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We discuss the potential of an ideal photovoltaic cell with charge carrier multiplication by impact
ionization. Thermodynamics requires that carrier multiplication modifies luminescence as well. Such
a cell may be described as a hot-carrier cell where interband equilibrium is inhibited and where
thermalization is restricted to the band edges. We show that in the limit of low band-gap energy this
cell is equivalent to a thermal absorber coupled to a Carnot engine. In conjunction with a spectral
filter, a finite band-gap cell with carrier multiplication can even surpass the work obtainable from
a selective thermal absorber. In principle, charge carrier multiplication can be tailored such that
a single-gap cell matches a fully selective conversion device. A high-efficiency, thin-film cell with
carrier multiplication may be thought of as a single-band-gap cell on the basis of a low-band-gap
material, with efficiency close to the value of a fully selective device. Low absorptivity for photons
below the threshold for carrier multiplication might be realized with an indirect transition. When
the solar irradiance exceeds a certain threshold all photons above gap energy may be used.

I. INTRODUCTION

Shockley and Queisser! defined an ideal photovoltaic
cell without carrier multiplication by the requirements
that 1. each photon with energy higher than the gap en-
ergy creates exactly one pair of charge carriers, 2. the
charge carriers recombine only radiatively or in the ex-
ternal load circuit, 3. the charge carriers rapidly ther-
malize within the conduction and valence band. Under
these requirements, a maximum efficiency of 30% for di-
luted blackbody solar radiation is predicted. This is sig-
nificantly lower than the maximum efficiency obtainable
from a selective thermal absorber in conjunction with
a Carnot engine of 52.28%, a fully selective conversion
device? of 66.68%, or complete and reversible conversion®
of 72.6%. In this contribution, we always refer to di-
luted blackbody radiation with a net solar irradiance
of E*°!=1000 Wm~2, a temperature of the sun’s pho-
tosphere of Ts =5780K, and an ambient temperature of
T, =300K. We also assume that the cell is at ambient
temperature, Ty =T,.

Many concepts have been considered to overcome the
stringent efficiency limits of the classical one-gap cell.
Two concepts are particularly aimed to match the spec-
tral response of the device to the broad solar radiation:
In multigap cells, the incoming radiation is split in two
or more bands each being absorbed by a cell of dedicated
band gap.? In solar thermophotovoltaics,* an interme-
diate thermal absorber/emitter increases the number of
photons above gap energy.

The hot-carrier cell discussed in Ref. 5 is in effect
equivalent to a hybrid cell at high temperature, where
a negative voltage is used to decrease reradiation losses.
This increases the work obtainable from the heat out-
put by overcompensating the invested electrical energy.
We recalculated the results for diluted blackbody irradi-
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ance as defined here and found that this hybrid cell has
a maximum efficiency of 66.46%, higher than the selec-
tive absorber which has 52.28%, and very close to the
maximum efficiency of a fully selective device of 66.68%.

Recently, it has been shown that the restriction to unit
quantum efficiency may be overcome by high-energy car-
riers that generate additional charge carriers by impact
ionization before thermalizing. This possibility has been
briefly discussed in a footnote in Ref. 1 and taken up re-
cently by various authors.®” Ultimate efficiencies in the
absence of luminescence of about 60% are predicted.® In-
cluding luminescent recombination maximum efficiencies
of 43% are calculated.® Quantum efficiencies larger than
unity have been measured in Si solar cells.”® The au-
thors propose a combination of an indirect fundamental
transition with a direct transition at higher energies in
a suitable band structure. In this paper, we explore the
potential of carrier multiplication for the conversion of
solar radiation with a single-band-gap photovoltaic cell.

