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Outline
• Intermediate band solar cells 
– 3 material classes

• Figure of merit 
– Measurements
– Predictions

• New developments
– InGaN quantum dots in nanowires
– Device model



University of OttawaJacob J. Krich
Ph

ot
on

 fl
ux

Photon energy (eV)

Ph
ot

on
 fl

ux

Photon energy (eV)

Intermediate band PV

All è
carriers

Halfè
carriers

n pIB

Eg

Max efficiency Standard 
PV

IBPV

Concentrated 41% 63%

Unconcentrated 33% 47%

n p

Conduction 
Band

Valence
Band

Eg

All photons
ècarriers

Standard PV

Ee

Ee

Eg



Detailed balance efficiency limits

F

F

Ei

Krishna, Krich, J Optics (2016)

Full concentration

Shockley-Queisser
limit



University of OttawaJacob J. Krich

Ei

1

1

Krishna, Krich, J Optics (2016)

Full concentration
1 sun

Detailed balance efficiency limits

Assumption:  each photon energy 

only absorbed in one transition. 
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Ferromagnetic Compounds for High Efficiency Photovoltaic Conversion: The Case of AlP:Cr
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2EDF R&D, Département MMC, Les Renardières, F-77250 Moret sur Loing, France

(Received 23 September 2008; published 5 June 2009)

The photovoltaic conversion efficiency in usual semiconductors is limited to 30% while thermody-

namics sets an upper limit of above 70%. Here we show how efficiencies in the 50% range could be

achieved using carefully chosen magnetic doping in wide gap semiconductors. To meet the requirement to

obtain useful compounds we propose rules and a selection method based on ab initio calculations coupled

with material efficiency predictions. As a result of an investigation over hundreds of compounds, AlP:Cr

was found to be the most promising semiconductor.

DOI: 10.1103/PhysRevLett.102.227204 PACS numbers: 75.50.Pp, 71.15.Mb, 71.20.!b, 71.55.Eq

Dilute magnetic semiconductors (DMS) have emerged
as promising compounds for spintronics, especially as
some have been found ferromagnetic (FM) at room tem-
perature [1,2]. Although spin-LED devices have been real-
ized [3], the field of coupling optoelectronics with spin-
tronics has been essentially left untouched. Specifically,
the fact that spintronic materials could exhibit enhanced
lifetimes of excited states, due to spin dependent transition
selection rules, has not yet been considered. For photovol-
taic conversion applications, long lifetimes of excited
states are important as they improve the chance that the
photogenerated carriers will be collected. Indeed, organic
molecules display this property in the long lived triplet
states that can be formed, opening the way to ground
breaking applications in energy conversion.

Notwithstanding stability issues, organic compounds
suffer from important losses for energy conversion appli-
cations, because of low electron mobilities combined with
significant atomic relaxation upon formation of the triplet
state [4]. For this reason, an inorganic analog of long
lifetime triplet states in molecules, however desirable,
does not have an easy equivalent since one always finds
free carriers of both spin states with which recombination
is readily allowed. Thus, using FM DMS to mimic triplet
states in bulk inorganic semiconductors [5] for photovol-
taic conversion is very attractive. In DMS, the spin degen-
eracy of the bands is lifted, opening the way for
configurations favorable for the operation of intermediate
band (IB) devices (Fig. 1) where unwanted recombinations
are impeded by spin selection rules or by low occupancy of
states involved in the allowed recombinations. Previously,
proposals have been made to better utilize the low energy
part of the incident solar spectrum by using Intermediate
Level Semiconductors (ILSC) either with localized states
[6] or delocalized ones [7,8]. It has been shown that such
concepts have efficiency expectations up to 49% in an
optimal device [1], comparable to those of triple junction
devices, at 51%. Indeed these ILSC also have three pos-
sible optical transitions that may be adjusted to optimally
use the solar spectrum. Contrary to multijunction devices,

only one absorber material is needed, a fact which limits
optical losses, tunnel junction losses and would help to
design simpler, possibly cheaper, devices. However, ap-
proaching those values would require rather low nonradia-
tive recombination rates as compared to the radiative ones
[6], a fact which has so far impeded the development of
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gE′Eg
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FIG. 1 (color). Schematic density of states of a DMS (spin up
and down) optimal for photovoltaic conversion. In most systems,
the Fermi level is located in the middle of the 3d-induced states
(generally t2g). This level defines the optical threshold for a
transition from the valence band (VB) or to the conduction band
(CB). In the class of compounds considered, the VB has a p
character and the CB an s character. The transitions from the VB
to the t2g state have greater oscillator strengths than to those
from t2g to the CB, and enable an optimal allocation of the
photons when the t2g is located at 2=5 of Eg from the VB
maximum.
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Magnetic IB
Strong subgap absorption,

Weak nonradiative recombination

lVC ¼ EF;CB " EF;VB; (1)

lVI ¼ EF;IB " EF;VB; (2)

lIC ¼ EF;CB " EF;IB; (3)

where EF,CB, EF,VB, and EF,IB are quasi-Fermi levels for cor-
responding bands. The optical transition rates between the
bands are calculated in the radiative limit using the general-
ised Planck formalism.16,17 The generation rates Gi (where
the subscript i corresponds to each transition VC, VI, and IC
as shown in Fig. 1) are defined by the integration of the
blackbody spectrum of the sun, and they depend on the
absorptivity ai(E) of the corresponding bandgaps

Gi ¼
2fsun
h3c2

ð1

0

aiðEÞ
E2dE

exp E
kBTsun

" #
" 1

þ 2ðp" fsunÞ
h3c2

ð1

0

aiðEÞ
E2dE

exp E
kBTcell

" #
" 1

; (4)

The recombination rates Ri are

Ri ¼
2fcell
h3c2

ð1

0

aiðEÞ
E2dE

exp E"li
kBTcell

" #
" 1

; (5)

where fsun ¼ C& 6:79& 10"5 is the étendue of the incoming
radiation from sun, C is solar concentration ratio, fcell ¼ p
is the étendue of outgoing radiation from the cell, Tsun
¼ 6000K is the temperature of the sun, and Tcell ¼ 300K
is the temperature of the cell and the rest of the sky.

For the purpose of calculating the limiting efficiency,
the model assumes unity absorptivity, aiðEÞ ¼ 1, together
with good photon selectivity; i.e., there is no overlap
between absorption of any transitions aiðEÞ and the set of
aiðEÞ cover the whole solar spectrum.

In the model, conservation of charge carriers in the IB is
considered (Eq. (6)) along with the fact that the total quasi-
Fermi level splitting must be equal to the sum of the sub-
bandgap quasi-Fermi level splitting (Eq. (7)). The cell
voltage V is related to the total quasi-Fermi level splitting
as lVC ¼ qV and the current density J is calculated from
Eq. (8).

GVI " RVI ¼ RIC " GIC; (6)

qV ¼ lVC ¼ lVI þ lIC; (7)

J ¼ qðGVC " RVC þ GIC " RICÞ; (8)

where q is the electronic charge. Finally the total electrical
power generated by the cell is calculated as a product of the
voltage V and the corresponding current density J and hence
the conversion efficiency.

In Fig. 2, the globally optimised limiting efficiency of
the photon ratchet IBSC for various energy drops DE is plot-
ted at a range of solar concentrations. Although the energy
drop to the photon ratchet band DE is fundamentally a loss
in energy, a clear increase in efficiency can be seen as DE is
increased. At 1 sun illumination, the global optimisation
shows that the efficiency of the IBSC is increased from
46.8% (DE ¼ 0, conventional IBSC) to 48.5% with a photon
ratchet at DE of 270meV.
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FIG. 2. Efficiency limit of photon ratchet IBSC of various concentration as
a function of DE. The efficiency is computed by global optimisation for a
given concentration and DE. Efficiency at DE¼ 0 corresponds to conven-
tional IBSCs.
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FIG. 1. (a) Energy diagram of a conventional IBSC, in which extra photocurrent is produced due to sequential absorption of sub-bandgap photons increasing
theoretical limit in the conversion efficiency. (b) Energy diagram of a “photon ratchet” IBSC. The photon ratchet band, ERB, is located at an energy interval
DE below the IB, EIB, and the thermal transition between the IB and the RB is assumed to be so rapid that the occupation of both bands can be described by
the single quasi-Fermi level. The charge carriers in the IB will quickly move to the RB where they may have a long lifetime since the RB is optically isolated
from the VB. Radiative generation rates are marked as Gi and radiative recombination rates are marked as Ri, where subscripts i¼VC, VI and IC indicate the
bandgap to which the transition corresponds. The occupation of each band is determined by the corresponding quasi-Fermi levels EF,j, where j¼CB, IB and
VB.

