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ABSTRACT: The effects of doping Mn into ZnS and CdS
quantum dots (QDs) are reported. Scanning tunneling
spectroscopy spectra show a reduction in the electronic
band gap in both CdS and ZnS upon incorporation of the Mn
dopant. Mn:ZnS exhibits a rigid band shift toward higher bias,
which is reminiscent of a hole-doping effect. This rigid band
shift in Mn:ZnS is argued, with the help of X-ray
photoelectron spectroscopy, to be due to a hole-doping
mechanism caused by the favorable formation of Zn vacancies
and a reduction in S vacancies compared to that in undoped
ZnS films. In CdS, no rigid band shift is observed even though
the presence of Cd vacancies can be confirmed by photoemission and magnetic measurements. A strong sp—d hybridization is
observed in the Mn:CdS film upon introduction of the Mn dopant. d° ferromagnetism is observed in both undoped ZnS and
CdS QD thin films at room temperature. Upon doping of Mn into ZnS, the magnetization is reduced, suggesting an antiparallel
alignment of Mn—Mn or Mn—Z7n vacancy nearest neighbors. Density functional theory supports the experimental results,
indicating that the nearest-neighbor Mn atoms prefer antiparallel alignment of their magnetic moments with preferred ground
state of Mn in a +3 oxidation state.
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B INTRODUCTION less understood compared to their bulk counterparts.
Complicated phenomena occur when introducing quantum
confinement to a DMS system, partially due to reduced volume
and increased wave function overlap of the magnetic dopants

Semiconducting quantum dots (QDs) are viable materials for
next-generation solar cells as they have size-dependent optical
and electronic properties because of quantum confinement,
effectively allowing for variability of the optical and electronic
band gaps.' ™ Transition-metal doping in solar cell materials is
another useful method for tailoring the optical, electronic, and
magnetic properties of QDs beyond just changing the size.

Historically, pure semiconducting QDs are known to produce
low device performance,”® but recently, it was shown that nanoscale. Developing a detailed-nanoscale understanding of

the mechanism by which the transition-metal dopant

with atoms in the center versus atoms at the edges of the QDs.
It was recently shown by Yost et al.' that the magnetic dopant
environment, specifically the location within or near the
surface of the material, is important and can dramatically
influence the electronic properties of a material at the

transition-metal dopants, specifically Mn, can be used to

improve the overall device performance®™® in QD-sensitized influences the electronic band structure is vital for obtaining
solar cells. Transition-metal-doped QD semiconductors fall precise doping control and desired material properties.
under the category of dilute magnetic semiconductors For decades, physicists, chemists, and engineers have been
(DMSs). DMSs have applications in many fields and are trying to fabricate better solar cells and other electronic devices
important materials in the study of the magnetic dopants and through device-by-design schemes. The question arises: How
their interactions with nonmagnetic electrons.”™** Bulk DMS
materials are well studied, but the interaction of the magnetic Received: July 10, 2019
electrons with nonmagnetic electrons is not well understood. Revised:  September 16, 2019
Moreover, nanostructured DMSs are not well studied and even Published: September 17, 2019
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to generalize this procedure in order to design better materials
for better devices? The key lies in a better understanding of the
electronic structure, especially at the nanoscale, of material
surfaces and interfaces. In any electronic device, there exists an
interface between two materials. It is at this interface where
physical phenomena occur and allow the device to operate and
perform desired tasks. The way in which this interface comes
into existence is very important and will determine the overall
performance of the said device. Before the interface can come
into existence, a surface of one of the two constituent materials
must be established. Thus, investigating and understanding the
nanoscale properties of the surfaces which will combine to
form an interface and hence a device are fundamental to better
device-by-design schemes.

In this study, we investigate the influence of Mn dopants on
the surface electronic band structure and bulk magnetic
properties of ZnS and CdS QDs using scanning tunneling
spectroscopy (STS), X-ray photoemission spectroscopy,
magnetic measurements, and density functional theory (DEFT).