II. THEORY

The luminescence of an ideal photovoltaic cell for pho-
ton energies e exceeding gap energy is given by'0712

1 —
exp (pri) =1

where Ay is the potential difference of electrons and
holes, which in equilibrium is equal to the chemical po-
tential of the photons at the cell temperature 7. As a
special case, zero chemical potential, Ay =0, yields the
spectral photon flux density NP (e, T) = N*™ (e, T, 0) of
a thermal emitter as given by Planck’s equation. N, rep-
resents the number of photons per area and per photon

N (e,To, Ap) =
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energy interval for hemispheric radiation with both po-
larizations. In this case, the mode density g(e) is

2me?
g(e) = PR (2)

where h is Planck’s constant, kp is Boltzmann’s constant,
and c is the speed of light.

In the following quantitative evaluation, we model the
incoming radiation N? as blackbody solar radiation di-
luted by ambient blackbody radiation.

N:(e):fN;h(e,Ts)—}—(l—f)N;h (e,Ta) - (3)

Here, f is the dilution factor and T,, the ambient tem-
perature. The solar irradiance is defined as the net input:

o= | e [N2(e) = NI (e, T)] de = fo (T4~ T,
0

(4)

where o is the Stefan-Boltzmann constant, o=
5.67 x 1078 Wm~—2K~%. The efficiency is defined as the
work output power P related to the solar rather than the
total incoming irradiance:

P

= ol (5)

n
The luminescence of a cell with charge carrier multi-
plication is deduced with an argument generalized from
Refs. 4 and 2. Consider a radiation source emitting ra-
diation of temperature T in equilibrium with the cell
in open circuit with voltage U = Ap/qo, as depicted in
Fig.1, where go denotes the elementary charge. A nar-
row bandpass filter reflects all radiation, except photons
with energy close to e. Assume that each photon trans-
mitted by the filter generates x pairs of charge carriers,
ie.,

e = ke~ + kh™T, . (6)

where ¢. denotes a photon of energy e, e~ an electron,
and h* a hole. Charge carrier multiplication is expressed
by a value of k exceeding unity; the x carriers are as-
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FIG. 1. Generation of « pairs of charge carriers by impact
ionization. In the example, the kinetic energy of the elec-
tron, which has been brought from the valence band (VB) to
the conduction band (CB) in the primary absorption of the
photon ¢, is used to produce another two pairs of carriers.
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sumed to finally thermalize at the temperature of the
cell.

We consider the conversion of a single photon by which
the photon flux of the irradiation exceeds the flux of the
luminescence. This extra photon delivers the charge xqo
at the cell, thus, the electrical energy delivered is kApu.
On the other hand, in reversible operation the electrical
energy equals the photon energy times the Carnot effi-

ciency, thus
T
e (1 - %) = KAp. (7)

In other words, the chemical potential of the photons
equals the sum of the chemical potential of the electrons
and of the holes, as required for the reaction Eq. (6). Note
that the chemical potential of the hole is minus the value
for the electron, hence Ay is the difference of the chemical
potential of electrons in the conduction band to the value
in the valence band.

From this equation, we can replace the radiance tem-
perature 7" by the chemical potential Apu:

e e—krApu

= 8
kgT ksTo (8)

Just like the luminescence in conventional photovoltaic
devices is the time-reversed process of the correspond-
ing absorption, in the case of charge carrier multiplica-
tion, luminescence may arise from the recombination of
a high-energy electron produced after one or more Auger
recombinations. Thus x electrons contribute to produce
high-energy photons. This can be visualized from Fig. 1,
by inverting all arrows.

In equilibrium, the luminescence photon flux
NIm (e Ty, Ap,k) equals the thermal photon fux
NEP (e,T) and the luminescence for a cell with cell tem-
perature Ty, chemical potential Ay (voltage Ap/qo),
temperature T, and multiplication factor & is

g(e)
e (k) 1

= NM™ (e, Ty, kAp) . (9)

N (e Ty, Ap, k) =

Hence, the power-voltage characteristic of the ideal cell
with radiative recombination only is

oo

P, (Ap) = A/l,/ w(e)[N2(e)

—N™(e, Ty, k(e) Ap)]de. (10)

The emitted photons of energy e have chemical po-
tential x(e)Ap. This form of the luminescence, with
according to Eq. (23), has been proposed in Ref. 13.