263902-2 Yoshida et al. Appl. Phys. Lett. 100, 263902 (2012)

Downloaded 03 Jul 2012 to 128.103.149.52. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

Ratchet band 
Turn off recombination pathways

Better voltage matching

Yoshida, Ekins-Daukes, Farrell, Phillips, APL 2012



University of OttawaJacob J. Krich

3 Candidate Materials Classes
Quantum dots Highly-mismatched 

alloys

ZnTeO

Intermediate-band photovoltaic solar cell based on ZnTe:O
Weiming Wang,a! Albert S. Lin, and Jamie D. Phillips
Department of Electrical Engineering and Computer Science, The University of Michigan, Ann Arbor,
Michigan 48109-2122, USA
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Oxygen doping in ZnTe is applied to a junction diode in the aim of utilizing the associated electron
states 0.5 eV below the bandedge as an intermediate band for photovoltaic solar cells. The ZnTe:O
diodes confirm extended spectral response below the bandedge relative to undoped ZnTe diodes, and
demonstrate a 100% increase in short circuit current, 15% decrease in open circuit voltage, and
overall 50% increase in power conversion efficiency. Subbandgap excitation at 650 and 1550 nm
confirms the response via a two-photon process and illustrates the proposed energy conversion
mechanism for an intermediate band solar cell. © 2009 American Institute of Physics.
#DOI: 10.1063/1.3166863$

The utilization of optical transitions at energies below
the bandgap energy of semiconducting materials has been
proposed for photovoltaic solar cells due to the potential of
increased conversion efficiency in comparison to conven-
tional devices operating on direct valence to conduction
band optical transitions.1–3 This approach, often termed
intermediate- or impurity-band !IB" photovoltaics, provides a
broad response to the solar spectrum via three optical transi-
tions #valence to conduction, valence to intermediate, and
intermediate to conduction band, Fig. 1!a"$. The provision of
three optical transitions not only provides an increase in solar
response but also reduces energy losses due to thermal relax-
ation of optically excited carriers. The intermediate band so-
lar cell concept may be compared to the efficiency improve-
ment for multijunction solar cells, where solar cell efficiency
improvements are similarly gained by providing multiple ab-
sorption bands to maximize the response to the solar spec-
trum !maximize short circuit current" and minimize energy
losses !maximize open circuit voltage". The intermediate-
band approach offers the attractive prospect of achieving
high efficiency in a more simplistic single-junction solar cell
device. The theoretical conversion efficiency limit for inter-
mediate band solar cells is predicted to be 63.2% with black-
body illumination1 and 65.1% with AM1.5 spectrum,4 com-
parable to the theoretical efficiency for optimized triple-
junction solar cells with efficiencies of 63.8% and 67.0%
under blackbody and AM1.5 illumination, respectively.5

Proposed approaches to realize intermediate band solar
cells have included impurity doping,6,7 quantum dots,8–12 and
dilute semiconductor alloys.13–15 Impurity doping approaches
have thus far not been successful due to nonradiative recom-
bination channels associated with the impurities.16 Quantum
dots have demonstrated the intermediate band concept,
where subbandgap response and increased efficiency have
been reported.17–19 The quantum dot systems used for IB
solar cells thus far, however, have relatively shallow energy
states relative to the optimal IB position at approximately 1/3
of the bandgap.1,4 Furthermore, these systems have utilized
GaAs as the host material, where the bandgap energy of 1.42
eV is significantly lower than the optimal bandgap for IB
solar cells of 2.40 eV for 1 sun, and 1.95 eV for solar con-
centration of 10 000 under AM1.5 conditions.4 Alternatively,

dilute semiconductor alloys including InGaAsN !Ref. 13"
and ZnTe:O !Refs. 15 and 20" have been proposed, where the
intermediate band position is tunable with alloy composition.
In these materials, properties may range from localized iso-
electronic defect states at low concentration to the formation
of an energy band at high concentration. These systems have
reported optical properties that may be suitable for IB solar
cells,13,15–21 though reports of associated devices are lacking.
In this work, the optical properties and photovoltaic response
of ZnTe:O are presented.

ZnTe:O samples were grown by molecular beam epitaxy
using solid source effusion cells for Zn and Te, and a rf
plasma source for oxygen and nitrogen incorporation.
Samples were grown on n+-GaAs !100" substrates for mate-
rial characterization and solar cell device structures. Nitrogen
was used to achieve p-type ZnTe for the diode structure
shown in Fig. 1!b". An oxygen flow rate of 1 SCCM !SCCM

a"Electronic mail: umwmm@umich.edu.

FIG. 1. Schematic of !a" optical transitions for ZnTe:O intermediate
band solar cells and solar cell device structure incorporating ZnTe or
ZnTe:O active regions, and !b" calculated band diagram of the
p+-ZnTe /ZnTe!O" /n+-GaAs diode at thermal equilibrium.
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and we might expect that each QD absorbs light rather effectively. 
Modelling becomes necessary to gain a deeper insight of this issue. 
Substantially higher QD densities can be achieved by growing 
QDs on (311) substrates21 instead of on (100) substrates, but this 
refinement has not yet been applied to cell manufacturing.

In a semiconductor QD structure, scientists usually assume that 
the IB corresponds to the CB state with the lowest energy confined 
around the QD (labelled (1,1,1) in Fig. 2a), as opposed to states that 
extend across the entire semiconductor. InAs QDs in GaAs have a 
shape that is often approximated as a short square-base truncated 
pyramid. The impact of this shape on the performance of the QD IB 
solar cell, although often considered to be of secondary importance, is 
an issue that can complicate the formulation of a simple model from 
which the main aspects related to photon absorption in QDs can be 
understood. In this regard, we will consider a QD represented by a 

22, 

the CB minimum of InAs is lower than that of GaAs and induces a 
potential well that extends throughout the whole parallelepiped. This 
potential profile is shown in Fig. 2a as a grey line. To calculate the CB 

involves substituting the electron mass by the CB effective mass and 
setting the potential to be equal to the potential barrier caused by 
the QD23. This allows the QD energy states and wavefunctions to be 
calculated, together with the optical transitions from the partially 
filled IB (CB(1,1,1) state) to the other localized and extended states 
in the CB. Confined energy CB states can be seen in Fig. 2a as CB 
levels, and the absorption coefficients are shown in Fig. 2d for several 
illumination conditions24. 

The study of the VB is much more intricate because it contains 
light-hole (LH), heavy-hole (HH) and split-off (SO) bands22, each 
having negative effective masses and pedestals instead of well 
potentials (associated with the VB top). Pedestals are required to 
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Figure 1 | Theory of the IB solar cell and basic results. a, Band diagram of an IB solar cell, showing the bandgap EG, the sub-bandgaps EH and EL, as well as 
the CB, IB and VB QFLs. (1) and (2) represent below-bandgap photon absorption; (3) represents above-bandgap photon absorption. b, Limiting efficiency 
for IB and single-gap cells as a function of EL. c, Schematic of a QD IB solar cell, together with a transmission electron microscope image of the QDs and 
an atomic force microscopy image of a layer of QDs. d, Quantum efficiency of an QD-based IB solar cell (QD-IBSC) and a control (GaAs) solar cell. The 
response for the QD-IBSC is below the GaAs bandgap (1.42 eV). e, Current–voltage curves of a QD-IBSC and a control (GaAs) solar cell. Figure reproduced 
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in order to generate an electron in the CB and a hole in the
VB the two types of transitions from the VB to the IB (h!2)
and from the IB to the CB (h!1) have to be possible. The
higher energy threshold at 2 eV is observed when photon
energy is large enough to excite an electron from the VB
directly to the CB.

Further support for the multiband operation of our de-
vice is provided by measurements of the current voltage
(I=V) characteristics. The I=V curves for the two types of
structures obtained under solar spectrum illumination with
the intensity of about 20! AM1:5 are shown in Fig. 3. The
UIB structure shows an open circuit voltage (Voc) of about
0.42 V, whereas the BIB structure has a significantly higher
Voc of 0.92 V. In general, the Voc of a PV device depends on
the band gap, Eg, and is given by Voc ¼ ðEg $ !Þ=e. The
offset ! depends on the junction and material quality as
well as the sunlight concentration factor and has been
shown to be larger than 0.4 eV under 1 sun illumination
[26]. The small Voc and large value of ! ¼ 0:68 eV in the
UIB structure is consistent with a relatively poor quality
junction in a semiconductor with Eg ¼ 1:1 eV. However
the large, more than twofold increase of Voc in the BIB
structure can be only associated with a gap much larger
1.1 eV, confirming our expectations that the largest band
gap of 2 eV between CB and VB is responsible for the
charge separation in this structure. The large value of the
offset! found in both cases is most likely related to a short
minority carrier lifetime as has been previously found in
GaInNAs alloys [27].

