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Abstract We review designs of a solar cell constructed from pn junctions, quantum dots and quantum
wells. In the first instance we show that quantum wells of varying size embedded in the depletion region
yields spatial variation of the energy gap that can be controlled. An advantage of the proposed structure
is efficient utilization of the broad solar spectrum, lessening of lattice matching problems and generation
of electron-hole pairs in narrow depletion regions which yields fast spatial separation of charges and, thus,
reduces recombination losses. In another model we show how quantum coherence can be used, in principle,
to eliminate radiative recombination and increase photocell power.

1 Reducing radiative recombination and
increasing photocell power

The fundamental limit to photovoltaic efficiency is
widely thought to be radiative recombination which
balances radiative absorption. However, it is possible to
break detailed balance via quantum coherence, which
yields, in principle, a quantum limit to photovoltaic
operation which can exceed the classical one [1].

The early p-n junction Si solar cells had an effi-
ciency of around 5%. Half a decade later, Shockley and
Quiesser [2] showed that the limit was more correctly
attributed to the fact that electron-hole pairs are often
lost due to radiative recombination. Here we review
a toy photocell illuminated by a monochromatic slice
of the solar spectrum [1] to show how we can miti-
gate radiative recombination and enhance efficiency via
quantum coherence (see Fig. 1).

In order to explore how quantum coherence could (in
principle) be used to mitigate radiative recombination
in a solar cell, let us first analyze the quantum dot cell
of Fig. 1, in which we inject monochromatic radiation
resonant with the energy e. — ¢,. The populations N,
and N, are described by the chemical potentials pu, and
1 and the ambient temperature T, so that

% = exp <€C — “”) : (1)

and the cell voltage is eV = e — fiy-

€y — (,uc -
kgT,
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The interaction Hamiltonian between the quantum
dots and the single mode cavity field is given by

V=3 hgjlu){ejlal + adj. , (2)
i

where g; is the coupling constant between the jth quan-
tum dot, and the radiation field is described by the
creation (annihilation) operators af(a). For the present
purposes we may model the problem assuming the den-
sity matrix for the field, p, evolves dynamically as

tat r
p=— [ G X el 7).

2,05

VIt 1), p(t) @ p]] |ay) (3)

where p? is the density matrix for the jth dot. The
states of the dot are |a;) = |¢;) or |v;) in the notation
of Fig. 1b, and ¢y is the time that the jth dot is excited
by thermal photon excitation from the n type (donor) or
p type (acceptor) reservoir having chemical potential p.
or u,. Upon excitation to the states |¢;) or |v;) the elec-
trons are modeled as decaying back to the n type or p
type reservoir at rate v. We may include this process by
simply taking V7 (t,to) — Vi (t,tg)e 7(t=%) The sum-
mation over dots is replaced by Zj =r fioo dto, then
Egs. (1)—(3) yield

pla,a',t) = —k [pec (ad'p + paa’ — 24" pa)
+poo (@Tap + pa'a —2apa’)],  (4)
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Fig. 1 a Schematic of photocell consisting of quantum dots
sandwiched between p and n regions. Solar radiation excites
electrons from the valence to conduction states in the quan-
tum dots. b The “built-in” field in the depletion layer sep-
arates electrons and holes; however, they can radiatively
recombine before being separated. Absorption in the bulk
semiconductor is avoided by ensuring that hv < ¢4; e.g.,
in the figure we choose hv = 1.8 eV and ¢, = 1.81 eV. ¢

where pyy(pec) is the density matrix probability for find-
ing the valence (conduction) state occupied, r is the rate
of scattering of electrons (into and out of the dots) and
k= —1g? /7",

The equation of motion for the average photon num-
ber n is given by

dn
dt

—(Ry, — R:)n+ R,

1 1
ehv/ksTs — 1  e(w—eV)/kpTa _ 1|’

(5)

where R, = Kpyy, Re = Kpee, R = Re— Ry, and Tg(T,)
is the temperature of the solar radiation (ambient sur-
roundings).

In Eq. (5) we have replaced 71 on the right-hand side
by its equilibrium value for solar radiation at tempera-
ture Ts. The second term in the square bracket follows
from the fact that

R, hv — eV
R exp (kBTa ) (6)

since pyy/pec = Ny /N. as it appears in Eq. (1).

As an example of the utility of Eq. (5), we note
that at steady state, the second term in the square
bracket cancels the first term so that hv/kpTs =
(hv — eV)/kpT,, which yields Carnot efficiency [3]

eV:hy(1—§“>. (7)

S

Having seen that our toy model contains the essen-
tial features of monochromatic photocell operation, we
proceed to replace the state |c¢) by the doublet |c1), |co)
which is coupled by a resonant driving field with
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The energy loss by phonon emission from electrons excited
well above the band edge can be essentially eliminated by
dividing the photon flux into frequency components, each of
which is directed to a cell with its band gap matched to the
incident light. For example, frequency sensitive beam split-
ters are here depicted as dividing the solar radiation into
red, green, and blue beams which are tuned to the three
cells with hv; < ef] where i = R, G and B

x\fw‘Phonon excitation
hvy ~ - C1 —O—
Ve
drive _l_cz O] .
______________ .
hv ~/\V\> ¢
solar | = -eeeeeeeeeee- My
Y, o

cavity J

Fig. 2 Quantum dots having upper level conduction band
states, |c1) and |c2), are coherently driven by a field such
that Ay = £ (ec; — €c,). The monochromatic solar photons
having energy hvr are tuned to the midpoint between the
upper levels. The host semiconductor system, in which the
quantum dots are embedded, has effective Fermi energies p.
and p, for the conduction and valence bands

1

hivg = 5 (661 - 662)a (8)

as shown in Fig. 2.