Different processes with different values of x may
take place in parallel, each with a probability p,.(e),
> «Px(e)=1. The power-voltage characteristic with
such a distribution is
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Paan) = Y 8 [ pale)n(e)Vz (o)

—NM™(e, Ty, k(e) Ap)]de. (11)

The distribution {p, } with the maximum power is one for
a certain value of k and zero otherwise. Hence, in the case
of a free cell design, the sum over x may be omitted. In
the case of experimental data, we generally do not know
the actual distribution, but only the quantum efficiency

nqQe(e),

nqe(e) = ) pa(e)x, (12)

and hence we also omit the sum when using experimental
data.

In order to describe the electronic distribution after
primary photon excitation, we assume that in each en-
ergy interval [e,e + de], all electrons are in equilibrium
and may thus be described with temperature Ty and a
quasi Fermi level p(e), written as pc(e) and py(e) in
the conduction and valence band, respectively. The dif-
ference between the quasi levels of the conduction edge,
tc(ec), and of the valence edge, uv(ev), is the work
Ap = qoU obtainable in an external circuit,

Ap = pc(ec) — pviev); (13)
the gap energy eg is ec — ey .

Alternatively, we could consider hot electrons with a
temperature T'(¢), with p(e) related to pc(ec) in the
conduction and as py (ev) in the valence band. The two
descriptions are related by

ho(e) ~nolec) = (=) (1= 7o) (14)
ple) =@ = (v =9 (1-os). ()

Equilibrium of the cascade impact ionization reaction

e (e2) + h+(.€1) = k(e1,é€2) [e_(ec) + h+(6v)] (186)

requires

pe(ez) — pv(e1) = K(e1,e2)Ap. (17)

If different pairs (e1,€3) with the same difference e =5 —
€1 have different x, this adds up with probabilities p,, as
described in Eq.(11). When x(e1,e2) is a function of
€2 — €1 only, this function uniquely determines all quasi
levels:

(18)
(19)

ne(e) — pelec) = [k(e —ev) — 1]Ap,
pv(ev) — pv(e) = [k(ec —€) — 1]Ap.

High values of x(e) result in carriers with large pc(ev +
e) — pc(ec), i.e., at high temperature. Note that it is
essential for an efficient cell that the temperature at the
band edges equals Tp; hot electrons with a uniform tem-
perature throughout each band have high luminescent
losses.
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It is interesting to note that x < 1, e.g., K =1/2, might
be interpreted as the inverse of the diode quality factor
(Ref. 14, Chap. 3) e.g., by describing two-photon emis-
sion through states in the middle of the gap. This pro-
cedure would formally continue u(e) into the band gap.
A two-photon process has been considered in Ref. 15.

Note that the case of arbitrary x(e) gives a new de-
gree of freedom similar to the situation for a fully se-
lective device. In a fully selective photovoltaic device
each photon energy is converted at a dedicated poten-
tial Ap(e), optimized for that particular spectral density.
With the definition of a voltage depending on photon en-
ergy, Ap'(e) = k(e)Ap, Eq. (10) describes a fully selective
device, formulated in the photovoltaic representation:

P = /e:o Ap'(e)[NZ(e) — N*™(e, To, Ap' (e))]de.

(20)

We might equally well use the representation of a thermal
absorber, by defining an absorber temperature T'4(e),
with x(e)Ap/e=1—To/Ta(e). Any fully selective con-
version device has the same optimum efficiency. Note
that any value of 0 < Ay < eg may be used.