All the above results indicate that the BIB structure
operates as a multiband PV device. Such a structure is
expected to operate also as a light emitter under applied
external voltage. Low temperature (15 K) measurements of
the electroluminescence (EL) in the BIB and UIB devices
are shown in Fig. 4. The BIB structure shows four EL peaks

whereas the UIB device shows only one strong EL peak.
In order to understand the difference in the EL spectra one
needs to analyze the electric field distribution in the BIB
and UIB structures. In a semiconductor light emitting
device EL originates from regions of the samples where
an external bias can produce a large enough electric field to
inject electrons to the CB and holes to the VB. It is evident
from Fig. 1(a) that in the BIB structure the voltage drop of
an externally applied forward bias occurs in two depletion
regions: (i) the p-n junction depletion region in GaNAs
close to the surface and (ii) the region next to the backside
Al0:45Ga0:55As blocking layer. On the other hand, in the
UIB device there is only a potential drop in the GaNAs p-n
junction depletion region because there is no blocking
barrier between the CB of the substrate and the IB of
GaNAs. Consequently, when a forward voltage is applied
to the BIB structure, holes are injected from the surface
contact into the n-GaNAs layer whereas electrons are
injected from the n-GaAs substrate into the GaNAs CB.
As a result, two emission peaks are observed, the low
energy peak at about 0.9 eV from radiative recombination
between the CB and the partially occupied IB, and the peak
at 1.15 eV from transitions between the partially occupied
IB and the VB. The energy of the later peak is in good
agreement with the energy gap between IB and VB calcu-
lated by the BAC model and determined from EQE and
PR measurements shown in Figs. 2(a) and 2(b), respec-
tively. The low energy peak at 0.9 is also in good agreement
with the energy separation between CB and IB calculated
for the GaNxAs1$x layer. It is worth noting that because of
the partial occupation of the IB, those two peaks can be
also observed in the reverse bias.
As seen in Fig. 4 the UIB structure shows only a single

EL peak with the energy corresponding to the transitions
from IB to VB. The absence of the low energy peak can

FIG. 3 (color online). Current density vs voltage curve mea-
sured on BIB (solid line) and UIB (dashed line) structure.

FIG. 4 (color online). Electroluminescence measurements at
low temperature (15K) for BIB (solid line) andUIB (dashed line).
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Fig. 4. (a) J–V curves of UIB and BIB devices with a blocking layer thickness
of 50, 100, and 200 nm. (b) EQE curves for the UIB and the BIB-200-nm-
device. EQE spectrum for ZnO/ZnTe solar cell without IB is also shown for
comparison.

a recombination in the ZnTeO layer. This recombination loss
will be higher when the thickness of i-ZnTe top blocking layer
decreases.

Fig. 4(b) shows the EQE curves for UIB and BIB-200-nm-
devices. EQE spectrum for the ZnO/ZnTe solar cell without IB
is also shown for comparison. The UIB device shows a low-
energy photocurrent edge at about 1.65 eV corresponding to
the optical transitions from the VB to the IB and the second
more diffused edge at about 2.3 eV that can be attributed to the
transitions from the VB to E+ in ZnTeO and from the VB to
the CB in ZnTe. For both transitions, the photoexcited electrons
can be collected directly at the top contact as there is no barrier
confining electrons in IB.

On the other hand, the BIB-200-nm-device shows a well-
defined EQE edge at about 2.26 eV corresponding to the transi-
tion from the VB to the CB of ZnTe and the E+ band in ZnTeO
absorber. In this case, no current from the lower energy photons
is expected because the IB is not occupied under equilibrium
conditions and the electrons excited to IB cannot be collected be-
cause of the blocking barrier. The very small EQE signal (<1%),
which is an order of magnitude smaller than that measured for
the UIB device, is detected at the low-energy region between
1.65 and 2.26 eV. This implies that the most of electrons excited
from the VB to the IB are accumulated in the IB while some of
the electrons in the IB escape directly to the CB. This EQE sig-
nal at low-energy region becomes small significantly when the
thicker blocking layer above 300 nm is used (not shown). Note
that the cutoff at high energy is because of the absorption by the
ZnO top layer. Since the electron concentration in the n+ -ZnO

Fig. 5. Temperature dependence of EQE curve on the BIB-200-nm-device.
The inset shows Arrhenius plot of EQE at 2.13 eV (580 nm).

layer in the UIB structure was more than 5 × 1020 cm−3 , the
absorption edge was shifted to higher energy side because of the
band filling effect (Burnstein–Moss shift), while the n+ -ZnO
layer for the BIB device has lower electron concentration of
1 × 1020 cm−3 , and the absorption coincides with the band gap
of ZnO.

The temperature-dependent EQE measurements were carried
out from 20 to 300 K on the BIB-200-nm-device in order to iden-
tify possible electron escape mechanisms, as shown in Fig. 5.
The EQE at low-energy region between 1.65 and 2.26 eV was
almost independent of the temperature below 140 K, implying
the existence of a temperature-independent escape mechanism
because of the tunneling through the blocking barrier. At tem-
peratures above 180 K, the EQE at low-energy region shows
a temperature-dependent character. The inset of Fig. 5 shows
an Arrhenius plot of the EQE at 2.13 eV (580 nm). By fit-
ting the linear part of the temperature-dependent EQE using
exp(−EA/kT ), where EA is the activation energy, k the Boltz-
mann constant, and T the temperature, the activation energy EA

is deduced as 65 meV. The thermal escape of electrons from the
IB to the CB at the ZnTe/ZnTeO interface might be considered
to be one of the escape mechanisms. However, this is unlikely
because the energy difference between the CB of ZnTe and the
IB of ZnTeO is much larger than the activation energy. Another
possible process is the tunneling facilitated by deep levels in
the barrier, which can have thermally activated character depen-
dent on the energy of the deep levels. Further experiments are
required to clarify the mechanism.

In order to prove the photocurrent induced by TPE via IB, the
EQE of a BIB-50-nm-device was recorded with and without an
infrared (IR) light illumination as a bias light at room tempera-
ture. A 500-W Xe lamp with a sharp cutoff filter which passes
photons with the wavelength longer than 1000 nm or the photon
energy below 1.24 eV was used as the IR light source. With the
IR illumination, the excess electrons in the IB can be excited
to the CB producing an additional photocurrent. The EQE was
recorded with and without the IR illumination, and the differ-
ence between them, i.e., ∆QE (QEIR−ON − QEIR−OFF ), was
calculated.

Fig. 6 shows the ∆QE spectrum measured at the room temper-
ature for the BIB-50-nm-device. The ∆QE increases at photon

the photo-generation and photoionization transition, respectively. The
charge transport is known to be easily induced in Cr-doped II–VI
compound semiconductors [22]. Suto et al. reported that the positions
of Cr2+ and Cr1+ states in the ZnTe:Cr layer are 0.85 and 1.3 eV
beneath the edge of the CB, respectively [23]. Therefore, the increased
optical absorption coefficients of the ZnTe:Cr layer in the photon energy
range below ZnTe band gap (2.2 eV) resulted from the charge transfer
between Cr2+ and Cr+, indicating that the sub-band gap absorption of
the ZnTe:Cr layer increased more than that of the undoped ZnTe. To
describe a charge transfer process that increases the absorption
coefficient of ZnTe:Cr, the schematic band diagram of ZnTe:Cr IBSC is
presented in Fig. 2(c).