We assume that coherent field drives the cjco tran-
sition in resonance with Rabi frequency . Then we
transform the driving field away to obtain a new inter-
action Hamiltonian which treats Q to all orders and
make the secular approximation. The new interaction
Hamiltonian reads

V = hg |v) (co] @ + adj. . (9)

We then obtain a photon rate equation
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dn R 1 1
dar - ehv/ksTs _ 1  e(hwthvg—eV)/kpTa _ 1|’
(10)
which implies
Ty
eV=mw(l-—|+ hv. (11)
Ts

That is, we now have a quantum efliciency which
exceeds the voltage given by Eq. (7). The preceding
coherent drive model illustrates the role of quantum
coherence in a simple way. One should mention that
it is possible to generate coherence without the use of
an external coherent drive. For example, coherence in
a photocell can be induced by incoherent solar radia-
tion which can enhance light absorption and increase
the cell power [4-6].

Finally we make contact with the quantum Carnot
engine [7], which is in some ways similar to the quantum
solar cell. In the photo-Carnot heat engine a field is
the working fluid. If the field is maintained at thermal
equilibrium by hot atoms injected into the cavity, then
the engine operates with the usual Carnot efficiency n =
1—T./Ty, where T}, and T, are the temperatures of the
hot energy source and the cold entropy sink. However,
if the atoms are injected in a coherent superposition of
ground (b) and excited (a) states, the efficiency of this
quantum photon engine is given by [7]

T, _
nQ :77*3T*n\pab|coss07 (12)
h

where ¢ is the phase of the atomic coherence p,;. The
correspondence with the quantum photocell is clear:
In quantum photocell, we use quantum coherence to
enhance the transfer of solar energy to the quantum
dots. In the quantum photo-Carnot engine, we use
quantum coherence to maximize transfer of atomic
energy to the photons.

To summarize this section, we ask the question, “Can
radiation recombination be avoided?” The answer is
yes, in principle. By breaking detailed balance, radia-
tive recombination can be substantially reduced. This
can, in principle, enhance the efficiency of photocells,
e.g., photodetectors and solar cells; however this is not
our key point. It is important to understand the funda-
mental limits and that radiative recombination can be
mitigated.

Next we consider more realistic quantum dot and
quantum well solar cells. First we review basic energy
conversion processes in photocells and limitations on
their efficiency. Then we discuss novel cell designs uti-
lizing broad solar spectrum in Sects. 2.6 and 2.7.

2 Quantum dot and quantum well solar
convertors

An efficient cell must be able to convert most of solar
photons (with broad energy spectrum from 0.5 to 3.5
eV) into electric energy. Due to thermalization losses
and lack of absorption of photons with energy less than
band gap a single pn junction-type solar cell is not very
efficient [3]. Efficiency can be increased in tandem cells
by offering the solar cell only photons within the nar-
row energy interval and processing the other photons by
cells with a different band gap [8]. The upper limit for
the efficiency of an infinite tandem is 86% for concen-
trated radiation [3]. However, high-efficiency multiple-
junction solar cells can be fabricated only from a limited
set of materials that can provide lattice matching. The
most presently efficient (about 44 — 47%) solar cells are
multijunction devices [9-13]. Efficiency can be increased
by reducing absorption and thermalization losses pro-
vided that other possible limitations, e.g. internal resis-
tance, remain small.

Introduction of quantum wells, dots or nanocryastals
into solar cell physics is interesting and promising [14—
16]. Matching the electronic excitation energy (band
gap) to the solar spectrum is a central problem in semi-
conductor solar cells, see Fig. 3. Photovoltaic cells with
array of quantum wells or dots have been studied in
various publications. In particular, cell fabrication [17],
materials [18], performance [19,20] and charge trans-
port [21] are the subjects of recent investigation.

Here we propose a design of a tandem solar energy
convertor made of the same wide band gap semicon-
ductor with quantum wells (or dots) embedded in the
depletion region. Variation of the well (dot) size yields
spatial variation of the energy gap in the depletion
region. This differs from conventional tandem cells in
which energy gap is uniform in each pn junction. A
decrease in the energy gap in the depletion region
away from the photosensitive surface provides effective
absorption of photons in a certain energy range by each
element of the cascade resulting in a higher utilization
efficiency of solar radiation. In the proposed scheme,
electrons (holes) move through the depletion region by
quantum tunneling from one well (dot) to another.

Advantage of the proposed design is lessening of the
lattice matching problem since only two different mate-
rials (the bulk semiconductor and material for quan-
tum wells) are needed. In addition, in the present
design, generation of electron-hole pairs occurs in nar-
row depletion regions which yields fast spatial separa-
tion of charges and, thus, reduces recombination losses.

To put the present work in perspective we next review
limitations on the pn junction solar cell efficiency in
details.

2.1 Individual energy conversion processes in solar
cells

There are various contributions to the solar cell losses.
Some of them have been made small in the most effi-
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(a) Bulk

Fig. 3 a Electronic states in a bulk (3D) semiconductor
with gap Eqy = E. — E,. A photon with energy E > E4 pro-
motes electrons from the valence to the conduction band.
Electrons move to the bottom of the conduction band via
phonon emission. Likewise holes raise to the top of the
valence band emitting phonons. b Electrons and holes on

cient cells, e.g., surface reflection, internal resistance,
absorption in the inactive window layers, contact volt-
age, nonradiative recombination, etc. However, other
processes substantially limit the cell efficiency. Those
are shown in Figs. 4 and 5 and subject of the present
discussion. The overall efficiency 7 of the solar cell is
given by the product of the efficiencies of the individ-
ual energy conversion processes [3]