The optimum charge carrier multiplication factor
k°Pt(e) of an equivalent single-gap photovoltaic cell with
fully selective behavior is given by x°P*Ap= ApucPt(e),
where Ay is the chemical potential of the single-gap cell
and Ap°P*(e) maximizes the power in Eq. (20),

ApPt(e) = argmax {Ap[NZ(e) — N*™ (e, To, Ap)]} .
Ap

(21)

Figure 2 shows the optimum chemical potential A u°Pt(e)

N (o] »

optimum chemical potential (eV)

(@]

0 1 2 3 4 5
energy (eV)

FIG. 2. Optimum chemical potential Au°P*(e) of a hypo-
thetical fully selective photovoltaic device illuminated by di-
luted blackbody radiation as a function of photon energy e, for
different values of the solar irradiance E**! equal to 10 W m ™2
(lowest curve), 10° Wm™2, 10° Wm™2, and 10" Wm™? (top
curve). The optimum charge carrier multiplication factor
£°P*(e) of a single-gap photovoltaic cell with fully selective
behavior is given by xK°P*Ap = Au°P*(e), where Au/qo is the
external voltage of the single-gap cell.
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of a hypothetical fully selective photovoltaic device, as a
function of photon energy e when illuminated by diluted
blackbody radiation, for different values of the solar ir-
radiance E*°!, i.e., for different dilution factors f. For all
photon energies, except for very low values, the optimum
potential is a linear function of e; the slope is 1 — T, /T,
and the curves for different f are shifted by kg7, In(f).
The same behavior is found for the open circuit chemical
potential.l®

From Eq.(14) and Eq.(18) follows that, for
k(e)Ap= Au°Pt, the electron temperature is
To
= . 22
To(ev +e) AP () — Ap (22)
1-——%—¢
Iel

This relation requires that to exclude photons with
Ap°Pt(e) < Ap.

III. INTEGER MULTIPLICATION FUNCTION

In Ref. 8, the following idealizing form has been pro-
posed for x(e):

e

k'™ (e) = Int (—> . (23)

(el

Figure 3 shows the luminescence of an ideal photo-
voltaic cell with charge carrier multiplication, according
to Eq. (23) as a function of photon energy for different
values of the chemical potential. When the gap energy is
small compared to the energy of the incoming photons,
eg K kpTs, the Int function in Eq. (23) may be omitted
for all photons. In this case, the electrical power from
the cell is:

A oo
P .. #/ e|Ni(e)

e
eq .

_ gle)
e(l — f—:)
P\ T, | !

We replace Tp/(1 — Ap/ec) by a different temperature
T4s. Then, the power in Eq. (24) is the work obtainable
from a black thermal absorber at temperature T4, in con-

de. (24)

J
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FIG. 3. Luminescence (spectral energy flux density) of an
ideal photovoltaic cell with charge carrier multiplication x*
as a function of photon energy e/eq referred to the gap energy,
for different values of the chemical potential, 0.7eg (bottom),
0.8eg, and 0.9ec (top). The gap energy is 1eV, the cell tem-
perature 300 K.

junction with a Carnot engine converting heat at temper-
ature T4 with ambient temperature Tj.%

IV. LINEAR MULTIPLICATION FUNCTION

For Ge the quantum yield, which in this case is the
factor k used in this work, is reported in Ref. 17. We
approximate it as

K(e) =1+ B, [ ;;"‘ - ﬂt] . (25)

with values given by (8, =0.3 and 3, =2.2eV/0.7eV —
1=2.14. The []* indicates that negative values are
treated as zero. The threshold photon energy for sub-
sequent impact ionization is (8; + 1)eg, the impact ef-
ficiency is 3,. When all excess energy is transferred to
the electron in the conduction band, the threshold for a
process e~ — 2e” + ht is 1.5eg when the masses m, of
the electron and my, of the hole produced by impact ion-
ization are equal, and 1 for mp < m.. The values 3; =0
and (B, =1 are equivalent to an ideal selective thermal
absorber.

