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Resonant photoemission spectroscopy is used to study the intermediate-band material Cr doped ZnS.
Using resonant photoemission, we show that the intermediate-band can be characterized, revealing
the filling and specific orbital character of the states contributing to the resonant photoemission
signal. We demonstrate that resonant photoemission spectroscopy is a powerful approach for understanding the origin of intermediate bands in doped ZnS. The methodology can be widely extended
to a large variety of materials, providing useful information towards engineering of high efficiency
C 2015 AIP Publishing LLC.
intermediate band solar cells and of other optoelectronic devices. V
[http://dx.doi.org/10.1063/1.4935536]

Intermediate-band (IB) solar cells are devices consisting
of a semiconductor with an electronic band within the material band-gap.1,2 Such a band can be created, for example, by
means of doping or by creating quantum dots in the host material.3 IB-solar cells have attracted attention because of their
high limiting-efficiency combined with a rather simple cell
design.4 Indeed, an efficiency limit5 of 63% is predicted, cf.
41% for single gap solar cells, operating under the same conditions.1 The increase in the efficiency arises because of the
possibility of exciting electrons into the conduction band
(CB) using multiple absorption processes.
In particular, in single gap solar cells, photons can excite
electrons in the valence band (VB) and promote them into
the CB; this mechanism can occur only if the energy of the
excited electrons is at least the energy of the gap (Eg). In IBsolar cells not only the same mechanism can take place but
also an additional 2-step process can occur. Indeed, since the
IB forms within the band-gap, electrons of energy smaller
than Eg can be first promoted into the IB, then from the IB
can be excited into the CB. In other words, if the energy of
the photons is not sufficient to promote an electron from the
VB directly into the CB, the IB can be used as an additional
stepping stone to generate electron-hole pairs.6
The combination of a high efficiency limit and a simple
device design has resulted in an increasing interest in IB
materials and IB-solar cells recently. A wide range of IB
materials have been proposed and investigated, and characterization techniques for the device performance have been
developed.4 For detection of IB states within the bandgap,
optical techniques such as photo- and electroluminescence,7
photo-reflectance,8 and spectroscopic ellipsometry9 have
been utilized, as well as electronic techniques such as deep
level transient spectroscopy.10 In general, a full characterization of the IB is crucial in order to control and eventually
tune material properties to develop materials which are suitable for real devices.
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In this work, we introduce an additional powerful
approach based on resonant photoemission spectroscopy
(RPES)11 to access the nature of an IB. Even though this
technique has been proven to be an efficient method to investigate several exotic phenomena in solid state materials,12–17
it has not been used to characterize IB materials for photovoltaics. Specifically, we demonstrate that RPES is able to
discriminate active and inactive orbital contribution of dopants, and directly probe the nature of the IB state, allowing
for a quantification of the partial density of states (DOS) of
such a band and the orbital character of the dopant species
which give rise to it.
In this study, we use 4% Cr-doped ZnS as a model material,18,19 but the same approach could be extended to a
wide range of IB materials. The choice of ZnS as a testmaterial is related to the fact that its direct gap is quite large
(3.6–3.9 eV), simplifying the detection of the Cr3d states responsible for the IB, forming within Eg. Moreover, ZnS is
environmentally friendly, abundant, and is known to be a
promising candidate for high-efficiency and non-toxic solar
cells.18–20
The principle on which RPES is based is a quantummechanical interference between a direct photoemission process and a recombination of an excited state.11 In Cr-doped
ZnS, the direct photoemission process occurs from Cr valence electrons: photons excite an electron from the 3d
energy level and bring it into the vacuum with kinetic energy
EK as in Fig. 1(a), 1s22s22p63s23p6 3dn4s1þh  ! 1s22s2
2p63s23p63dðn1Þ 4s1þe–, where n depends on the oxidation
state of the Cr atom.
