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A general model to describe the operation of intermediate band solafI&H€E 9, incorporating a
significant number of physical effects such as radiative coupling between bands, and impact
ionization and Auger recombination mechanisms, is presented in equivalent circuit form. The model
is applied to IBSC prototypes fabricated from InAs quantum dots structures to determine the value
of the circuit elements involved. The analysis shows evidence of splitting between the conduction
and intermediate band quasi-Fermi levels, one of the fundamental working hypotheses on which
operation of the IBSC depends. The model is also used to discuss the limitations and potential of this
type of cell. © 2004 American Institute of Physic§DOI: 10.1063/1.1760836

I. INTRODUCTION ond electron from the VB to the IB. Then, an electron from
) . the IB can subsequently relax back to the VB, releasing its
Intermediate bandiB) solar cells have been proposed gnergy via impact ionization to an electron in the IB which is

as a means of exploiting below-band-gap photons to generajg,ypeq to the CB. As anticipated, the net result of these

additional current beyond that corresponding to band-10y5cesses, in the stationary state, is a single electron being

band generation. Furthermore, in IB solar cells, the addi'pumped from the VB to the CB.

tional current produced by the absorption of these subgap | js worth remembering that all the processes that are
photons is intended to be delivered at a voltage close to thgo reverse of those explicitly indicated in Figal (lumi-
semiconductor band gap and therefore, above the energy dif,qcent photon emission and Auger recombinatioast co-
ference between either the IB lever band and the valence exist as required by detailed balance arguments.
band(VB), or the IB level and the conduction bandB). The achievement of a high output voltage requires that
There may be several mechanisms capable of promoting,ee different quasi-Fermi levels appear in the excited
an electron from the VB to the CB via the intermediate bandmaterial,l one each for both the VB and the CB, as in ordi-
Regardless of the mechanism, basic thermodynamic re%lsoq§ary semiconductors, and one for the IB. The complete de-
require that the global process of pumping an electron fron;ce s realized by sandwiching the IB material between two
the VB to the CB through the IB requires the absorption Ofordinary semiconductors without an IB, opetype and the
two photons. Thg most obvious drievolves the absorption. othern type. This has been represented in Figp) Where the
of two consecutive below-band-gap energy photons 10 ingree quasi-Fermi levels;, have been labeled with the suf-
duce a transition from the VB to the IB and from there, to theg;, oo FC, FI, and EV to relate them to the electrons in the
CB [processes labeled “1” and “2”in Fig. () to which the  cg |8 and VB respectively. The output volta, is re-

ordinary, single photon generation process “3" directly be- |44 to the difference between the CB and VB quasi-Fermi
tween the CB and the VB has been addédternatively, an  |ayels at then andp contacts respectively

impact ionization mechanisfft in which the energy of an
electron returning from the IB to the VB is used to pump
another electron from the IB to the JBs shown by process Vi C:m, (1)

“4” in Fig. 1 ()] can also take place. Note that two photons €

are also needed in this case: one, as before, to pump an

electron from the VB to the IB and another, to pump a secwhere e is the electron charge. The differences between
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K clude elements of nonideality such as the existence of over-
— T CB lap between absorption coefficietitband the dual presence
A o Eq of impact ionization and Auger recombination phenom&ha.
- ey [1B Figure 2 represents all these combined effects in equivalent
® |o |z circuit form. In particular, the branches _of the circuit labeled
oy (@ v asimpact Augerare the ones contributing when the above
mentioned impact ionization and Auger mechanisms are

present. All the elements of the circuit and their relationship
to their physical origin are described in Table I.

The relation between the mathematical expression of
some of the circuit elements and their corresponding physi-
cal models is not evident at first sight. The references given
above should be consulted for the necessary details.

The treatment of Ref. 5 has been modified slightly to
take into account room temperature illumination of the cell,
previously ignored, given the inclusiveness of the reverse
currents of the diodes appearing in the circuit.