The optical reflectance spectra of ZnTe:Cr IBSC and undoped ZnTe
SC are shown in Fig. 2(d). The optical reflectance values of the ZnTe:Cr
IBSC in the ranges from 1.1 to 2.2 eV was lower than that of the

undoped ZnTe SC, which means that the ZnTe:Cr IBSC absorbed more
wide range photons from visible to near infrared region. However, in
the high photon energy ranges from 2.2 to 3.5 eV the reflectance of the
undoped ZnTe SC was higher than that of the ZnTe:Cr IBSC. This
opposite behavior of optical reflectance in the region of high photon
energy may be two layer effect of ZnO:Al and ZnTe:Cr layers on the
optical reflectance of the IBSC sample. This result is well consistent with
the simulated optical reflectance in Fig. 4(b). Since there was no
transmission through the thick Si substrates or photons, which were not
reflected and were all absorbed, the light trapping ratio (η) of the solar
cells can be calculated using the following Eq. (4):

∫
∫

d

d
η =

(1 − R(λ))(I (λ))/(hc/λ) λ

(I (λ))/(hc/λ) λ
300nm
1100nm

AM1.5G

300nm
1100nm

AM1.5G (4)

where R(λ) is the optical reflectance, λ is the wavelength, AM1.5G(λ) is
the AM 1.5G solar spectrum, h is the Planck constant, and c is the speed
of light. The calculated light trapping ratio of the ZnTe:Cr IBSC and
undoped ZnTe SC was about 88% and 82%, respectively. Based on the
light absorption profile (1-R(λ)) of the solar cells and assuming one
electron–hole pair per every absorbed photon and no recombination
(100% internal quantum efficiency), we calculated an upper limit of the
short circuit current density (Jup.sc) using the following Eq. (5):

∫q dJ = (1 − R(λ))(I (λ))/(hc/λ) λup.sc
300nm

1100nm
AM1.5G (5)

The upper limit of Jup.sc of ZnTe:Cr IBSC was about 38.40 mA/cm2,
and the value of Jup.sc was 1.8 times higher than that of the measured
Jsc, which indicated that there was still much room for improvement of
the PCE of ZnTe:Cr IBSC.

3.3. Performance and electrical characterization of ZnTe:Cr-based IBSC

Fig. 3(a) shows the current density–voltage (J–V) characteristics of
the ZnTe:Cr IBSC and undoped ZnTe SC under AM 1.5 illumination. The
photovoltaic parameters of ZnTe:Cr IBSC and unodoped ZnTe SC are
shown in Table 1. The ZnTe:Cr IBSC had an PCE of 5.9%, which is 19
times higher than the PCE of the undoped ZnTe SC. The PCE of ZnTe:Cr
IBSC is currently the best value in the IBSC based on II–VI, and the
performance of the solar cell is comparable to those of the high-
performance CdTe and Cu2ZnSn(S, Se)4 thin film solar cells [24,25].
Because, as shown in the optical reflectance spectra of Fig. 2(d), the
ZnTe:Cr IBSC absorbed more light in the region of VNIR, the Jsc of the
ZnTe:Cr IBSC was 5.8 times higher than that of the undoped ZnTe SC.
To analyze the J–V characteristics of the ZnTe:Cr IBSC and undoped
ZnTe SC under AM1.5 illumination, a simple equivalent circuit model
including a diode, a series resistance (Rs), and a shunt resistance (Rsh)
was used according to the following analytical Eq. (6):

⎧⎨⎩
⎡
⎣⎢

⎤
⎦⎥

⎫⎬⎭J = J − J exp q
nkT (V + JAR ) −1 − V − JAR

ARL 0 s
s

sh (6)

where k is the Boltzmann constant, T is the absolute temperature, Jo is
the reverse saturation current density, n is the diode ideality factor, A is
the effective area of the solar cell, and JL is photogenerated current
density. The ideality factor of p-n junction diode is determined under
forward bias and is normally found to be between 1 and 2 depending on
the current flow mechanism of recombination and diffusion [26]. That
is, when diffusion current is dominant, the value of ideality factor

Fig. 3. (a) J-V curve for the ZnTe:Cr IBSC and undoped ZnTe SC under AM 1.5
illumination, (b) EQE, LHE, and APCE spectra of ZnTe:Cr IBSC and undoped ZnTe SC
as a function of photon energy.

Table 1
Photovoltaic parameters of ZnTe:Cr IBSC and undoped ZnTe SC under AM 1.5G illumination.

Solar cell architecture Jsc (mA cm−2) Voc (v) FF PCE (%) nlight Jo,light (mA cm−2) Rs (Ω) Rsh (Ω)

Undoped ZnTe SC 3.68 0.38 0.32 0.30 4.30 0.08 77.36 159.84
ZnTe:Cr IBSC 21.18 0.48 0.58 5.90 1.75 6.17 × 10−4 3.52 814.32
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Intermediate-band photovoltaic solar cell based on ZnTe:O
Weiming Wang,a! Albert S. Lin, and Jamie D. Phillips
Department of Electrical Engineering and Computer Science, The University of Michigan, Ann Arbor,
Michigan 48109-2122, USA
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Oxygen doping in ZnTe is applied to a junction diode in the aim of utilizing the associated electron
states 0.5 eV below the bandedge as an intermediate band for photovoltaic solar cells. The ZnTe:O
diodes confirm extended spectral response below the bandedge relative to undoped ZnTe diodes, and
demonstrate a 100% increase in short circuit current, 15% decrease in open circuit voltage, and
overall 50% increase in power conversion efficiency. Subbandgap excitation at 650 and 1550 nm
confirms the response via a two-photon process and illustrates the proposed energy conversion
mechanism for an intermediate band solar cell. © 2009 American Institute of Physics.
#DOI: 10.1063/1.3166863$

The utilization of optical transitions at energies below
the bandgap energy of semiconducting materials has been
proposed for photovoltaic solar cells due to the potential of
increased conversion efficiency in comparison to conven-
tional devices operating on direct valence to conduction
band optical transitions.1–3 This approach, often termed
intermediate- or impurity-band !IB" photovoltaics, provides a
broad response to the solar spectrum via three optical transi-
tions #valence to conduction, valence to intermediate, and
intermediate to conduction band, Fig. 1!a"$. The provision of
three optical transitions not only provides an increase in solar
response but also reduces energy losses due to thermal relax-
ation of optically excited carriers. The intermediate band so-
lar cell concept may be compared to the efficiency improve-
ment for multijunction solar cells, where solar cell efficiency
improvements are similarly gained by providing multiple ab-
sorption bands to maximize the response to the solar spec-
trum !maximize short circuit current" and minimize energy
losses !maximize open circuit voltage". The intermediate-
band approach offers the attractive prospect of achieving
high efficiency in a more simplistic single-junction solar cell
device. The theoretical conversion efficiency limit for inter-
mediate band solar cells is predicted to be 63.2% with black-
body illumination1 and 65.1% with AM1.5 spectrum,4 com-
parable to the theoretical efficiency for optimized triple-
junction solar cells with efficiencies of 63.8% and 67.0%
under blackbody and AM1.5 illumination, respectively.5

Proposed approaches to realize intermediate band solar
cells have included impurity doping,6,7 quantum dots,8–12 and
dilute semiconductor alloys.13–15 Impurity doping approaches
have thus far not been successful due to nonradiative recom-
bination channels associated with the impurities.16 Quantum
dots have demonstrated the intermediate band concept,
where subbandgap response and increased efficiency have
been reported.17–19 The quantum dot systems used for IB
solar cells thus far, however, have relatively shallow energy
states relative to the optimal IB position at approximately 1/3
of the bandgap.1,4 Furthermore, these systems have utilized
GaAs as the host material, where the bandgap energy of 1.42
eV is significantly lower than the optimal bandgap for IB
solar cells of 2.40 eV for 1 sun, and 1.95 eV for solar con-
centration of 10 000 under AM1.5 conditions.4 Alternatively,

dilute semiconductor alloys including InGaAsN !Ref. 13"
and ZnTe:O !Refs. 15 and 20" have been proposed, where the
intermediate band position is tunable with alloy composition.
In these materials, properties may range from localized iso-
electronic defect states at low concentration to the formation
of an energy band at high concentration. These systems have
reported optical properties that may be suitable for IB solar
cells,13,15–21 though reports of associated devices are lacking.
In this work, the optical properties and photovoltaic response
of ZnTe:O are presented.

ZnTe:O samples were grown by molecular beam epitaxy
using solid source effusion cells for Zn and Te, and a rf
plasma source for oxygen and nitrogen incorporation.
Samples were grown on n+-GaAs !100" substrates for mate-
rial characterization and solar cell device structures. Nitrogen
was used to achieve p-type ZnTe for the diode structure
shown in Fig. 1!b". An oxygen flow rate of 1 SCCM !SCCM

a"Electronic mail: umwmm@umich.edu.