In such a material, the partially occupied 3d electronic
DOS (e-DOS) of Cr is responsible for creating an IB within
the energy gap of ZnS. To probe the existence of such a band
we vary the photon energy (h) across the Cr2p absorption
edge; specifically we vary h from 570 eV to 590 eV. When
the photon energy matches the transition Cr2p ! Cr3d, electron transitions from the Cr2p into the Cr3d levels are possible. These electronic promotions can only occur for photon
energies close to the Cr2p absorption edge11 and are dictated
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FIG. 1. Direct emission and resonant photoemission from the IB material;
Cr doped ZnS. (a) Representation of the standard photoemission process: an
electron is emitted from the IB (Cr3d in this illustration). (b) and (c) A secondary, 2-step, process: (b) the electron can be first excited from Cr2p into
the Cr3d/IB state. (c) The Cr3d electron may then decay back to the Cr2p
band by emission of another Cr3d electron. Both process ultimately lead to
emission of a Cr3d electron and have the same initial and final states.

by the availability of unfilled (or partially filled) 3d orbitals
and selection rules. In this recombination process, photons
first promote a 2p electron into the 3d energy level, as illustrated in Fig. 1(b), then the extra electron in the 3d level
decays back into the 2p level emitting a second electron with
EK, as in Fig. 1(c), 1s22s22p63s2 3p63dn4s1þh ! 1s22s22p5
3s23p63dðnþ1Þ 4s1 ! 1s22s22p63s23p63dðn1Þ 4s1þe–.
The final state of the direct photoemission and the
recombination process is the same, or alternatively EK of the
emitted electron is the same. This results in a resonant
enhancement of the intensity of the 3d states visible in the
RPES spectra within the ZnS gap.
Since the resonant photoemission process involves modifying the occupancy of the 3d level by 61e–, it is a requirement that the 3d level is partially filled; otherwise, a resonant
enhancement cannot occur. In the case of Cr doped ZnS, it is
reasonable to assume a tetrahedral crystal field, which separates the 3d level into t2g and eg bands derived from (dxy, dyz,
dxz) and (d x2 y2 , d z2 ) orbitals, respectively.18 t2g and eg may
be partially filled and may show resonant behaviour. Since
the energy of the Cr2p ! Cr3d transition is dissimilar for
Cr2p ! t2g and Cr2p ! eg, the photon energy required for
resonance will be slightly different (as will the binding
energy of the Cr3d t2g and eg states).
We performed the RPES experiment at MAT-line
of the synchrotron radiation ASTRID2 and at D1011
beamline of MAX-II21 under ultrahigh vacuum conditions
(P <109 mbar) and at room temperature. ZnS samples with
a nominal 4% Cr doping grown by both MBE and PLD
were measured (see Ref. 9 for details of the sample growth).
Both samples undergo cycles of sputtering in order to
remove the native oxides at the surface, unavoidably
formed after exposure of the samples to air. The core levels
were monitored to ensure the absence of external contaminants in both samples. Oxygen was not completely removed
for the MBE sample even after several sputtering cycles.
We believe that this is due to the presence of oxygen at ZnS
grain boundaries in this particular sample.
The RPES spectra from the MBE-sample are shown in
Fig. 2(b) as a 2-dimensional (2D) image in false color scale
(from white to blue, indicating from weak to strong intensity,
respectively). Each column of the 2D image contains the intensity of the RPES spectra collected for a certain value of

FIG. 2. RPES and XAS results. (a) Integrated RPES intensity in the range
EB ¼ 1.2–0 eV (black markers) and EB ¼ 3.0–1.6 eV (red markers) normalized to the Zn3d core level and bandwidth. The markers are the experimental
data and the blue lines are fit obtained by including only two components.
The gray area is an approximate estimate of the impurity level in the sample.
(b) 2D image plot in false color scale. Each column corresponds to one
RPES spectrum and it is shown vs. photon energy. The resonant enhancements of the intensity close to the Fermi level and within the VB region and
have been attributed to the orbital character Cr3d t2g and eg, respectively. (c)
XAS measurements using partial electron yield. This measurement corresponds to the secondary electron emission from all processes.

photon energy. A typical RPES spectra, such as in Fig. 2(b),
takes approximately 24 h of acquisition time. The same data
are shown as an array of spectra in the supplementary material.22 In Fig. 2(b), the most visible contributions within the
EB-range acquired are the Zn3d core level and the VB
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maximum, falling at EB  10 eV and EB  2 eV, respectively. Both Zn3d and VB are indicated in Fig. 2(b). When
the photon energy matches the onset Cr2p ! Cr3d, the resonant condition discussed above can occur and the 3d state
will be visible within the ZnS gap because of the resonant
enhancement of the Cr3d direct emission process. This
means that when the resonant condition is fulfilled, there will
be an increase in the intensity occurring within the ZnS gap,
and this is directly observable in the 2D image plot. In other
words, we can directly see the IB-DOS in the bandgap of
ZnS. However, the Cr dopants constitute only 4% of the ZnS
amount; thus, the IB intensity within the ZnS gap is weak.