A few additional comments are necessary to assist the
comprehension of the elements described in Table I. Suffixes
N (a,b,c) or XY can take any one of the value€sv, Cl, and
(b} IV and refer to the transitions between tdvand(conduc-
tion, intermediate, or valentend theY band.

FIG. 1. (a) Simplified band-gap diagram including an intermediate band to

show the different generation processes between béndsimplified band- Current through the diodes is assumed to be of the form

gap diagram of a complete IBSC structure in which the IB material has been V.

sandwiched between two emitters. Quasi-Fermi level splitting is also shown. Jeo=1] € YX 1 2
xy=Joxv| EXPT 5 ) 2

quasi-Fermi level pairsspx— ery, are also the chemical po- where Vyx is the voltage difference between the circuit
tentials . of the photons emitted by electroluminescencenodes across which the diode is connected. In the formulism
with the diode forward biased. given here, current refers to current density. The exponential

The maximum theoretical efficiency of an ideal IB solar form appearing in Eq(2) reveals that the Boltzmann ap-
cell is 63.2%, exceeding the 40.7% of ordinary single gag’roximation, also equivalent to neglecting stimulated photon
solar cellst emissiorf is used to describe both the electron and photon

In a series of papers,’ several different phenomena in statistics.. . N
IB solar cells have been studied. In Sec. II, these are repre- H/A is theview factor(also callecetendueor multilinear

sented in equivalent circuit form. In Sec. Ill, experimental Langrazge invariantper unit grea?.The differential element is
data obtained from the characterization of intermediate banflH=n"d@ cosédA wheren is the index of refraction of the
solar cells(IBSCS manufactured from InAs quantum dot Medium through which the light is propagatinglw
structures is used to fit the parameters involved in the circuif Sin @d¢dé is the element of solid angle of the bundle of
description and to gather information about the performancé2yS €ntering or exiting the cell face involvedA is the

of the IBSCs. Finally, conclusions are summarized in Sec. \élément of cell surface area, adds the angle of the elemen-
tary bundle of rays with the cell surface. This element must

be integrated over the angular divergence of the bundle of
rays involved. Thus, for example, rays coming from the sun,
in a cone of anglé&, normal to the cell surface, have a view
The ideal model of the IBSC was initially described in factor of H/A= r sir? 6. For luminescent light leaving the
Ref. 1. Later, the model was successively generalized to ireell isotropically, the view factor i$1; /A= 7 for the front

II. INTERMEDIATE BAND SOLAR CELL EQUIVALENT
CIRCUIT
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FIG. 2. Equivalent circuit of the IBSC.

Downloaded 16 Sep 2004 to 134.79.129.71. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 1, 1 July 2004

TABLE I. Description of the elements that constitute the equivalent circuit

of the intermediate band solar cells.

Total contribution to the photocurrent of the transitions
from the valence band to the conduction band:
JLov=eG+eGey+eGep,

(T1)

whereeGgy is the contribution by the front emitteeGgp is the
contribution by the rear emittee G2y, is the contribution by the

intermediate band region

IB to CB photogenerated current:
Jo=eX.

VB to IB photogenerated current:
J v=eGi.

DiodesDyy reverse saturation currents:
Jocv=Icvt JontJop

Jocr=IN,ci+ ke JrJiJn\t/,u +engWitc,
Joyv= J?:)it/,|v+\]ig:,|v+3|e\>/<[,|v+ ep. Wiy,

whereJg, contribution from the recombination in the front emitter;

Jop» contribution from the recombination in the rear emitten, W/ ¢ ,
contribution from other nonradiative recombination mechanisms between
the CB and the IBppeW/ 7y, contribution from other nonradiative

recombination mechanisms between the IB and the CB.

Reverse saturation current for diodg
Jox=€CaPegMagU/A.

Current gain factors:
Bap=05= 35 Jop
with a, b, ¢ taking the value<l, 1V, or CV

Auxiliary functions:

GX= f axyaNpn /(acyt e+ ac))de,

I =Zi | @ac, exp(— kTl (acy+ ay+ac)de,
(Hi+H)aazay

—€
IH=7 —_—X ex%—) Ede.
T (acyt antac)? kT

Definitions:

Z=8emn®W/(h3c?).