FIG. 1. Schematic of !a" optical transitions for ZnTe:O intermediate
band solar cells and solar cell device structure incorporating ZnTe or
ZnTe:O active regions, and !b" calculated band diagram of the
p+-ZnTe /ZnTe!O" /n+-GaAs diode at thermal equilibrium.

APPLIED PHYSICS LETTERS 95, 011103 !2009"

0003-6951/2009/95"1!/011103/3/$25.00 © 2009 American Institute of Physics95, 011103-1
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and we might expect that each QD absorbs light rather effectively. 
Modelling becomes necessary to gain a deeper insight of this issue. 
Substantially higher QD densities can be achieved by growing 
QDs on (311) substrates21 instead of on (100) substrates, but this 
refinement has not yet been applied to cell manufacturing.

In a semiconductor QD structure, scientists usually assume that 
the IB corresponds to the CB state with the lowest energy confined 
around the QD (labelled (1,1,1) in Fig. 2a), as opposed to states that 
extend across the entire semiconductor. InAs QDs in GaAs have a 
shape that is often approximated as a short square-base truncated 
pyramid. The impact of this shape on the performance of the QD IB 
solar cell, although often considered to be of secondary importance, is 
an issue that can complicate the formulation of a simple model from 
which the main aspects related to photon absorption in QDs can be 
understood. In this regard, we will consider a QD represented by a 

22, 

the CB minimum of InAs is lower than that of GaAs and induces a 
potential well that extends throughout the whole parallelepiped. This 
potential profile is shown in Fig. 2a as a grey line. To calculate the CB 

involves substituting the electron mass by the CB effective mass and 
setting the potential to be equal to the potential barrier caused by 
the QD23. This allows the QD energy states and wavefunctions to be 
calculated, together with the optical transitions from the partially 
filled IB (CB(1,1,1) state) to the other localized and extended states 
in the CB. Confined energy CB states can be seen in Fig. 2a as CB 
levels, and the absorption coefficients are shown in Fig. 2d for several 
illumination conditions24. 

The study of the VB is much more intricate because it contains 
light-hole (LH), heavy-hole (HH) and split-off (SO) bands22, each 
having negative effective masses and pedestals instead of well 
potentials (associated with the VB top). Pedestals are required to 
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Figure 1 | Theory of the IB solar cell and basic results. a, Band diagram of an IB solar cell, showing the bandgap EG, the sub-bandgaps EH and EL, as well as 
the CB, IB and VB QFLs. (1) and (2) represent below-bandgap photon absorption; (3) represents above-bandgap photon absorption. b, Limiting efficiency 
for IB and single-gap cells as a function of EL. c, Schematic of a QD IB solar cell, together with a transmission electron microscope image of the QDs and 
an atomic force microscopy image of a layer of QDs. d, Quantum efficiency of an QD-based IB solar cell (QD-IBSC) and a control (GaAs) solar cell. The 
response for the QD-IBSC is below the GaAs bandgap (1.42 eV). e, Current–voltage curves of a QD-IBSC and a control (GaAs) solar cell. Figure reproduced 
with permission from: b, ref. 2, © 1997 APS; c, left,right, ref. 10, © 2004 AIP; c, middle, ref. 53, © 2007 AIP; d, ref. 11, © 2008 Elsevier; e, ref. 10, © 2004 AIP.
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indication of the formation of a dopant-induced metallic
band.43 We study three samples with a range of sulfur con-
centrations, including one with metallic conductivity.

Each element of ! can be measured or estimated in a mate-
rial without the need to fabricate a solar-cell device. For exam-
ple, Vbi depends on the doping profile in a device, but is
generally smaller than the band gap of the material.44 Here, we
determine !e for Si:S by taking c¼ 2, Vbi ¼ Eg=q ¼ 1:1 V,
and we experimentally measure ae and lese.

We measure ae for sub-band gap photon energies using
optical absorption measurements. The absorption spectra
serve two purposes. First, the measurements provide ae,
which is used to compute !e. Second, spectral fits to ae deter-
mine the energetic position and width of the S-induced impu-
rity states, which is used to reject materials that lack the
desired band structure (i.e., the materials with S concentra-
tions so large that the impurity band is degenerate or near-
degenerate with the CB).

We determine lese by low-temperature photoconductiv-
ity measurements. Previous room-temperature photoconduc-
tivity measurements of Si:S did not produce detectable
photoresponse,33 allowing researchers to place an upper limit
on lese of 1" 10#7 cm2/V, based on the noise floor of the
measurement.29 However, this value of lese is consistent with
!e greater than or less than 1 for Si:S. Thus, it is not possible
to draw a conclusion about the efficiency potential of Si:S
from this previous bound. We perform photoconductivity
measurements at low-temperature to increase the measure-
ment sensitivity by decreasing the background conductivity of
the material. We expect lese to decrease at higher tempera-
tures, so the low-temperature measurements provide an upper
bound on lese at room temperature. By combining the values
of ae and lese found here, we are able to place a definitive
upper bound on !e for Si:S. Additionally, the photoconductiv-
ity measurements provide information about the recombina-
tion statistics and filling fraction of sulfur trap states in Si:S,
as described in Sec. V.

II. OPTICAL ABSORPTION MEASUREMENTS

A. Experimental methods

Samples for absorption measurements were fabricated using
700lm thick, boron-doped, p-type Si wafers (10–20 X-cm,
double-side polished, Czochralski-grown, and h100i orienta-
tion) that were ion implanted at 95 keV with 32Sþ at 7% off
normal incidence to prevent channeling effects. Wafers were
prepared with three different sulfur doses: 3" 1015, 6" 1015,
and 1" 1016 atoms cm#2. Implanted wafers were pulsed-
laser melted (PLM45) to restore crystallinity with four con-
secutive XeCl excimer laser pulses (308 nm wavelength,
25 ns pulse duration full width at half maximum, 50 ns total
duration, and fluences of 1.7, 1.7, 1.7, and 1.8 J/cm2, respec-
tively.) The beam was homogenized to <4% root-mean
square intensity variation over a 2" 2 mm2 area. The result-
ing material is single-crystal, super-saturated with S at con-
centrations orders of magnitude beyond the equilibrium
solid-solubility limit, and free of extended structural defects.
Further details on the PLM and implantation process can be
found in the previous literature.45

Sulfur concentration profiles were measured by second-
ary ion mass spectrometry (SIMS) and found to have peak
concentrations of 1.2" 1020, 2.1" 1020, and 3.8" 1020

atoms cm#3 for identically prepared samples that received
implant doses of 3" 1015, 6" 1015, and 1" 1016 S cm#2,
respectively.27,43 The first 200 nm from the surface have a
nearly constant S concentration, and the next 150 nm contain
a smoothly decreasing S concentration.46 Over 95% of S
dopant is found within the top 350 nm of the sample.

Both transmission and reflection were measured using
Fourier-transform infrared spectroscopy (FTIR) from wave-
lengths of 1.4 to 16 lm. An unprotected gold mirror was
used as a reflectance standard. Measurements with wave-
lengths greater than 4.4 lm were complicated by vibrational
modes in the silicon substrate and water vapor surrounding
the samples and are not reported. To decouple the absorption
contributions from the S-doped layer and the bulk silicon
substrate, a reference sample consisting of the same silicon
wafer but without the S-implanted layer was used to deter-
mine the complex index of refraction of the substrate.

B. Experimental results

The absorption coefficient of the hyperdoped sulfur
layer was extracted from measured transmission and reflec-
tion spectra by modeling the sample as a thin film atop an
optically thick substrate surrounded by air.46 The absorption
coefficients for three samples containing different sulfur con-
centrations are given in Fig. 1. These results are consistent
with previously reported ellipsometry measurements,47 but
the data reported here extend the range of a to lower photon
energies.

Fits to the absorption spectra yield insight into how the
band structure changes as a function of sulfur concentration.
At low concentrations, S substitutional defects are deep

FIG. 1. Absorption coefficient (with free carrier absorption removed) for
three different concentrations of sulfur, fit using Eq. (4). The inset shows the
probability distribution of trap energies ET determined by the spectral fits.

103701-2 Sullivan et al. J. Appl. Phys. 114, 103701 (2013)
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Comparison of figures of merit

Measurable parameters of IB material alone.