In Fig. 2(b), resonances are visible and appear as broad
intensity enhancements centered at photon energies around
577 and 587 eV. In order to make the resonant behaviour
more clear, the photoemission intensity is extracted from
Fig. 2(b) by integrating over two binding energy ranges,
EB ¼ 3.0–1.6 eV and EB ¼ 1.2–0 eV, depicted as the upper
and lower traces of Fig. 2(a), respectively. Both of these
regions show a resonant enhancement, but the photon energy
of the resonant peak is shifted to higher photon energy for
the larger binding energy resonance.
The two binding energy ranges chosen (EB ¼ 3.0–1.6 eV
and EB ¼ 1.2–0 eV) correspond to the eg and t2g binding
energies, respectively, from which the photoemission signal
is enhanced in RPES in the Cr2p ! eg and Cr2p ! t2g transitions (assuming a tetrahedral crystal field18). In both transitions, the Cr2p initial state is the same, but the final states (eg
and t2g ) differ in binding energy by 1:6 eV.
In both of the traces plotted in Fig. 2(a), two broad peaks
(indicated by “B” and “C” in the figure) are visible. Such
peaks originate from a similar excitation processes except
that their initial states are different, i.e., Cr2p1=2 and Cr2p3=2 .
A two component fit of the data integrated over the energy
range EB ¼ 1.2 and 0 eV yields a splitting of 9.7 6 0.2 eV, in
good agreement with the expected spin-orbit splitting for
Cr2p1=2 and Cr2p3=2 .23 The intensity of these two peaks
could be expected to occur with a 1 : 2 ratio, reflecting the
occupancy of the two initial states. However, the experimentally determined relative intensity is closer to 1:3. Such a difference can be attributed to the selection rules governing the
transitions.24,25 Whilst the relevant initial states are known,
the momentum and spin of the available final states in a partially filled transition metal 3d band are less clear; however,
unequal filling with respect to spin is expected for magnetic
elements such as Cr. Hence, the possible transitions between
the spin-orbit coupled p1=2 and p3=2 initial states, and the
spin-orbit coupled and spin non-degenerate 3d final states
will require that spin and orbital angular momentum conservation restrictions are satisfied. In short, the partial filling of
the Cr3d t2g derived IB imposes restrictions on the orbital
character of the initial states from which excitations can
occur, when examining this specific excitation channel. Such
restrictions are indicative of a high-spin configuration and
will have implications for the photo-excitations, which can
occur in a photovoltaic, ultimately influencing device
efficiency.
A quantitative estimate of the occupation of differing orbital character of the Cr e-DOS can be achieved by integrating
the energy range within the ZnS gap and normalizing it to the
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Zn3d core level intensity to obtain the Cr3d t2g contribution to
the IB. From this and an estimate of the Cr3d eg orbital character contribution to the VB, the identification of the Cr oxidation states can be made. If we integrate the intensity of the
peaks in Fig. 2(a), we find that the intensity per unit bandwidth is very close to eg:t2g ¼ 2:1. We therefore infer that eg is
half-filled (i.e., 2e–) and t2g contains 1e–. This would be consistent with the Cr dopant being in the 2þ oxidation state with
an electronic configuration 1s22s22p63s23p63d34s1. This also
finds agreement with the observed 1:3 intensity ratio of transitions involving the p1=2 and p3=2 initial states, which implied a
high-spin configuration of the IB and VB states, i.e., halffilled eg and partially filled t2g orbitals.
It is also interesting to observe that the total intensity of
photoemission from the IB state is close to 3% of the Zn3d
band, i.e., close to the nominal doping of the Cr doped ZnS
sample. This indicates that  100% of the Cr dopants are
contributing to the IB intensity. Since Cr is added in order to
create the IB-DOS, any Cr present in the sample which is not
contributing to it, corresponds to “wasted” Cr. One important
aspect of photovoltaic material synthesis and characterisation is to understand and minimize such waste.