Ze=2€l (Ah3c?).

ayy, absorption coefficient related to optical transitions
between ban& andY.

a=1-—ex{d —(acyt+ac+ay){]; absorbance of IB material.

Nphi» Spectral photon irradiance in excess of thermal
radiation reaching the 1B material from illumination
external to the IB region.

W, thickness of IB region.

n,, refraction index of IB material.

h, Planck’s constant.

k, Boltzmann’s constant.

¢, speed of light in vacuum.

e, electron charge.

T, temperature of the cell.

€, photon energy.

A, area of the cell.

H¢(, Etendue of the photons emitted from the frgre:an
surface.

Peq. €quilibrium hole concentration in VB.

Neq, €quilibrium electron concentration in CB.

Meq, equilibrium electron concentration in IB.

7¢, lifetime associated to other nonradiative recombination

mechanisms between the CB and the IB.

7y, lifetime associated to other nonradiative recombination

mechanisms between the IB and the VB.
ca, Auger & impact ionization component.
U, Volume of the cell.
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(T5)
(T6)

)
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FIG. 3. Simplified absorption coefficients to describe the optical transitions
in an IBSC.

face (where the rays escape to the)aandH, /A=n?sx for

the rear facewhere the rays escape to the semiconductor
substrate of refractive inder). In the experimental cells,
H/A=(1+n?).

The complexity of the circuit is due to the fact that some
luminescent photons, emitted by the solar cell as a conse-
quence of a radiative recombination mechanism, for ex-
ample, transitions between the CB and the VB, may be re-
absorbed through another kind of transition, for example,
between the VB and the IB. In the absence of such transi-
tions, Bxy.zw= 0 and the circuit would greatly be simplified.

In addition, if the impact-Auger branches are also neglected,
the circuit reverts to the one proposed in Ref. 10.

In addition, the circuit will be further complicated if di-
odes with ideality factors different from 1 are included in
parallel with the existing ones to model, for example, nonra-
diative recombination phenomena in the space charge re-
gions. This is a trivial generalization of the circuit. Instead,
for greater generality to cover other nonradiative recombina-
tion phenomena, the lifetimes andr,, and even the emit-
ter recombination termdgy andJgp are introducedall fit-
ting parameters, in reality If necessary, these terms might
even be considered nonconstant and dependent on the injec-
tion level.

The model involves the absorption coefficientgy of
optical transitions between bandsand Y. Figure 3 illus-
trates a simplified version of these absorption coefficients
that will also be used in subsequent calculations.

The functiona is the absorbance of the cell whose value
is also given in the Table I. The parameteappearing in it is
the average path length of the rays when they travel across
the IB region. In most cases it is judt, the thickness of the
cell, but in some instances, for example, if the cell surface is
textured so that rays are reflected back by total internal re-
flection it may be much longét, up to {=47n’WA/H
where the view factor corresponds to the bundle of lumines-
cent light rays escaping from the cell.

The termsl}y}, ;, andJSY 7, in Table | can also be given
physical meaning. When a luminescent photon is emitted by
the decay of an electron from a higher to a lower energy
band—say band& and U—it may be reabsorbed producing
an upwards transition between the same two bands. Then,
both processes cancel out. This takes place in ordinary semi-
conductors, where only two bands exist, or if the absorption
coefficientsayy andaz; do not overlap. On the contrary, in
most 1B materials, this photon may be reabsorlmdrnally
by transitions between another two bands, s&yand Y.
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FIG. 6. Electroluminescence spectra obtained with an excitation current
density of 5 Acm? at room temperature.