Tl = TNabsorption * Tthermalization * "Jthermodynamic * FP(13)

where the absorption efficiency 7apsorption is the fraction
of photons absorbed by the solar cell. It accounts for the
photons with energy smaller than the gap which are not
absorbed. 7 thermalization accounts for losses due to ther-
malization of the electron-hole pairs with energy greater
than the gap which loose the excess energy emitting
phonons. Thermodynamic efficiency n¢hermodynamic and
Fill Factor F'F' appear due to finite temperature of the
cell T

2.2 Thermodynamic limit on solar cell efficiency

Laws of thermodynamics impose an upper limit on volt-
age at which solar cell can operate constraining the cell
efficiency (Mthermodynamic i Eq. (13)). The voltage is
maximum for open circuit. Next we estimate the max-
imum value of the open circuit voltage V... When an
electron undergoes transition from the conduction band
to the valence band, the Helmholtz free energy released
is equal to eV

eV = E, — TAS, (14)

where V' is the voltage across the pn junction, £, and
AS are the internal energy and entropy lost by the semi-
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a 2D quantum well have a discrete energies together with
free particle energy bands in directions parallel to the walls
of the well, which also involve phonon emission. ¢ In a 1D
quantum dot only discrete energy are allowed and multiple
phonon emission is not involved

conductor. To find AS one can assume that under open
circuit condition the electron goes from the conduction
band to the valence band by recombination with a hole
and emitting a photon. Then AS is equal to increase in
the entropy of the photon gas

S=kp > [(mec+1)In(ne+1) — micIn(me)], (15)

where summation is over all possible photon modes k
and ny is the number of photons in mode k. When an
additional photon of energy F, is added to the mode k
the change in entropy is

1
AS =kpln (1+>. (16)
ni

Substituting Eq. (16) into Eq. (14) we obtain

1
eV =E,— kgTln <1+ nk) (17)

or

1
" exp[(E, — eV)/kpT] — 1’

(18)

where T is the semiconductor temperature.

Let us assume that we decompose the incident light
into narrow spectral intervals and treat each spectral
component separately. For monochromatic light with
frequency w one can choose material with band gap
E, = hw to avoid absorption and thermalization losses.
The radiative current (due to electron-hole recombina-
tion) and current due to absorbed solar light are
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Conduction band

Energy

Fig. 4 Main contributions to solar cell losses: (1) Pho-
tons with energy less then gap are not absorbed (absorption
losses); (2) Electrons (holes) with excess energy are quickly
relaxing to the bottom (top) of the conduction (valence)

Qemit
Jr )
ad & zk:"k X exp[(B, — V) /kpT] — 1
QSun
exp|Ey/kpTs] — 1

(19)

Jsun X (20)

where Qepmit and gy are the solid angle of the emit-
ted radiation and the solid angle of the Sun viewed from
the cell, Ts is the temperature of the solar surface. The
factors Qemis and gy, appear due to summation over
degenerate photons modes k with energy E,. For open
circuit Jyaqg = Jsun which yields the following expres-
sion for the open circuit voltage

Ve = By — kpT
Qemit Eg
In [1 + Qs (exp <k3BTS) - 1)] (21

Thus the thermodynamic efficiency for the narrow spec-
tral interval is

eVoc ) kgT
Tlthermodynamic = =1 —
Yy Eg Eg

Qemit Eg
In [1 + Qs (exp <kBTS) - 1)] . (22)

Without light focusing Qgun = 6.8x107°. If Qemic = 4,
E,=135eV, kT, =0.5 eV and kT = 0.0259 eV we
find V,. = 0.97 Volts and

Tlthermodynamic — 0.72. (23)

Focusing solar radiation increases {)g,y. This is the
case because during passage through a nonabsorbing
and nonemitting ideal imaging system, the energy cur-
rent density per solid angle remains unchanged. Thus,
if light intensity increases the solid angle also increases.
Maximum efficiency is achieved for Qsuyn, = Qemit and

\ —’—’ @
(-L Valence band

band by phonon emission (thermalization losses); (3) Losses
due to finite temperature of the cell (thermodynamic losses
and Fill Factor)

5,04
E, eV 45
4,04
3,57
3,01
2,59
2.0 Gap energy

Thermalization losses

Thermodynamic1!5'_| T 1]
and Fill Factor 1,0

0,5

Absorption losses

0,0 f T T T T T
F>gl_/1dzs456
ower delivere 17,2

to the load Nph , 107 /em's
Fig. 5 Graphical representation of single junction solar
cell losses. Solid curve shows number of solar photons Ny
per unit area and unit time with energy greater then E as
a function of E. Area under the curve is equal to the total
solar power density. Various contributions to the cell losses
are shown as hatched areas

Eq. (22) yields the Carnot efficiency

T

Mthermodynamic = 1- Ti (24)
S

which is independent of the photon energy.

2.3 Fill Factor FF

One of the limitations on the solar cell efficiency is the
Fill Factor which determines what fraction of the stored
chemical energy the solar cell can deliver operating at
the maximum power point

Jmp Vinp

FF =" ,
jSC‘/OC

(25)
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where junp, and Vi, are the current and voltage at the
maximum power point, js. is the short-circuit current
and V. is the open-circuit voltage.

For pn junction the current-voltage characteristic
reads

eV
o VA L 5
Jj=1Js {eXp (kBT) } + Jses (26)

where jg is the reverse saturation current. Eq. (26) gives
the following relation between js. and Vo,

jSC eVOC
—=1-ex . 27
is p <kBT> (27)

The condition of maximum power yields

d(jV) =0, (28)
g J
=i (29)

Taking into account Eq. (26) we find
ejs ox eVinp
kpT P\ kpT

which using Egs. (27) and (26) yields

jmp
=— 30

N kBT G(VOC — Vmp)
Vinp = . {exp ( T 11, (31)
or
B kgT eVp
Vinp = Voe . In {1 + kBT} . (32)

Approximately one can replace Vi, by Vi under the
logarithm and obtain

kT
Vmp%%ciln[lJr

eVOC} . (33)

kT

One can see that Vi, depends only on V. and temper-
ature T
Egs. (25), (26), (27) and (33) yield

eVoe
kT’

x—1In(l+ x)
1+z

FF =

, where x= (34)

That is Fill Factor also depends only on V. and T'. For
Voe = 0.97 Volt and T = 300 K we find z = 39 and
FF =0.88.