Good devices: large ν for both electrons and holes.
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Light trapping

Effectively increase α by 4n2≈47

Increases ν by (4n2)2≈2000 

Figure from Yu et al, PNAS 2010
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and rapid resolidification, a well-established method for fabri-
cating high quality single crystalline samples with N above the
equilibrium solid-solubility limit.18 Variation in N is achieved
by varying the implantation dose ranging from 1! 1014 to
1! 1016 ions/cm2. The Si wafers used are 800-lm thick,
double-side polished and p-type (boron doped with resistivity
of 10–30 X " cm). The surface of the wafers is amorphized by
the implants, so following ion-implantation, we irradiate the
samples with four XeCl excimer laser pulses (308 nm wave-
length, 25 ns in pulse duration, and 2 mm! 2 mm spot size) to
restore the crystallinity. Detailed fabrication parameters13 and
crystalline characterization19 are documented elsewhere. The
resulting hyperdoped material is approximately 200-nm
thick and has N ranging from 3.6! 1018 to 4.9! 1020

atoms/cm3.13,20,21

We perform time-resolved optical-pump/THz-probe
measurements, monitoring THz transmission as a function of
time up to 1 ns after pump excitation. Amplified femtosecond
laser pulses (800-nm center wavelength, 1.7-mJ pulse
energy, 50-fs pulse duration, and 1-kHz repetition rate) are
used for THz generation, detection and photoexcitation. The
THz probe pulses are generated from a two-color laser-
induced gas plasma and detected by electro-optic sampling
in a 1.0-mm thick h110i ZnTe crystal, directly measuring the
transmitted electric field of the probe pulses.22 To selectively
excite the thin hyperdoped layer and avoid carrier generation
in the Si substrate, we frequency double the pump pulses to a
center wavelength of 400 nm using a thin beta barium borate
(BBO) crystal. Samples are excited from an oblique angle,
focused to a 2-mm diameter spot with fluence of 20 lJ/cm2.
In order to selectively excite carriers in the IB, we also per-
form pump-probe experiments with sub-band gap excitation.
Pump pulses at 2300 nm are generated from an optical para-
metric amplifier and focused on the samples at a fluence of
64 lJ/cm2. After photoexcitation, no phase shift is observed
in the transmitted THz pulse and we record transmission
change at the maximum of the THz pulse (shown in supple-
mentary material).23

We describe first how the time-dependent changes in
THz transmission reflect changes in conductivity, Dr, and in
the density of free carriers, Dn.24,25 The amplitude transmis-
sion T of a thin film with conductivity r is given by
TðtÞ ¼ 2

1þnSiþZ0drðtÞ, where d is the thickness of the hyper-
doped layer, approximately 200 nm, nSi is the index of
refraction of the Si substrate (nSi¼ 3.41),26 and Z0 is the im-
pedance of free space (Z0¼ 377X).24 The normalized change
in THz transmission as a function of time is

'DT tð Þ
T0

¼ r tð Þ ' r0

r tð Þ þ 1þ nSi

Z0d

; (1)

where r0 is the initial conductivity in the sample before pho-
toexcitation and T0 is the initial THz transmission. We
assume that the mobility of carriers, l, is invariant on the
time scale we are probing,27,28 so that the change in conduc-
tivity is directly proportional to the change in carrier concen-
tration r(t) – r0¼Dr(t)¼ qlDn(t), where q is the elementary
charge. Both free electrons and free holes attenuate THz
transmission, but since the electron mobility is larger than

the hole mobility, we assume the signal is dominated by the
free electron density. We show later by only generating free
electrons with 2300-nm excitation wavelength that indeed
the free electrons are the dominant contribution to the
detected THz conductivity signal. By solving Eq. (1) for
Dr(t) and substituting with qlDn(t), we obtain the normal-
ized change in carrier concentration as a function of THz
transmission as follows:

Dn tð Þ
n0 þ A

¼ 'DT tð Þ=T0

1þ DT tð Þ=T0
; (2)

where A ¼ 1þnSi
Z0dql. Using Eq. (2), we calculate the change in

carrier concentration as a function of time.
Figure 1 shows the measured time-dependent carrier con-

centration in S-hyperdoped Si after 400-nm photoexcitation.
We also study the carrier dynamics in Se-hyperdoped Si
obtaining similar results (see supplementary material).23 In
Figure 1, the fluence of the pump pulse is fixed at 20 lJ/cm2,
so Dn is the same across all samples (Dn( 2! 1018 carriers/
cm3 per pulse), but we find that recombination dynamics is
independent of pump fluence in the fluence range studied
between 20 and 200 lJ/cm2. With increasing N, carriers relax
toward equilibrium faster. We model our data with a bi-
exponential decay convoluted with the instrument’s response,
Gðt' t0Þ ) ða1 expð'ðt' t0Þ=sfastÞ þ a2 expððt' t0Þ=sslowÞÞ,
where a1 and a2 show the relative weights (a1þ a2¼ 1).29

The instrument’s response G(t – t0) is determined by the geo-
metric crossing angle of the pump and the probe beam and is
a Gaussian function with 700 fs full-width-half-maximum
centered at time zero t0. Fit results are shown in the dashed
lines in Figure 1. Figure 2 summarizes the dependence of life-
time on N. The best fit result suggests sslow is on the order of
1 ns and sfast decreases with increasing dopant concentration
approaching 1 ps at the highest concentrations measured. The
best fit values for a1 increase with N and are given in supple-
mentary Table 1;23 in the high N limit, sslow plays a small
role in the photoconductivity decay. Further discussion of the
origin of sslow and sfast is presented below.

FIG. 1. Change in free carrier concentration in S-hyperdoped Si after photo-
excitation with a fs-laser pulse at 400 nm. Inset shows short time scale dy-
namics. We model the data with a bi-exponential decay and the dashed lines
show the best fits.
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As controlled measurements (see supplementary mate-
rial),23 we measure the carrier dynamics of two control sam-
ples: a bare Si substrate and an amorphous silicon sample
that was amorphized by the implanted ions but was not
treated with the ns-laser melting procedure. For the bare Si
substrate after photoexcitation, the change in THz conductiv-
ity shows no appreciable decay within the 1-ns duration we
probed, reflecting long carrier lifetimes as expected. For the
amorphous silicon sample, the change in THz transmission
is small (25 times smaller than the smallest time zero
response shown in Figure 1) and quickly decays to zero
within 2 ps, two orders of magnitude faster than the equiva-
lent pulse-laser melted sample. Both controlled measure-
ments agree with the reports in the literature.26,30

Since illuminating samples with light at 400 nm creates
carriers from both the valence band and the IB to the conduc-
tion band, the excited carriers may decay through different
pathways. Furthermore, the hyperdoped layer is thin enough

that about 10% of the 400-nm pump photons are absorbed
deeper than 200 nm, at which point the dopant profile is no
longer uniform and decreases toward zero on an approxi-
mately 100-nm length scale.21 To verify the origin of the
short time carrier dynamics observed in the sample, we car-
ried out pump-probe experiment with pump wavelength at
2300 nm, which has energy less than the band gap energy of
Si, and the only excitation pathway is from the IB to the con-
duction band (illustrated in Figure 3). Figure 3 shows that
the conductivity decay dynamics is identical for both pump
wavelengths, suggesting the dynamics observed here is
dominated by carriers relaxing from the conduction band to
the intermediate states within the band gap.

We emphasize that in an intermediate band solar cell, the
electrons in the conduction band must maintain a different
quasi-Fermi level than that in the IB, so even if thermal ree-
mission from trap states is possible, it cannot help IBPV per-
formance.4 Thus, sfast is the relevant time scale for this work,
as it characterizes the reestablishment of equilibrium between
the conduction band and the IB carrier concentrations. There
are a number of possible reasons why sslow is required to
describe the photoconductivity decay. For example, the com-
bination of carrier diffusion28,31 and inhomogeneity of N as a
function of depth11,21 introduces additional slow decay path-
ways. As electrons diffuse away from the hyperdoped region
into regions with lower N and higher carrier lifetime, the elec-
trons sample a range of longer lifetimes which may give rise
to the observed slow decay. This is supported by the fact that
the relative weight a2 is larger for longer sfast increasing the
time for diffusion into the inhomogeneous region.
Alternatively, a fraction of the carriers initially generated in
the hyperdoped region could diffuse into the substrate, which
has a long lifetime. sslow then characterizes the time for them
to diffuse back into the hyperdoped region to recombine, with
a2 corresponding to the fraction of carriers that reach the sub-
strate. Given the carrier mobility in these sample ranges from
40 to 1000 cm2 V!1 s!1,23 the diffusion length in sfast increase
from 10 nm for high N to 700 nm for low N, comparable to
the thickness of the hyperdoped layer for low N. For high N,
more than 80% of the photoexcited carriers are trapped within
20 ps. In chalcogen-hyperdoped Si, the threshold N for the

FIG. 2. Carrier lifetime as a function of dopant concentration for both S-
hyperdoped (black) and Se-hyperdoped Si samples (gray). sfast (filled
circles) and sslow (open circles) are the two decay time scales from in the
model fit. The vertical line indicates the concentration at which the insula-
tor-to-metal transition occurs.13 Inset shows normalized 1/(Nsfast) for Sulfur-
hyperdoped silicon as a function of dopant concentration.