With Eq. (25), x(e) is piecewise a linear function. In
any interval [eq, ez], where x is a linear function of the
photon energy e, x(e) =+o + v1€, the power Pe(e;,ez)
obtained from the radiation in this photon interval is

g(e) de

Pa=Ap / (vo +m1e) | N2(e)

= Ap,/ {'yo [N:(e) — Nlum (e

exp (e — (v + 718)Au) 4

(26)

kBT()

"1-mAp’ 1 —yAp

To YoAp )]

YoApu

+v1 [e NZ(e) — eN;“m (e

, R de. 27
1-—mAp 1"’)’1A#)]} (27)
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The term with ¢ corresponds to a net flux of number
of photons, the term with «; corresponds to a net flux
of their energy. Thus, the power in each interval may be
calculated without numerical integration using standard
integrals of the spectral photon and energy flux of the
source and the luminescence of a black cell with no charge
carrier multiplication. For the form in Eq. (25), we use
the two intervals [eg, (B; + 1)eg], with 79 =0, 7; =1 and
[(ﬂt + l)eG,oo] with vo=1— ﬁs(ﬁt + 1)’ 71=0s.

Figure 4 and Fig. 5 show the efficiency of an ideal cell
with carrier multiplication as a function of photon energy
given by Eq. (25), with impact efficiency 8, =0, 1/3, 2/3,
and 1, together with the efficiency of the selective ther-
mal absorber. The impact threshold was assumed to be
B:=1in Fig. 4 and (B; =2 in Fig. 5. No filter is used, i.e.,
the absorptivity for all photons with energy above eq is
one. The efficiency shows a maximum which is somewhat
higher than without carrier multiplication and slightly
shifted to a lower gap energy. This has also been found
in Ref. 8 with Eq. (23). Most solar photons have not
enough energy for significant carrier multiplication.

For most curves, there is also a local maximum at low
gap energies that is completely absent when there is no
carrier multiplication. At low gap energy, the current
greatly exceeds the short circuit cell of a one-gap cell
without carrier multiplication; however, luminescence in
the energy range [eq, (1 + B:)ec] inhibits open circuit
voltages large enough to surpass the efficiency at high
gap energies. All values for B, > 0 and of the ther-
mal absorber converge for e¢ — 0 to the value of the
black absorber. Even for 8, =1 (8; =1), the efficiency of
36% is significantly lower than for the selective thermal
absorber, 52.28%. With (3; =2, there is nearly no im-
provement compared to the cell without multiplication.
For this configuration, a low value of the threshold G; is
needed for high efficiency.

05| ‘

efficiency

|
0 l= A
0

1 2 3
gap energy (eV)

FIG. 4. Efficiency of an ideal cell with charge carrier multi-
plication as a function of photon energy, according to Eq. (25)
with impact efficiency 8, =0, 1/3, 2/3, and 1, and impact
threshold 3; =1. For B8 =0, there is no impact ionization.
The broken line corresponds to the ideal selective thermal
absorber.
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FIG. 5. Same as Fig. 4, but with impact threshold 3; = 2.

A. High irradiance

Figure 6 shows the efficiency of an ideal photovoltaic
cell with carrier multiplication in maximum power oper-
ation for diluted blackbody irradiance with varying solar
irradiance, for different values of the impact efficiency
Bs=0, 0.2, 0.4 0.6, 0.8, and 1, and impact threshold
Bt =2. For each irradiance and each value of 3,, the
gap energy of maximum efficiency is taken.

Without carrier multiplication, the efficiency weakly
increases with the irradiance, due to the logarithmic in-
crease of the open circuit voltage with irradiance. With
carrier multiplication, the efficiency increases much more

efficiency

101 102 103 104 105 106 107
solar irradiance (W/m2)

FIG. 6. Efficiency of an ideal photovoltaic cell with carrier
multiplication x(e), according to Eq.(25) in the maximum
power operation for diluted blackbody irradiance, ambient
temperature 300 K; for different values of the impact efficiency
Bs=0, 0.2, 0.4 0.6, 0.8, and 1, and impact threshold B, = 2.
For 3, =0, there is no impact ionization. The gap energy is
optimized at each irradiance. The broken lines correspond
to the selective thermal absorber (lower curve) and to the
fully selective device (upper curve). The vertical lines indicate
E*!'=1000 Wm~2 and E**' =6.33x10" Wm™2 (f=1).
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rapidly with irradiance; for high values the efficiency ex-
ceeds the value of the ideal selective thermal absorber
and comes close to the value of the fully selective device.
There is a remarkable change in the behavior of the curve
that occurs for 3, = 0.6 at a value of the solar irradiance
of about E*°! =7000 W m~2. Two different regions, with
low and with high gap energy eq, compete for the global
maximum. This behavior can also be seen in Fig.4 and
Fig. 5, where for low gap energy a local maximum occurs.