Using Eq. (22) we obtain

Tlthermodynamic * FF =0.63 (35)
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which gives an upper limit on efficiency of a monochco-
matic light cell without radiation focusing.

For fully focused solar light eVo. = E4(1 —T/Ts) =
1.35-0.95 =1.28 ¢V. Thus FF = 0.90 and

Tlthermodynamic * I =0.86 (36)

which is maximum efficiency of a cell for concentrated
monochcomatic radiation.

2.4 Absorption efficiency and thermalization losses

If electron-hole pairs are created with the energy E
greater than band gap EF, the excess energy F — E is
lost due to fast electron-phonon collisions (thermaliza-
tion losses). Assuming black-body solar spectrum this
yields

[e'e] E2
Ey i, I s5tmiprsr
Tlthermalization = foo e . (37)

E, dEexp(E/kBTs)fl

In addition, solar photons with energy £ < E, are
not absorbed, thus

9] E3
ng dEeXp(E/kBTs)—l

3 E3
Jo B s m T

(38)

Tlabsorption =

and, therefore,

x2

oo d
Eg fEQ/kBTS xexp(a:)fl
Tlabsorption * Tlthermalization = EnT

53 23
BLS fO dxexp(x)—l

(39)

The right hand side of Eq. (39) is maximum for
E, = 217kgTs = 1.09 eV which gives the maxi-
mum absorption-thermalization efficiency for a single
pn junction cell

Tabsorption * Tthermalization = 0.44. (40)

Thus, a single pn junction solar cell cannot have effi-
ciency exceeding 44% even if cell operates at zero tem-
perature. Taking into account 1 thermodynamic and Fill
Factor for T' = 300 K reduces the net limiting efficiency
to (cf. Ref. [2])

n = 0.265 (41)

for unconcentrated solar radiation (optimum gap is
E, =2.76kpTs = 1.38 ¢V) and to

n=0.37 (42)

for full concentration (optimum gap is £, = 2.30kpTy =
1.15 eV).
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It is worth to note that efficiency experimentally
achieved for a champion single pn junction cell (GaAs
cell with Ey = 1.41 eV) and AM1.5 solar spectrum is
1 = 0.253 [22] which is very close to the answer given
by Eq. (41). Such agreement indicates that losses not
included into the present discussion give much smaller
contribution.

One can improve the absorption efficiency and reduce
thermalization losses in tandem cells by offering each pn
junction only photons within the narrow energy inter-
val and processing the other photons by materials with
a different band gap [8]. Tandem cells made of semicon-
ductors with different band gaps are used in satellites
where high cell efficiency is required.

2.5 Triple-junction tandem solar cell

Monolithic multijunction solar cells have produced the
highest efficiencies practically achievable. In particu-
lar, Sharp Corporation is claiming an efficiency record
of a triple-junction compound semiconductor device
that boasts a 37.9% efficiency for unconcentrated light
and 44.4% efficiency using concentrator systems [23].
Six-junction solar cells demonstrated 47.1% conversion
efficiency under 143 Suns concentration and 39.2% for
unconcentrated light [13].

Next we discuss maximum efficiency of a solar cell
made of three pn junctions (with energy gaps Eg1 >
Eg o > Egz3) connected in series. The top junction
absorbs photons with energy E > E,;, while the other
two junctions utilize photons with Eg < ' < E4; and
Eg3 < E < FEg respectively. To match current through
the junctions we must impose a constraint that each
junction absorbs the same number of photons, which
gives two equations on the three unknown values Egq,
Egg and Egg

Eyo E2 Eg E2
/Er dB—— —~— _1:/E dE—F———— -
93 exp k5Ts 92 exp

ksTs
%] E'2
_ /E dEexp<E)_1. (43)

kpTs

Maximization of the Nabsorption * 77 thermalization €fficiency
yields the third constraint

nabsorption * Mthermalization

e’} E?
_ (Eg1 + Ega + Ey3) ngl AE BTk T5)=1 R
- 9] E2 - 9
Eq fo dEexp(E/kBTs)—l
(44)

where E, = 1.35 eV is the average energy of solar pho-
tons. Eqgs. (43 ) and (44) give the following optimum
parameters

Ep =17TeV, Egp=112c¢V,
E,s =061 eV,

nabsorption * Mthermalization — 069

(45)

To account for the thermodynamic efficiency and Fill
Factor we must multiply each E¢; by Mthermodynamic £ F'
which gives an extra factor

3

Ey; - Tthermodynamic - FF
eV l; gt ermodynamic

Egl + Eg2 + Eg3 B

Egl + Eg2 + Eg3
(46)

Here Nthermodynamic - F'F' depend on Egy; and given by

77t:hc1rmodynamic -FF

kBT Qemit El
=(1- In |14 =222 ) -1
< Egi " |: * QSun (exp (kBTS) ):|)
i —In(l+a;
. <mn<+fff>> 7 (47)
14+

where

Egi Qemit Egi
e L P gt ) g,
TS ReT “[ T Qs (exp (kBTs

(48)

This yields for unconcentrated light the net efficiency

n = 0.41. (49)
For full concentration we obtain
1 = 0.58, (50)

while for partial focusing, Qgu, = 500 x 6.8 x 107°, we
find
n = 0.51. (51)

It is interesting to note that the record efficiency
achieved for the triple-junction solar cell for unconcen-
trated light is only a few percent less than the limiting
value given by Eq. (49). Such a cell is made of InGaP
(top layer), GaAs (middle layer) and InGaAs (bottom
layer) [23]. The corresponding energy gaps are 1.87 eV,
1.4 eV and 1.0 eV respectively [24]. However, according
to Eq. (45), combination of band-gaps for this triple-
junction structure is not optimal. One can optimize
band-gaps of the triple-junction cell by reducing band-
gaps of top and middle cells. So, band-gap combination
of 1.7 eV (AlGaAs), 1.2 eV (InGaAs) and 0.65 eV is
the optimal structure including Ge bottom cell [24].