FIG. 3. Comparing changes of THz
conductivity at different pump wave-
lengths at 400 nm (thin lines) and at
2300 nm (thick lines) and the data
show the dynamics is independent of
the pump wavelengths. For excitation
at 2300 nm, the pump beam is not
completely absorbed, and the second
pulse at 20 ps is due to reabsorption of
the back-reflected light. Schematic on
the right shows pump-probe experi-
ment and the excitation pathways in
HD-Si samples. The thickness of HD-
Si (200 nm) and Si (800 lm) is not
drawn to scale.
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IMT is determined by measuring temperature-dependent con-
ductivity and the transition occurs around 3! 1020cm"3 both
S dopants and Se dopants.13 Figure 2 shows that the sfast con-
tinues to decrease for samples with concentrations above the
transition threshold. Additional information can be obtained
by comparing sfast to the electron trapping time se0 in
Shockley-Read-Hall recombination. The rate at which an
electron in the conduction band is trapped by a set of empty
trap states can be described by 1=se0 ¼ NT!threð1" f Þ, the
product of the density of the traps NT, the thermal velocity of
electrons !th, the electron capture cross section re, and the
probability that a trap state is empty (1 – f), where f is the fill-
ing fraction.7 Inset of Figure 2 shows normalized 1/(Nsfast)
and suggests that the electron trapping rate is increasing faster
than N. The electron trapping rate increases could either be
due to an increase of re, contradicting the lifetime recovery
theory or from carrier compensation and reduction of filling
fraction f; no evidence for lifetime recovery is observed.

Finally, for each of the S-hyperdoped Si samples, we
evaluate the figure of merit, which characterizes the potential
for the material to produce excess electrons despite the short
lifetimes.10 The figure of merit captures the balance between
the absorption and recombination processes in the IB mate-
rial and is written as, ! & Eg

q a2ls where a is the sub-band
gap absorption coefficient, l is mobility of the carriers, and
Eg is the band gap energy.32 For ! ' 1, charge carriers can
easily transport across the device layer and hence a solar cell
made from such material generates additional power from
the sub-band gap photons.33 The figure of merit can be eval-
uated for both electrons and holes. Since the quasi-Fermi
level splitting is required for IBPV, both electrons and holes
need to have a high figure of merit to achieve enhanced effi-
ciency compared to a single junction device. With the carrier
lifetimes obtained in this work, the figure of merit for elec-
trons can be directly calculated using the measured sfast for
carrier lifetime with values for a and l obtained from Refs.
12,16, and 34 (see supplementary material).23

The calculated figure of merit is shown in Figure 4 and
shows that there is an optimal N for the highest figure of
merit. For the sample with S concentration at 1.2! 1020cm"3,
the figure of merit from our result is consistent with previous

reports.16 Our data show that at N above the IMT, the sample
has the lowest figure of merit (0.04). On the other hand, the
highest figure of merit is just below 0.5 in a lower dose sam-
ple with S concentration at 1.4! 1019cm"3.

By examining limiting cases, we show that the figure of
merit as a function of N would exhibit a maximum peak.
Previous measurements show that a is proportional to N.12

For low concentrations, l is independent of N, and assuming
constant re and f at dilute concentrations, s is proportional to
1/N. So at dilute concentrations, the figure of merit has a lin-
ear dependence on N approaching zero at low concentrations.
One the other hand, at high concentrations, we show that s
decreases faster than 1/N (Figure 2 inset), and when carrier
scattering is dominated by impurities rather than phonons, l
is proportional to 1/N.35 In a highly doped regime, the figure
of merit then decreases with increasing N. Consistent with
our observations, the limiting cases suggest that there is an
optimal dopant concentration at which the figure of merit for
electron is maximized. In chalcogen-hyperdoped Si, the
most promising IBPV material is a sample with N signifi-
cantly below the IMT.

In conclusion, we present optical-pump/THz-probe
measurements of carrier dynamics in chalcogen-hyperdoped
Si. The recombination dynamics is described by two expo-
nential decay time scales. The fast decay time scale, corre-
sponding to trapping an electron from the conduction band
to the IB, ranges between 1 and 200 ps, and the slow decay
component is on the order of 1 ns. No evidence for lifetime
recovery is observed, and carrier lifetime continues to
decrease with increasing N. The picosecond lifetime meas-
ured using this technique enables direct evaluation of materi-
als potential for IBPV devices. We show that without
lifetime recovery, the highest figure of merit in chalcogen-
hyperdoped Si occurs at N significantly below the IMT.
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GaPyAs1-x-yNx

Heyman et al, PR Applied (2017)

In the Anderson model, conduction-band states acquire a
homogeneous linewidth due to the mixing between the
localized defect states and the extended band states. The
density of states in the restructured conduction bands has
been calculated by Wu et al. [2] using Green’s function
techniques:

ρðE"
k Þ ¼

1

π

Z

band

ρ0ðEc
k0ÞIm½GðE"

k ; E
c
k0Þ&dE

c
k0 ; ð2Þ

where Im½GðE"
k ; E

c
k0Þ& is the imaginary part of the Green’s

function

GkkðE"
k ; E

c
k0Þ ¼

!
E"
k − Ec

k0 −
V2x

E"
k − EN − iπV2βρ0ðENÞ

"−1
:

ð3Þ

Here, ρ0ðEc
kÞ is the density of states in the unperturbed

conduction band, ρ0ðENÞ is the unperturbed density of
states at the nitrogen defect-state energy, and β is a constant
of order 1. In our samples, the defect energy EN lies just
above (S205B) or below (S376B) the unperturbed

conduction-band edge. Since the unperturbed density
of states vanishes at the band edge, ρ0ðENÞ ≪ 1
ðunit cell eVÞ−1 for both samples. We successfully fit our
optical absorption measurements [Figs. 1(c) and 2(c)] with
our model for values of βρ0ðENÞ < 0.003, and we choose
βρ0ðENÞ ¼ 10−3 in the remainder of our analysis. The
valence-band density of states is calculated in spherical
parabolic band approximation.
Our samples consist of a GaPyAs1−x−yNx layer grown on

a series of GaPyAs1−y layers on a GaP substrate. The
optical absorbance is computed as the sum of the absorb-
ance in each layer of the sample:

aðEJÞ ¼ αNðEJÞdN þ
X

i

αGaPð1−yiÞAsyi ðEJÞdi

þ αGaPðEJÞdsubstrate; ð4Þ

where EJ is the transition energy. The first term on the
right-hand side represents the nitrogen-doped layer; the
second term is a sum over the GaPyAs1−y layers. The last
term is the substrate absorption. Absorption in the
GaPyAs1−y layers is assumed to be proportional to the
joint density of states calculated in the effective mass

FIG. 1. (a) Model energy-band diagram for GaPyAs1−x−yNx
sample S205B (x ¼ 1.2%, y ¼ 33%) from the band anticrossing
model (solid lines). Dashed lines show the unperturbed
conduction band and N-defect level. (b) Density of states versus
energy. (c) Optical absorbance versus energy. The solid line is the
measured absorbance, and the dashed line is the model absorb-
ance of the sample and the substrate.