) of photons emitted per unit of time associated with radiative
transitions between band andY,° NJi\' is given by

1 eV.
N:)(rT: e (Jgit/,xy+ Jgﬁxv+ Jle\)/(t,xv)exl{ k;x) -

()

lIl. APPLICATION OF MODEL TO EXPERIMENTAL
DATA

FIG. 4. (a) Prototype of an IB solar cell implemented with InAs quantum The purpose of this section is to illustrate the application
dot layers.(b) AFM image of InAs QDs for a sample grown by MBE under ¢ 1o aquivalent circuit model to experimental devices, in
conditions similar to those used for the growth of the IBSC structures. . .
order to obtain both the value of the parameters involved and
to gather information about the cell performance.
The structure of the experimental devices is illustrated in

I, accounts for this mechanism. Terrd$' ., do not  Fig. 4(a). The intermediate bafti*3arises from coupling of

um

appear in Table | because they are self-canceling. the electron energy levels of individual dots. The dots are
However, photons can escape from the deininescent made of InAs, are embedded in GaAs, and are grown by

photong before reabsorption can take place. molecular beam epitaxfMBE) using the Stranski-Krastanov
IR 2y would then account for them, representing elec-(S-K) growth mode'* The IBSC structure consists of ten

trons disappearing as radiative recombination from batwl  quantum dot layers giving a total thickness of 100 nm for the
U that, after being reabsorbed by means of a transition froniB region. GaAs solar cells, with identical structure but with-
bandY to X, are effectively emitted to thexteriorwhen they  out the quantum dot layers, have also been fabricated as
recombine back from banX to Y. Therefore, terms of the control cells. Figure &) shows an atomic force microscope
typeJ%},XY are possible. (AFM) image of InAs quantum dot$QDs for a sample
Finally, the luminescent emission from IB material is grown by MBE under conditions similar to those used for the
characterized by the existence of three main emission peakgrowth of the IBSC structures.
one related to each of the three existing bands and located The circuit model parameters are extracted partly from
near the absorption edges represented in Fig. 3. The numbbkasic experimental measurements; the current-voltage char-
acteristic, the electroluminescence spectra, and the quantum

R —— 10° g
o 20 GaASl- o wy N E
g st sample / ] E 102k 4
> ™~ &5 ---- model
‘2 5 3 - = = GaAs control \
§ 10F h = 107 | — IBSC(QD) \
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\}
E 1 sun (100 mWem®) g 104 \ ]
5 4=0.16cm?” . 3 |
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FIG. 5. Current-voltage characteristics under one-sun illumination of anFIG. 7. Quantum efficiency of the GaAs control and IB8@D) sample.
IBSC fabricated from InAs QDs and a GaAs control cell. Results from staircase absorption coefficient model are also shown.
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TABLE Il. Summary of the data used to obtain the equivalent circuit for the _ggg nm or ecy=1.41€V, which corresponds also to the

gquantum dot intermediate band solar cell prototypes. Cases A and B differ i . .
the value assumed for the absorption coefficiept. The radiative case %and gap of doped Gaso be determined. The absorptlon

consists of an extrapolation of the QD performance to its radiative limit. €dge of the CB-IB transition is then taken as the difference