In principle, by increasing the number of pn junctions
with different gaps in the tandem one can further reduce
absorption and thermalization losses. However, use of
different materials yields the lattice matching problem.
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Fig. 6 Proposed
structure of a solar cell
element with quantum

Conduction band

Eur. Phys. J. Spec. Top.

Quantum wells (dots)
A

wells (dots) embedded in
the depletion region of pn
junction. Energy gap first
gradually decreases and
then increases upto its
initial value inside the
depletion region

Energy

Semiconductor

e[ [

Semiconductor

=i [ Fsmee

Valence band

After doping

If lattice constants are not matched the internal stress
develops at the interfaces resulting in appearance of
cracks and defects which, in turn, increase the cell inter-
nal resistance. The increased resistance becomes a lim-
iting factor of multi junction devices constraining fur-
ther improvement of the cell performance.

Next we discuss a possible design of tandem cells
with quantum wells (dots) in the depletion region which
lessens the lattice matching problem by using only two
different materials (the bulk semiconductor and mate-
rial for quantum wells).

2.6 Cell design utilizing broad solar spectrum

The proposed structure of the solar cell element is
shown in Fig. 6. The element is made of a wide band gap
semiconductor (e.g., GaN, with E, = 3.4 ¢V) so that
practically no solar photons have energy larger than the
gap. The depletion region of the pn junction is filled
with quantum wells (dots). The well (dot) size gradu-
ally changes across the junction yielding energy levels
shown in Fig. 6. Each quantum well (dot) is made of
the same material in which energy of the conduction
and valence bands is controlled by varying the well size.
Value of the chemical potential in each well can be con-
trolled independently by doping.

Solar energy convertor is a tandem of several (about
10) pn junctions made of the same semiconductor and
connected in series (see Fig. 7). Each cell element uti-
lizes a certain portion of the solar spectrum. Light
first enters the p-layer as sketched in the Fig. 7. High

@ Springer

Depletion region

energy photons are absorbed in the first pn deple-
tion region and produce electron-hole pairs in quantum
wells (dots). Namely, all photons with energy E > Egq
are absorbed, where Ej; is determined by the small-
est value of the gap in the depletion region. Electrons
(holes) move through the depletion region by quantum
tunneling from one well (dot) to another. In Appendix
A we show that in order to have necessary tunneling
rate the spacing between wells (dots) should be less
than about 1 nm. Energy levels in adjacent wells (dots)
are separated by some amount so that electrons flow
from higher to lower energy level. The energy separation
should be smaller than the Debye energy Ep which is
typically a few 0.01 eV. In such a case the excess energy
goes into emission of acoustic phonons which is an effi-
cient mechanism of energy sink. At zero temperature
the voltage across the first pn junction would be about
eVi1 = Eg4;. Electron-hole pairs generated with energy
larger than E4; loose the excess energy during propaga-
tion through the depletion region by emitting phonons.
Electrons and holes flow in the opposite directions and
become spatially separated (electrons are accumulated
in the conducting band of n-region and holes are in the
valence band of p-region).

Electrons flowing out of the n-layer of the left pn
junction and holes flowing out of the p-layer of the right
pn junction recombine in a tunnel junction as shown in
Fig. 7. Usually tunnel junction is made of a heavily
doped semiconductor [25]. Tunnel barrier allows us to
avoid a negative voltage at the np interface which would
reduce the cell efficiency. In the tunnel junction, elec-
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layers are connected by a
tunnel junction

trons and holes belong to the same Fermi distribution
and recombination proceeds without a difference in the
chemical potentials.

In the second pn junction the minimum gap of quan-
tum wells is Fgo < 4 and all photons with energy
Eg < E < Eg are absorbed in that region. Voltage
across the second junction is about eV, = Ez9. And so
on, until the whole solar spectrum is covered. Because
junctions are connected in series the electric current
through each junction is the same. As a result, energy
intervals [Eg 41, Egn] must be chosen such that the
numbers of solar photons in each interval are equal. For
a black-body spectrum with temperature kgTs = 0.5
eV the number of photons in the interval [Ey 11, Egn]
is proportional to

Egn
AN x /
Eg,n+1

As an example we next discuss 9-junction solar cell.