FIG. 2. (a) Model energy-band diagram for GaPyAs1−x−yNx
sample S376B (x ¼ 3.6%, y ¼ 49%) from the band anticrossing
model (solid lines). Dashed lines show the unperturbed
conduction band and N-defect level. (b) Density of states versus
energy. (c) Optical absorbance versus energy. The solid line is the
measured absorbance, and the dashed line is the model absorb-
ance of the sample and the substrate.
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Predicting ν

S. Li and W. Thurber, Solid State Electronics, 20, 609 (1977)
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3 Candidate Materials Classes
Quantum dots Highly-mismatched 

alloys

ZnTeO

Intermediate-band photovoltaic solar cell based on ZnTe:O
Weiming Wang,a! Albert S. Lin, and Jamie D. Phillips
Department of Electrical Engineering and Computer Science, The University of Michigan, Ann Arbor,
Michigan 48109-2122, USA

!Received 31 May 2009; accepted 9 June 2009; published online 6 July 2009"

Oxygen doping in ZnTe is applied to a junction diode in the aim of utilizing the associated electron
states 0.5 eV below the bandedge as an intermediate band for photovoltaic solar cells. The ZnTe:O
diodes confirm extended spectral response below the bandedge relative to undoped ZnTe diodes, and
demonstrate a 100% increase in short circuit current, 15% decrease in open circuit voltage, and
overall 50% increase in power conversion efficiency. Subbandgap excitation at 650 and 1550 nm
confirms the response via a two-photon process and illustrates the proposed energy conversion
mechanism for an intermediate band solar cell. © 2009 American Institute of Physics.
#DOI: 10.1063/1.3166863$

The utilization of optical transitions at energies below
the bandgap energy of semiconducting materials has been
proposed for photovoltaic solar cells due to the potential of
increased conversion efficiency in comparison to conven-
tional devices operating on direct valence to conduction
band optical transitions.1–3 This approach, often termed
intermediate- or impurity-band !IB" photovoltaics, provides a
broad response to the solar spectrum via three optical transi-
tions #valence to conduction, valence to intermediate, and
intermediate to conduction band, Fig. 1!a"$. The provision of
three optical transitions not only provides an increase in solar
response but also reduces energy losses due to thermal relax-
ation of optically excited carriers. The intermediate band so-
lar cell concept may be compared to the efficiency improve-
ment for multijunction solar cells, where solar cell efficiency
improvements are similarly gained by providing multiple ab-
sorption bands to maximize the response to the solar spec-
trum !maximize short circuit current" and minimize energy
losses !maximize open circuit voltage". The intermediate-
band approach offers the attractive prospect of achieving
high efficiency in a more simplistic single-junction solar cell
device. The theoretical conversion efficiency limit for inter-
mediate band solar cells is predicted to be 63.2% with black-
body illumination1 and 65.1% with AM1.5 spectrum,4 com-
parable to the theoretical efficiency for optimized triple-
junction solar cells with efficiencies of 63.8% and 67.0%
under blackbody and AM1.5 illumination, respectively.5

Proposed approaches to realize intermediate band solar
cells have included impurity doping,6,7 quantum dots,8–12 and
dilute semiconductor alloys.13–15 Impurity doping approaches
have thus far not been successful due to nonradiative recom-
bination channels associated with the impurities.16 Quantum
dots have demonstrated the intermediate band concept,
where subbandgap response and increased efficiency have
been reported.17–19 The quantum dot systems used for IB
solar cells thus far, however, have relatively shallow energy
states relative to the optimal IB position at approximately 1/3
of the bandgap.1,4 Furthermore, these systems have utilized
GaAs as the host material, where the bandgap energy of 1.42
eV is significantly lower than the optimal bandgap for IB
solar cells of 2.40 eV for 1 sun, and 1.95 eV for solar con-
centration of 10 000 under AM1.5 conditions.4 Alternatively,

dilute semiconductor alloys including InGaAsN !Ref. 13"
and ZnTe:O !Refs. 15 and 20" have been proposed, where the
intermediate band position is tunable with alloy composition.
In these materials, properties may range from localized iso-
electronic defect states at low concentration to the formation
of an energy band at high concentration. These systems have
reported optical properties that may be suitable for IB solar
cells,13,15–21 though reports of associated devices are lacking.
In this work, the optical properties and photovoltaic response
of ZnTe:O are presented.

ZnTe:O samples were grown by molecular beam epitaxy
using solid source effusion cells for Zn and Te, and a rf
plasma source for oxygen and nitrogen incorporation.
Samples were grown on n+-GaAs !100" substrates for mate-
rial characterization and solar cell device structures. Nitrogen
was used to achieve p-type ZnTe for the diode structure
shown in Fig. 1!b". An oxygen flow rate of 1 SCCM !SCCM

a"Electronic mail: umwmm@umich.edu.

FIG. 1. Schematic of !a" optical transitions for ZnTe:O intermediate
band solar cells and solar cell device structure incorporating ZnTe or
ZnTe:O active regions, and !b" calculated band diagram of the
p+-ZnTe /ZnTe!O" /n+-GaAs diode at thermal equilibrium.

APPLIED PHYSICS LETTERS 95, 011103 !2009"

0003-6951/2009/95"1!/011103/3/$25.00 © 2009 American Institute of Physics95, 011103-1
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and we might expect that each QD absorbs light rather effectively. 
Modelling becomes necessary to gain a deeper insight of this issue. 
Substantially higher QD densities can be achieved by growing 
QDs on (311) substrates21 instead of on (100) substrates, but this 
refinement has not yet been applied to cell manufacturing.

In a semiconductor QD structure, scientists usually assume that 
the IB corresponds to the CB state with the lowest energy confined 
around the QD (labelled (1,1,1) in Fig. 2a), as opposed to states that 
extend across the entire semiconductor. InAs QDs in GaAs have a 
shape that is often approximated as a short square-base truncated 
pyramid. The impact of this shape on the performance of the QD IB 
solar cell, although often considered to be of secondary importance, is 
an issue that can complicate the formulation of a simple model from 
which the main aspects related to photon absorption in QDs can be 
understood. In this regard, we will consider a QD represented by a 

22, 

the CB minimum of InAs is lower than that of GaAs and induces a 
potential well that extends throughout the whole parallelepiped. This 
potential profile is shown in Fig. 2a as a grey line. To calculate the CB 

involves substituting the electron mass by the CB effective mass and 
setting the potential to be equal to the potential barrier caused by 
the QD23. This allows the QD energy states and wavefunctions to be 
calculated, together with the optical transitions from the partially 
filled IB (CB(1,1,1) state) to the other localized and extended states 
in the CB. Confined energy CB states can be seen in Fig. 2a as CB 
levels, and the absorption coefficients are shown in Fig. 2d for several 
illumination conditions24. 

The study of the VB is much more intricate because it contains 
light-hole (LH), heavy-hole (HH) and split-off (SO) bands22, each 
having negative effective masses and pedestals instead of well 
potentials (associated with the VB top). Pedestals are required to 
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Figure 1 | Theory of the IB solar cell and basic results. a, Band diagram of an IB solar cell, showing the bandgap EG, the sub-bandgaps EH and EL, as well as 
the CB, IB and VB QFLs. (1) and (2) represent below-bandgap photon absorption; (3) represents above-bandgap photon absorption. b, Limiting efficiency 
for IB and single-gap cells as a function of EL. c, Schematic of a QD IB solar cell, together with a transmission electron microscope image of the QDs and 
an atomic force microscopy image of a layer of QDs. d, Quantum efficiency of an QD-based IB solar cell (QD-IBSC) and a control (GaAs) solar cell. The 
response for the QD-IBSC is below the GaAs bandgap (1.42 eV). e, Current–voltage curves of a QD-IBSC and a control (GaAs) solar cell. Figure reproduced 
with permission from: b, ref. 2, © 1997 APS; c, left,right, ref. 10, © 2004 AIP; c, middle, ref. 53, © 2007 AIP; d, ref. 11, © 2008 Elsevier; e, ref. 10, © 2004 AIP.
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Nguyen et al., Nano Lett 2011
Ross Cheriton, PhD thesis, 2018

Eg = 3.4 eV

Eg = 0.7-3.4 eV
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Intermediate band device models

Essential to determine requirements for IB absorbers and optimize devices.

Strandberg and Reenaas, PiP 2010
– Radiative recombination only. IB region only, depletion approximation. 

Yoshida, Okada, Sano, JAP 2012 
– No IB transport. 

Martí, Cuadra, Luque IEEE TED 2002 
– Diffusive only. Radiative recombination only. 

Many detailed-balance based models
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Our device model

• 2D

• Finite element –

built using FEniCS

• Benchmark against 

Synopsys Sentaurus

<10-3 deviation
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Our device model

Better reverse-bias convergence
with 64 bits than 
Sentaurus at 128 bits
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Eg = 2 eV
Ei = 1.2 eV
!I = 20 cm2/Vs 

p nIB

dark
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• Model released within the year
• Enable better devices and 

understanding of IB materials

Eg = 2 eV
Ei = 1.2 eV
!I = 20 cm2/Vs 

p nIB 1-sun

14%
20%

31%
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Recap
Intermediate band solar cells
– Great potential  
– Need sufficient absorber materials

Figure of merit
– guide materials development 
– determine when to make a device

Device modeling
– Required to optimize device performance