So far, we have focused on the dopant species contributing to the IB; however, the RPES analysis in Fig. 2(a) can
also offer a quantitative estimate of the impurity concentration. Indeed, the constant offset in Fig. 2(a) is indicative of
contributions to the DOS within the ZnS bandgap due to any
element other than Cr. These contributions cannot be due to
ZnS, since they are within the bulk bandgap, and they cannot
be due to Cr because they do not resonate with the photon
energy of the Cr edge. A precise quantification of this nonresonant DOS is challenging and we estimate it to be  1%
with respect to the Zn amount.
We have conducted highly complementary X-ray
absorption spectroscopy (XAS) measurements on the same
sample and with the same experimental setup used for
RPES, but in this case, it is the low kinetic energy secondary
electrons which are collected. The XAS results have been
carefully calibrated and are summarized in Fig. 2(c). Whilst
the RPES intensity at the Fermi level contains information
on the Cr orbitals which are actively contributing to the IBDOS, XAS contains information on the total amount of the
Cr present. The XAS peaks appear at higher photon energy
than the RPES peaks, indicating that there is a higher energy
Cr transition contributing to the XAS signal. This could be
due, for example, to a small quantity of Cr2O3, which we
believe to be present at grain boundaries, but which does not
contribute to the IB-DOS. For high Cr concentrations, it is
possible that metallic Cr clusters form, although not observable in our experimental data.
XAS measurements with partial yield are also important
to rule out the possibility of a contribution to the RPES
intensities from the second order light generated by the
beamline. Indeed, in synchrotron experiments, for each excitation energy used h, a small amount of second order light
(with energy 2h) can be generated too (for MAT-line, this
contribution is expected to be very small in this energy
range). In principle, the second order light could give rise to
additional core-level transitions, which would obfuscate the
RPES data (but not the XAS data). The similarity of the
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cells, which have much potential as next generation photovoltaic devices.
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FIG. 3. Comparison of nominally identical samples grown by using MBE
and PLD. The partial DOS is obtained by integrating the intensities in the
range EB ¼ 1.2–0 eV. The blue line is the fitted peak position. The vertical
green line indicates the maxima of the fit for the two samples.

XAS and RPES data confirms the detected features derive
from the first order light. This is not surprising, given the
low flux of 2h expected at these energies. The second order
photoemission would also give rise to linearly dispersing
features in the RPES image in Fig. 2(b), and no such artefacts are observed.
To further illustrate the potential of the RPES method, we
have investigated a nominally identical Cr doped ZnS sample
grown by an alternative growth method, PLD. The results
have been summarized in Fig. 3. The data have been both
carefully calibrated for the photon energies used. Moreover,
the nominal doping of the two samples is the same, which is
also confirmed by the integrated RPES intensity, but subtle differences are also revealed. For the PLD sample, the intensity
per unit bandwidth (integrated over the same limits as for the
MBE sample) is eg:t2g  2:1.5, indicating a slightly increased
filling of the t2g orbital (compared to the MBE sample). We
infer that, whilst the MBE sample mainly contains Cr 2þ with
electronic configuration 1s22s22p63s23p63d34s1, the PLD sample contains relatively more Crþ with an increased occupancy
of the 3d t2g orbital. In any case, RPES allows subtle differences in the IB band to be seen for nominally identical samples.
In conclusion, we have demonstrated the applicability of
RPES in studying IB materials relevant to photovoltaics.
RPES is not only able to reveal quantitative information on
the partial DOS within the material bandgap but also able to
reveal the origin of these states and their orbital character. In
the present case, we demonstrate the contribution of Cr orbitals in Cr doped ZnS, and are able to compare two similar
samples prepared using different growth methods. In addition, we have performed XAS measurements, which facilitates an understanding of the total amount of each species
present in the sample. Thus, the powerful combination of
RPES and XAS allows us to understand the orbitals which
actively contribute to the intermediate band. Such characterization of IB materials is important in the development of
materials for high efficiency photovoltaics. Whilst we have
concentrated on Cr doped ZnS, it is important to point out
that this approach of combining XAS and RPES is of much
broader relevance and can be applied to a large variety of IB
materials such as complex oxides and quantum dots solar
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