between the two 4;,=0.37eV). These values have also

GaAs With With o been represented in Fig. 3. For the process that follows of
(,fgrgé"s (CSE: A (C(a?SDeSB e;sz'ilt'e:’tfon fitting parameters to the circuit elements, a knowledge of this
emission in relative units is required. Hence, the fact that the
, Measured values real photon emission towards the rear substrate’iimes
Jsc(MA cm ™) 238 24.0 higher than the emission via the front surface becomes irrel-
Voc (V) 0.839 0.666
eNY/eNSY 0.0211 evant. . . o
QE 0.05 The simplified step-wise absorption coefficients in Fig. 3
(867-1127 nm also lead to a step-wise quantum efficied@E) profile, as
Assumed values shown in Fi.g.. 7. For fitting purposes, a constant averaged
W (nm) 100 1500 guantum efficiency equal to 0.05 has been taken as represen-
acy(cm™h) 10° 10° 10° tative of the cell response in the 867—-1127 nm wavelength
ac, (cm™ ) 5.5x 10° 5.5% 107 5.5x 10° interval.
Ka(Acm™) 2.3x10°% 3.5x<10° The process of extracting the circuit parameters starts
Fitting parameters with the current-voltage characteristic of the GaAs control
ef Nppi(€)de 25 25 25 cell. Its equivalent circuit is composed only of the current
(mAcm )@ generatotl | .cy and the diodeDcy. The values of the light
?aci‘ga”ge 50X 1016 50X 1016 o intensity andJoy+Jop are tuned until the experimental
an (Cm-1) 5.5¢10°  5.5x10"°  5.5x10*3 short-circuit current and open-circuit voltage of the cell are
e (3) 40<10°° 4.0X10°° P (approximately obtained. These values are used for the QD
v (8) 9.5¢10°%? 9.5x10 12 * cells since it is assumed they are not modified by the intro-
Fitting results duction of the quantum dots.
Jsc(mAcm™2) 250 26.28 26.32 35.1 The value fore,y is obtained from the QE measurement,
Voc (V) 0.857 0.667 0.665 0.998 particularly from the response of the QD cell in the 880—
eNpi/eNGy 0.021 0.021 0.054 1197 nm range. It is worth mentioning that, even in the ideal
QE 0.0521 0.0534 0.404 case of nonoverlapping absorption coefficients, current can
(867-1127 nm be extracted from the cell in this wavelength range when
Quasi-Fermi level split performing QE measurements. In this case, the external pho-
eVe (eV) . 0.154 0.154 0.203 ton pumps an electron from the VB-IB while thermal radia-
:‘\/J:(E’e\//*)cm 0021 0.622 1188 tion, due to the low value of the band gap, and the fact
at 3":5 Acmi-2 ' ' ' diode D, becomes biased in reverse, suffice to provide the
eVe (eV) 28x10°3 2.6X10°%  6.8X10°2 second photor(or, in circuit terms, the reverse saturation
atV=0 current of the diod® ¢, suffices for not blocking the photo-
eV (eV) at 3.1x10°%  3.0x10°? 0.111 generated currenit_,y). Conversely,ac,, cannot be deter-
Je\z/o(ev) 0.668 0.665 0,998 mined but for most purposes its effect is of minor impor-
at 3:|=o ' ' ' tance. Thereforeg,y is set to the value required to obtain a

efficiency of the cellillustrated in Figs. 5-) The value of

QE=0.05 in the wavelength range of interest. For compari-
son, two different values fot¢, : equal tow,, (case A and
1/10 of @}y (case B have been selected.

Finally, the values of the lifetimes: and 7, are chosen

other parameters, for example, the GaAs absorption coeffito fit simultaneously the open circuit voltage of the QD cell
cient and some other structural information, has been takeand theeNy{/e N5y ratio.

from established data. The complete set of parameters is The outcomes of the fitting procedure are summarized in
listed in Table II.

The absorption coefficients are assumed to have th#he fitting parameters described above and finally the results
square shape indicated in Fig. 3, and are thus defined bgf the fitting. The fitting is found to be good for both two
giving their values in the flat regionsxty, ac;, anda,y)
together with the corresponding cut-off energies.

The current-voltage characteristics of both the GaAseffects ofJony+Jop, 7c @and ry have been removed. Also,
control and the IBSC cells are presented in Fig. 5 for one-suthe thickness of the QD region has been enlarged to 150 QD
illumination (100 mW cm 2). They have been measured us- layers (1500 nnj, to increase the absorption of light. How-
ing a xenon solar simulator calibrated against a silicon celbver, the nonradiative processes associated with kinetic en-
used to set up the one-sun reference illumination level.

The data from the electroluminescence spectra allow thenechanisms, are retained.

absorption edge of the IB-VB transitior\ {,=1187 nm or

ey=1.04eV) and that of the CB-VB transition\§y

Table Il. The experimental values are listed first, followed by

cases A and B.
Under the column labeled “radiative” in Table I, the

ergy transfer, namely, impact ionization and the Auger

The most important conclusion from Table Il is that a
split between the CB and IB quasi-Fermi levels does exist.
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TABLE IlI. Values of the circuit elementécurrents are in A c? and voltages in V.