E2

dEf.
exp (—kBTS) -1

(52)

2.7 9-junction solar cell

If each pn junction captures 10% of the solar photons
then spectral energy range captured by the junctions
should be (in eV): [2.5, 0], [2,2.5], [1.66, 2], [1.4,1.66],
[1.18,1.4], [0.98,1.18], [0.79,0.98], [0.6,0.79], [0.39, 0.6].
That is the smallest value of the quantum wells (dots)
gap in the junction depletion region should be 2.5, 2,
1.66, 1.4, 1.18, 0.98, 0.79, 0.6, and 0.39 eV respectively.
If the cell temperature is zero the net voltage across the
cell will be (in eV)

Electron flow

Hole flow

6V:E91 +E92+...+Egg
=25+2+166+14+1.18+0.98+0.79

+0.6 +0.39 = 11.5 eV. (53)
The average energy of solar photons is E, = 1.35 eV.
Thus efficiency of a solar cell containing 9 pn junctions
cannot be larger than

(54)

Eq. (54) describes only contribution to the efficiency
due to absorption and thermalization losses. To account
for the finite cell temperature 7" (thermodynamic effi-
ciency and Fill Factor) we must multiply each Ey; in
Eq. (53) by "thermodynamic * FF given by Eq. (47) We
assume that at maximum power the current through
each pn junction is equal to js., which is a good approx-
imation. Thus the maximum power current is approx-
imately the same for all junctions. For unconcentrated
light we take Qgun = 6.8x107°, Qemit = 47, kT = 0.5
eV, kgT = 0.0259 eV and obtain

eV =25-0.77+2-0.73 4 1.66 - 0.68
+1.4-0.64+1.18-0.59 +
0.98-0.52 +0.79 - 0.44 + 0.6 - 0.3
+0.39-0.07 = 7.17 eV, (55)

so that the net efficiency of a solar cell containing 9 pn
junctions without light concentration is

n=0.53. (56)
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For full concentration Qemic = Qgun and we obtain

eV =25-0.89+2-0.88+1.66-0.87
+1.4-0.86 +1.18-0.85 +
0.98-0.83+0.79-0.81
+0.6-0.78+0.39-0.72 =9.84 eV,  (57)

so that the net efficiency is

n=0.73. (58)
For partial focusing, e.g. 500 Suns, we find

n = 0.63. (59)
2.8 Infinite tandem
In an ideal case of infinite number of pn junctions there

are no absorption and thermalization losses and the net
efficiency is given by

) B3
fO dEW . nthermodynamic : FF

o0 3
Jo B s m et

n= ) (60)

where Nthermodynamic - F'F' as a function of I is given by
Eq. (47). Integration of Eq. (60) yields for unconcen-
trated light

1 = 0.65. (61)
For full concentration we obtain

1 = 0.86, (62)
while for 500 x 6.8 x 10~° Suns

n=0.76. (63)

3 Discussion

We here present a (potentially) realizable design
which can yield efficiencies better than 80% for focused
solar radiation. The present scheme involves making
quantum well or quantum dot structures with specific
energy levels. In the case of a semiconductor quantum
dot, the effective gap is given in the conventional nota-
tion by

En? [ 1 1
~ bulk
Eg=E7"+ 8r2 (m* + m;‘L) (64)

where m’(m}) is the effective mass of the electron
(hole), r is the dot radius and k is an integer. Thus
effective gap can be controlled by changing size of the
quantum dot (or size of the quantum well). Accurate
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selection of quantum dots with specific gap values is
crucial for the proposed design. We discus a possible
way of quantum dot processing with high precision in
Appendix B.

Several points concerning the photovoltaics should
be noted. For example, photon absorption only takes
place in the quantum wells (dots). Those are located in
the depletion region where the pn junction “built in”
electric field acts to drive holes into the p doped and
electrons into the n doped regions. Furthermore, the
electron-hole pairs will be swept from the junction in a
time short compared to the recombination time so there
will be no recombination of electrons and holes in the
depletion layer. Absorption in the bulk n and p type
materials to the left and right of the depletion region
is undesirable as the electrons and hole excitons will
tend to recombine before they can be separated. Such
absorption is avoided by tailoring the p and n regions
to have a wide energy gap.

Proceeding to analyze the absorption of a beam of
intensity Iy as it passes through the layer of quantum
dots of thickness z we write [26]

I = Ipe 2/lvs (65)

where the absorption length [, is given by

1E3m

)\2 AVrad

A’ (66)

labs B g

m (=~ 4) is the number of excitons per dot, N is the
dot concentration (dots/cm?), X is the radiation wave-
length, while Av,q and Avgy are the radiative and
total linewidths. We may estimate [, by considering a
uniform layer filled with 5 nm dots, having a concentra-
tion N = 10'®cm™3. Other parameters are A = lum,
Avpag ~ 107571, The total linewidth is primarily gov-
erned by phase diffusion. At the room temperature, as
is shown in [27,28] Avger = 1012571 = 0.004 eV. Using
the preceding estimates this yields l,ps =~ 0.2 pm.

Thus, the depletion region of L = 1 um width filled
with quantum dots can absorb spectrum in the energy
range AE ~ Aviot L/lps = 0.02 eV. Therefore, in order
to cover the 3 eV wide solar spectrum we need to make
about 150 pn junctions with quantum dots. In the case
of quantum wells the number of junctions can be much
smaller. The point is that each quantum well can absorb
radiation with the energy above the well’'s gap and,
thus, the energy range is not limited by the linewidth.
Above the gap, radiation is absorbed within the length
[ abs which is typically of the order of or smaller than
the size of the depletion region. Hence, the whole solar
spectrum can be covered with only a few pn junctions
with quantum wells embedded in the depletion regions.
Due to better absorption efficiency of light by quantum
wells their use in the proposed design is more promis-
ing.

In Appendix D we discuss absorption of light by
quantum wells and estimate absorption length [.ps. It
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Fig. 8 Proposed

Conduction band

structure of a solar cell
element with quantum
wells embedded in the
depletion region of pn
junction. Energy gap is
constant inside the
depletion region which
yields efficient absorption
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turns out that [, for bulk materials can be used as a
good estimate of absorption in quantum well structures.
The necessary number of QWs can be then obtained
simply by dividing the bulk absorption length by the
QW thickness. Most materials (e.g., GaAs or InP) have
absorption length of the order of 1 pym in the vicin-
ity of the band gap (that is in the energy range useful
for photovoltaic). Thus, for 5 nm thick wells in order
to have efficient absorption one should put about 200
QWs in each pn junction. Such stack of wells matches
the absorption length. Only materials with wide bang
gap (such as GaN) have substantially shorter absorp-
tion length (about 0.1 pm).