For low E®°! the optimum gap energy in the high-
energy regime is advantageous, since luminescence at low
energies is suppressed, but the range of photon energies
[eg, (1 + Bt)ec], where the multiplication factor « is one,
is not used efficiently. On the contrary, with the optimum
gap energy in the low-energy regime, the multiplication
factor k can match the optimum chemical potential de-
picted in Fig.2, and net losses in the range of photon
energies [eg, (1 + Bt)ec] are not significant for high Es°.
For lower values of E°!, the high-band-gap maximum is
the global and the low-band-gap maximum the local max-
imum; for higher values of E*°!, the reverse is true. For
Bs =0.6 and E*°'=7000 Wm~2, the two maxima with
equal efficiency are eq =0.035eV and eg =1.2eV; the
ratio of the currents at these maxima is about 30.

B. Filter

It is remarkable that the linear dependence with a
threshold of the experimentally observed impact ioniza-
tion, as modeled by Eq. (25), is very close the optimum
multiplication factor, which matches the fully selective
device as depicted in Fig. 2. The experimentally observed
slope of B, =0.3 in Ge, however, is lower than the opti-
mum slope of 1 — T,/Ts =0.95. For matching x(e)Ap
to the chemical potential of the radiation, Au should be
(1-T,/Ts)/Bsec. Hence Apu exceeds eg, and formally,
the condition for laser action is fulfilled. In theory a per-
fect filter could be deployed in order to suppress lumines-
cence in the region where Ay exceeds eg, but it seems
problematic in practice. However, even for Au < eg,
such a filter is useful.

In Fig. 7, we show the efficiency for the same conditions
as in Fig. 5, but with the assumption that the absorptiv-
ity is zero for all photons with energies below a certain
threshold e; -€ [eq, (1 + Bt)ec], where net losses occur.
The combination of carrier multiplication, low band gap
and selectivity, can make a cell more efficient than the
ideal selective absorber, even for a threshold 3; as high
as 2. For B, — 1, the efficiency is close to the value of the
fully selective device. Such a filter might be realized with
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FIG. 7. Same as Fig. 5, but with absorptivity zero for pho-
tons with energy less than a certain threshold, which is chosen
such as to optimize efficiency.

a thin-film cell on the basis of an indirect semiconductor,
where the threshold energy for impact ionization coin-
cides with the first direct transition. Below threshold,
absorption of the indirect transition is low.

V. CONCLUSIONS

Carrier multiplication by impact ionization processes
offers an additional degree of freedom for improving the
conversion efficiency of single-gap photovoltaic cells. The
spectral behavior of the multiplication factor may be ad-
justed to optimize the cell to the incoming radiation.
Such a cell can convert radiation to work as efficiently
as a fully selective device.

Luminescence of an ideal quantum device with charge
carrier multiplication is that of an ideal single-gap cell,
where the chemical potential of the photons is multiplied
by the number of charge carrier pairs that contribute to
the emission of one photon. The possibility of carrier
multiplication is always present. Indeed Si and Ge are
used for particle detectors, where the number of carriers
produced is taken as a measure of the energy of high-
energy particles.

For photovoltaic conversion, this effect is not signifi-
cant due to the high gap energy in relation to typical
photon energies from solar radiation. A low-band-gap
cell with carrier multiplication, in conjunction with low
absorptivity immediately above gap energy or with a ra-
diation concentration of about 100, has the potential to
improve the efficiency of photovoltaic cells.
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