Case A Radiative extrapolation
Circuit Dominant Dominant
element Value contribution Value contribution
Jicv 2.50X 1072 eGey 2.50x10 2 eGey
I 1.32x 1073 eGH! 1.01x1072 eGy!
Jic 2.66x 1073 eGy! 2.42x10°2 eGy!
Jocv 2.00x 10716 JontJdop 8.86x10 % I ey
Jowv 5.58x 10 1 € PeqW/ 7y 4.61x10°16 e,
Joc 1.16x 1072 eng W/ 7¢ 1.11x10°3 I,
IB&CV 1.16% 10*2 B@,ov 3.44 ﬁ&cv
B_CI,CV 1.16x 10° Bei.cv 3.44 Beicv
Povart 1.49x 10" (W,c1= IR ocr 2.72¢10° % (V.= IR Hoc
BIV Cl
- + - . o .
BEE’.'.VV 3.09% 104 O oI doyy 766107 O = I8 o
Ka 2.25%x 10718 Jok 3.54x10° 7 Jok

This justifies the choice of QDs for the implementation of IV. CONCLUSIONS
the IBSC concept over quantum well nanostructures. The Circuit i ¢ th i that th
physical effect that enables this split is known as the phonon rcurt representations ot the equations that govern the

bottleneck effect. It is believed to prevent electrons frompperation of intermediate band devices have been presented,

relaxing quickly from the CB to the confined energy level in which the voltage differences corresponds to the quasi-

(band, although it is the subject of much controversy with asFerm' level split betweer_1 bands. T_he independent current
many references in favor as agaih%t. generators represent carrier generation caused by external il-

lumination while the current-dependent ones model coupling

. Once the fitting parameters havel begn obtained, it is PO%etween bands due to light reabsorption or impact ionization
sible to calculate the value of the circuit elements. The re-

. L mechanisms. Diodes represent recombination processes, in-
sults are shown in Table Il for the cases A and “radiative.” P P

The dominant i ting for at least 99% of th cluding those of a nonradiative nature.
€ dominant component, accounting for at feas 0 OTN€ " The circuit has been used to describe the operation of

total, is listed. The values of circuit eIemer!ts thgt cary algge prototypes fabricated from InAs quantum dots. Circuit

least 1% of the largest branch current are written in boldface rameters have been obtained by fitting them to experimen-
For case A, the d.e pe.ndent currgnt generators are found| 4413 obtained from cell current-voltage characteristics,

to make a small contribution to the circuit currents, so that aphoton emission spectra, and quantum efficiency or by the-

circuit with diodes and light dependent generators only prog atical calculations. ’

vides a good description of the cell. Physically, it also im- 16 analysis of the circuit has revealed evidence that the

plies that coupling between bands through reabsorptiog,asj-Fermi levels of the conduction and intermediate bands

mechanisms is small. In contrast, almost all the circuity,o separated, even for the present IB solar cells in which

branches are necessary for the radiative case. nonradiative recombination processes dominate. This is a
~ The impact ionization termsJ{ ,y in Fig. 2) play arole ey important result because it supports the fundamental
in the radiative case under open-circuit conditions. This iheory underlying the operation of the IBSC. In addition, the

deduced by comparing the valuelof to Jo,y . On the other  jmportance of impact ionization mechanisms compared to
hand, the Auger recombination terdy ¢, plays a negli- radiative ones can be assessed. It is negligible in the proto-

gible role given the low value oK compared taloc;- In type cells and small but detrimental in ideal cells of the same
case A, none of these kinetic-energy transfer mechanismgaterials.

plays a noticeable role.

The equivalent circuit for the “radiative” cadéncluding
the impact-Auger branchgsan be used to explore the po-
tential of the present QD IBSCs. It can be shown that an IBV' ACKNOWLEDGMENTS
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