To improve absorption efficiency by quantum wells
one can design cell elements to have a constant energy
gap E, in the depletion region as shown in Fig. 8. In
such a design, all photons with energy £ > L, are
absorbed by each part of the depletion region which
reduces the number of quantum wells necessary to
absorb solar radiation. Also, if quantum wells (dots)
are the same, then such an element is easier to manu-
facture. However, for such a design the tunneling barrier
between quantum wells is higher than for the varying
gap design of Fig. 6.
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Depletion region

Appendix A Flow of electrons through
depletion region

Electrons (holes) generated in quantum wells (dots) by pho-
ton absorption can propagate through the depletion region
by quantum tunneling mechanism. Namely, electrons (holes)
flow from one quantum well (dot) to another by tunneling
through the potential barrier in the region between adjacent
wells or dots (see Fig. 9). Next we estimate spacing between
wells (dots) for which tunneling is efficient.

To estimate electron tunneling rate we approximate spac-
ing between wells (dots) as one dimensional potential bar-
rier

U, 0<z<a
otherwise °

Fig. 9 Electron tunneling between quantum wells
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Tunneling probability for electron is given by
1
1+ 4[;—2 sinh? (7v zmAa)

D= (A2)

h

where m is the electron mass, A = U — ¢ is the height of
the potential barrier and ¢ is the electron energy in the dot.
For a > h/v2mA Eq. (A2) yields
16eA 2v2mA
D= p|———a.
U? h

(A3)

One can think about the electron bouncing back and forth
within the potential well of the dot with an average veloc-
ity v = /2¢/m . The average time between its collisions
with the “wall” of the potential is approximately 2l/v, so
the frequency of collisions is v/2l, where [ is the size of the
quantum dot (well). The probability that the electron tun-
nels during any particular collision is D, so the probability
of tunneling at any given time is vD/2l. Thus the tunneling
time of electron from one dot to another is about

T—2—l Teoll * U ex 2 2mAa (A4)
~ D TN 16eA TP\ T :

m
coll =— 20y —
Teoll A/ 2%

is the collision time of electron with the walls of the dot’.
For | = 8 nm and € = 0.1 eV we obtain 7con = 0.85 X 10713
s.

where

(A5)

The tunneling time 7 should be much smaller than time
of electron-hole recombination in the quantum dot

T K Trec <A6)
which yields limitation
h Trec 16
< e l rec A7
4~ 2v/2mA n(Tcon U2 ) (A7)

Fore =0.1eV,A=09eV,U=1eV, 7o =10"" s and
Trec = 1078 S Eq (A?) ylelds
a <1 nm. (A8)
So, in order to have efficient tunneling the quantum wells
(dots) must be very close to each other.

Appendix B High precision quantum dot
processing

Semiconductor quantum dot nanocrystals are prepared by
a variety of techniques and are available commercially. For
example, solutions of CdS quantum dots covering the spec-
trum from 360 nm to 460 nm and CdSe dots going from 460
nm to 650 nm can be purchased. For some quantum solar
cells it may suffice to use these semiconductor quantum dots
“as-is”. However, in the case we envision, it will be useful
to have a finer control on the dot sizes.

We here present a simple and potentially inexpensive
means of precision sorting of an ensemble of quantum dots.
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Fig. 10 Laser deflection of falling quantum dots according
to optical resonant energy hv = €4

In Fig. 10 we show an inhomogeneous powder of quan-
tum dots having a wide distribution of sizes. The dots are
dropped in vacuum or other medium (e.g. inert gas) and
subjected to a dot band gap sequence of (e.g. semiconductor
diode) laser beams tuned to a particular quantum resonant
frequency.

Now when a dot absorbs or emits a photon of frequency
v from a light beam, a transfer of recoil momentum Ap =
hk = hv/c takes place between the dot and the field. If
absorption is followed by spontaneous emission, there is a
net momentum transfer to the dot as the spontaneous emis-
sion goes in 47 steradians and gives no average contribution.
Hence, as shown in Appendix C, the force on a dot due to
this absorption and emission of laser photons is given by

1
F = §I‘hk , (B1)
where I is the radiative decay rate and ik is the momentum
of a photon of wave vector k.

Then, as is shown in the following example, a substantial
deflect of ~ 1 cm can be achieved with inexpensive diode
lasers.

To estimate the deflection we note that the vertical posi-
tion of a quantum dot falling in vacuum in the earth’s grav-
itational field is given by %gt2 and the deflection is then

x =142 = %% Hence, using Eq. (B1) for F', we obtain

2m

I'nk
o

The buffer gas molecules would exert a viscous force on
the quantum dot proportional to the quantum dot velocity.
This changes z(t) and y(t), but not the ratio z(t)/y(t). As a
consequence, presence of the viscous force does not change
Eq. (B2).
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We may then calculate the deflection from Eq. (B2) by
taking the reasonable case of a 10 nm dot of CdSe having
mass m ~ 1071 kg, g ~ 10 m/s2, I' ~ 10% s7! and a 500 nm
photon having momentum hk ~ 11077 kg - m/s for which
the ratio of radiation to gravitational force is of order 10~2.
Hence we find a substantial 1 cm deflection when falling
1 m due to its interaction with an array of 100 milliwatt
lasers each focused to 1 mm? for which the Rabi frequency
Qr > I'. We note that this is well within the state of the
art using inexpensive semiconductor diode lasers.

One should mention that non-destructive dispersion of
quantum dots into a buffer gas has been experimentally
demonstrated by Kumakura et al. [29], while size-separation
of quantum dots by laser ablation has been demonstrated
in liquid helium [30].

