltage drop
across the contacts and bulk of the absorber material [1]. This is shown in fig. 7b.
The series resistance is minimized by low loss contacts, higher mobility, and
thinner absorber materials [1,3]. Fig. 8 shows the results of this equation plotted
for various conditions for Si. Normal Si has a value of @ = 10~%. This translates
into a total reverse saturation current of 2 X 1072 A /cm?. Series resistance
decreases the power at the maximum power point, and the short circuit current
and the fill factor. From fig. 8, note that when a lower luminescence efficiency is
used, the maximum voltage is also lowered. This will also lower the conversion
efficiency.

In addition, since the power is the product of the driving force and current, high
electron collection quantum yields, nq(e), are required, as well as high u or Vi,
for efficient quantum solar converters [1]. The absorbed solar flux given from eq. 6
as Ig- may not all be available for the generated current shown in fig. 7b. This can
be emphasized by examining the approximation for nq(e) for a junction device
given by [1,3]

ng(e) = (14a)

1+ [1/‘1(6’)Ld] '
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where
- 1/2
Ly=(kTyur/q)"". (14b)

Here, a(e) is the absorption coefficient, displayed for Si in fig. 4, L, is the
diffusion length, and u is the carrier mobility. The constant 7 is the carrier
lifetime, which can be deduced from time resolved luminescence measurements
[10,11]. The maximum current, Iy, will then be estimated from the denominator
of eq. 6b multiplied by n(e). The current collection efficiency is usually near 0.9
unless the mobility is low [1-3]. This again illustrates that kinetics must work in
tandem with thermodynamics to produce an efficient device. This aspect has been
further emphasized by Archer and Bolton {21]. The average volume rate of
radiative generation of charge carriers, in the dark, is I, divided by the thickness,
t, of the absorber. The volume rate of recombination in the dark has been shown
to be a second-order rate constant multiplied by the equilibrium electron and hole
concentrations {3,21]. From detailed balance, these two rates must be equal, and
an expression for the radiative lifetime, 7gg, can thus be obtained (i.e. 1 ms for Si)
[21]. This is the van Roosbroeck—Shockley lifetime. Non-radiative, and surface,
recombination decrease the carrier lifetimes below this purely radiative value [1,3].
It has been shown, by Archer and Bolton, that if the lifetime is too short, the
density of charge carriers generated in the light will not be able to support the
maximum chemical potential potential, u,, given by eq. (8) with @ =1 [21]. In this
case, the equation

pm=p; —kT, In(trs/7) (15)

is obtained. Comparing this equation to eq. (8), one finds that the photolumines-
cence efficiency is the ratio of the actual carrier lifetime to the maximum value.
Thus, short lifetimes, compared to the maximum radiative lifetime, are another
way of expressing that the photoluminescence efficiency is low [1].

As an illustration of eqs. (14) and (15), organic dyes are known to have a
photoluminescence efficiency near 1.0 [2]. Since the mobility of these materials is
low and the resistivity, Rg, is high (i.e. poor kinetic factors) these materials
produce high voltages, but show currents which are much lower than /g-. Another
illustration of the need of both high luminescence and mobility is pyrite, FeS,.
This semiconductor has been shown to possess a high absorption coefficient, and
high Is- values, as well as high electron collection quantum yields [22]. Tt has,
however, shown no detectable photoluminescence down to a sensitivity limit of
10~7 for @. Photovoltages measured are lower than 200 mV when the pyrite is
thick enough as required for these high n (e) values [22]. Since this material has an
optical bandgap of 0.95 eV, this result is supported by eq. (10) and figs. 6 and 8. In
contrast to organic dyes, pyrite shows good kinetic factors but poor thermodynamic
properties. As shown in figs. 9a and 9b, thinner pyrite material may produce
improved voitages, but these may be offset by lower currents unless light trapping
can also be increased [8,23].
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3.7. The diode quality factor

Up to now, only band to band recombination has been considered, and
non-radiative processes have been represented through shallow defect levels, or
through Auger processes (see fig. 1). If defects are present near the middle of the
bandgap, recombination can occur via these defects levels. This will produce
sub-bandgap photons for each recombination process. These photons, therefore,
have a chemical potential which added together matches the chemical potential, u.
One must then add an additional factor, of I, exp(u /4kT,), to the right side of
eq. (10b) for recombination through these Shockley—Read-type centers [1,3]. This
term also contains a photoluminescence efficiency term that describes the recom-
bination process through these defect levels. A diode quality, 1 < A4 < 3, factor thus
accounts for emitted luminescent photons that are of sub-bandgap energies (see
fig. 1). This additional term thus yields

I
I=1Igc— ;? [exp(p/kTy) = 1] = Iy [exp(p/AKTy) — 1] (16)

from eq. (10). An equation of this form is often used to describe the dark I-V
curve of a p—n junction diode [1,3]. The evaluation of this additional term requires
integration of eq. (2) utilizing the absorptivity at low photon energies (i.e. 0.5-0.05
eV). Within the framework of the luminescence model, light absorption at sub-
bandgap energies is thus shown to increase recombination, and thus lower the
maximum voltage (of course, I3 may increase). The added term is dominant at
low voltages, which are usually far from the operating voltage of a solar cell. For a
well constructed diode these mid-gap defects are of low densities, and this
additional recombination term is negligible [1,3].

Egs. (16) and (14) seem to indicate that, for absorbers containing high defect
densities, the value of « or & may be a function of the current and voltage
conditions. This is, in fact, true, since various conditions may populate or de-
populate defect levels. The luminescence model presented in this paper is a simple
model intended to give fundamental insight into the factors that degrade perfor-
mance. The voltages and currents represented by eq. (10) represent the maximum
or ideal values. Further studies can reveal the variation of « versus operating
conditions and expand upon the model.

4. Conclusions

It has been shown that the photoluminescence of a material can be used to
obtain an upper limit for the open circuit voltage of a quantum solar converter. In
the future, therefore, it is desirable to obtain absolute photoluminescence, and
absorptivity, measurements at room temperature, where the materials are used for
solar energy conversion. Measurements at cryogenic temperatures will yield infor-
mation on the nature of defects, but not necessarily on how they effect perfor-
mance at 300 K. These measurements can yield information on process control and
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material conversion efficiency [10,11]. Materials with reasonable photolumines-
cence quantum efficiencies are candidates for efficient optoelectronic devices.
Although the concepts of luminescence have been applied specifically to solar
conversion in this paper, these results are general. They have been applied to the
study of solar concentrators, thermal converters, and optoelectronic devices such
as lasers, and light emitting diodes [5,12,13,24]. Utilizing the concepts of photolu-
minescence in the study of solar energy may result in a brighter future for this
energy source.
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