Appendix C Radiative pressure on a
quantum dot

Upon absorbing a laser photon a dot experiences a momen-
tum recoil of dp = fik upon each event and the force on the
dot F' is given by

F =rhk, (C1)
in which r is the rate of radiation decay given by
r = I'pee, (02)

where I' is the spontaneous emission rate from the excited
state |e) to the ground state |g).

The interaction with a radiation field of frequency v is
described by the following set of equations for the density
matrix of an effective two level atom describing the quantum
dot exciton

Tn,  (C3)

. . T .
Peg = — (ZA + 5) Peg + ZQRPee - B

. iQ
pee = —Tpec + =5 (peg = pge), (C4)

r .
pge = (ZA - 5) Pge — iQRpee + %QR7 (05)

where the detuning A = w — v and w is the transition fre-
quency. Here Q2 is the Rabi frequency associated with the
intensity of the light beam and the matrix element coupling
states e and g. The steady-state solution of Egs. (C3)-(C5)
in the saturated limit Qg >> T is

Q2
poo— w1
AN T2 1202 2

[

(C6)

and from Egs. (C1), (C2) and (C6) the absorptive force is
found to be

F:%MR (C7)

which is in the same direction as the deflecting laser.

Appendix D Light absorption by quantum
wells

Absorption and emission of light by quantum wells have
been studied in details in connection with quantum well
lasers. In particular, formulas obtained for the laser gain g
(in em™!') can be used to estimate light absorption since
absorption length l.bs is related to gain as l.ps = —1/g.
When gain is negative the incident light is being absorbed
by the medium.

Here we estimate lans using Eq. (35) on page 36 of Ref.
[31] which gives a general answer for gain valid for bulk semi-
conductors and quantum wells. In terms of the absorption
length this equation reads

1 1 whe?
labs = hw gocm?2 n2 |MT| prea(fo = fe),

(D1)

where e is the electron charge, m. is the mass of bare elec-
tron, go is the permittivity of free space, c is the speed of
light in vacuum, 7 is the index of refraction in the crystal,
ng is the group index of refraction
dn

g =7+ w—

dw’ (D2)

My is the transition matrix element, pyeq is the reduced
density of states at the energy F = lw — Eg4:
1 1 1
=—+—, (D3)
Pred Pe Pv

fe and f, are Fermi-Dirac distribution factors for electrons
in the conduction and valence bands

(D4)

1+exp( )
1
1+exp(E;€LBT )

For parabolic conduction and valence bands the electron
(hole) energy reads

(D5)

R k2

E.=E.+ W (D6)
27,2

R (D7)

where E. and F, are the band edge energies, m. and m,
are the effective masses in the two bands and ke, ki, are the
magnitudes of the wavevectors of a given electron or hole.

For parabolic conduction and valence bands the reduced
density of states preqa for a bulk 3D material is [31]

2mrea \ /2 VE
Pred = m2 d 2 (DS)
h 47
where myeq is the reduced mass
1 1 1
= + —, (D9)
Mred MmMe My
while for a quantum well (2D)
Mred 1
red — 5 Dl()
Pred 27rh2 LQW ( )
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where Lqw is the quantum well thickness.
To estimate the absorption length one can take f, =~ 1,
fe~ 0 and fig & nn. Then Eq. (D1) reduces to

1 _ g |J\4-T|2 47T2h2pred (Dll)

labs n hwme Me

where « is the fine-structure constant

o — e 1
" dmeohe | 137

Substituting preq for quantum well from Eq. (D10) we
obtain

2
1 :27T7CM|MT| Myed 1 (Dl?)

labs n hwme me LQW.

So that the number of wells necessary to absorb incident
light is independent of well thickness and given by

hwme
LQW 2o Myred ‘MTP ’

Labs o n Me

(D13)

Let us consider quantum wells made of GaAs. We approx-
imate |Mr|? by its bulk value (see Table 2 on page 49 of
Ref. [31])

2|Mr|*

Me

29 eV, (D14)
and take m. = 0.067m., m, = 0.082m. (that is Mea =
0.037me). Then for hw = 1.6 eV photons (7 = 3.7) we
obtain that the necessary number of GaAs wells is

labs _ o4 (D15)
Lqow
which for 5 nm thick wells gives the absorption length of
1.2pm. Thus, the absorption length is of the order of the

size of the depletion region.
For InP

2|Mr|*

Me

20 eV, (D16)
me = 0.077Tme, my, = 0.64me (Mrea = 0.069m.). Then for
hw = 1.6 eV photons (71 = 3.7) the necessary number of InP
wells is

labs o
T =187 (D17)

QW

which for 5 nm thick wells gives the absorption length of
0.9pm.

Absorption of photons by a bulk semiconductor is differ-
ent due to different value of the density of states. However,
difference is not substantial. Indeed, Egs. (D8) and (D10)
give that the ratio of the density of states for a bulk material
and a quantum well is given by

poulk [ hw — By D18
pPQW Eqw ’ (D18)
where
w22
Eqw = . D19
QW 2mredL(2QW ( )
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For 5 nm thick well with myea = 0.069m. Eq. (D19) yields
Eqw = 0.2 eV. Therefore, e.g., for hw — E; = 0.5 eV Eq.
(D18) gives

Pbulk

~ 16, (D20)
pQW

that is absorption cross section of a bulk material is of the
same order of magnitude as for quantum wells. The absorp-
tion length we estimated for GaAs (1.2 um) and InP (0.9
pm) quantum wells of 5 nm thickness approximately agrees
with those measured for the bulk materials near the absorp-
tion edge. One can say roughly that in order to absorb light
by quantum wells the length of QW stack must match the
absorption length of the bulk material.
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