B METHODS

ZnS and CdS samples were prepared using a wet chemical
method whereby zinc acetate dihydrate, Zn(CH;COO),-2H,0
99.999% trace metals basis, or cadmium acetate tetrahydrate,
Cd(CH;C00),2H,0 99.995% trace metals basis (0.8662 g},
was mixed with 40 mL of dimethyl sulfoxide (DMSOQ),
(CH;),S0 > 99.9%, which was then heated to around 65 °C
under constant stirring; once at temperature, a solution of
sodium sulfide, Na,$S (0.1561 g), in 10 mL of deionized water
was injected into the Zn acetate/DMSOQ solution and heated
for 9 h under constant stirring. In order to precipitate out the
QDs, a ratio of 1:6 mL of unprecipitated solution to acetone,
CH;COCHj; = 99.9%, was used. The resulting powders were
rinsed and centrifuged separately with methanol, CH;OH >
99.9%, and then isopropanol, C;HgO > 99.9%, three times
each in order to sufficiently remove any unreacted precursors.
Following the rinsing step, the powders were mixed with
isopropanol and drop-cast onto As:Si(100) substrates forming
thick QD films. The Mn-doped materials were made with the
same process described above by adding appropriate amounts
(0.08662 g) of manganese acetate tetrahydrate, Mn-
(CH;C00),-4H,0 99.99% trace metals basis. X-ray photo-
emission spectroscopy indicates that the Mn:ZnS and Mn:CdS
film surfaces contain roughly S + 1 at. % Mn concentrations.

Scanning tunneling microscopy (STM) and STS were
performed on an Omicron LT-STM at 77 K in a base pressure
better than 1 X 107" mBar. X-ray photoelectron spectroscopy
(XPS) was performed on a Kratos Axis Ultra X-ray
photoelectron spectrometer, equipped with a monochromatic
Al ka light source, at room temperature in a pressure better
than 1 X 107 mBar. X-ray diffraction (XRD) was performed
on a Rigaku SmartLab diffractometer at room temperature in
air using a Cu ka X-ray source with a wavelength of 1.34 A.
Magnetic measurements were performed at 5 and 300 K in a
Quantum Design PPMS system.

Computations were performed for a 64 atom, 2 X 2 X 2
supercell of the conventional zinc-blende cubic unit cell, with a
Mn atom substituting one X atom in X3,S3, (X = Zn, Cd). The
ionic relaxation was done with spin polarization but without
symmetry considerations until the Hellmann—Feynman forces
were less than 0.01 eV/A. A kinetic energy cutoff of 350 eV
was used for the plane-wave expansion of the projector
augmented waves'® and 6 X 6 X 6 gamma-centered point grid

24891

of k points'” for Brillouin zone integration. The nonisovalent
Mny defect can have 0 and +1 ionization level. The ionized
(charged) defect was created by adding or removing charge
with a compensating jellium background. However, the
charged supercell introduces two complications. The first is
the interaction between the charge and its image. We take this
into account by adding to the total energy, the screened
Madelung energy of the point charge—image interaction in a
lattice compensated by the jellium background, as suggested by
Leslie and Gillan,"® and the screened interaction between the
delocalized ]Qjart of the charge and its image because of Makov
and Payne."” The dielectric constant that determines screening
is calculated using density functional perturbation theory20 as
implemented in VASP. The second complication is the
arbitrary shift in the total energy because of additional charge
in the system. We correct this shift by calculating a difference
in the atomic-sphere-averaged electrostatic potentials between
the host and charged system.” These corrections effectively
remove the supercell size-dependent energy of a charged
system™ and effectively represent the energy of an infinite
crystal with a single charge (dilute limit), even for the smaller
computation cell. To estimate the tendency of defect
ionization, we calculate the charge transition energy E(0/1%)
by taking the formation-energy difference, HF(0) — HF(+1).
The formation energy is calculated using HF(Mny,q)
E(Mny,q) — Ey + px — pae + q(Eg + Ey), where E(Mny,q)
and Ey; are the energy of the X3,S;;, (X = Zn, Cd) Mn-doped
and updoped supercells, respectively, Eg is the Fermi energy,
s are the chemical potential, and Ey is the valence band
maximum (VBM). This approach assumes the chemical and
charge equilibrium between the host and the atomic and
charge reservoirs.”

B RESULTS AND DISCUSSION

Crystal Structure of Mn-Doped and Undoped ZnS
and CdS QD Thin Films. XRD was implemented to
investigate the crystal structure of Mn-doped and undoped
ZnS and CdS QD thin films. As indicated in the XRD profiles
shown in Figure la, diffraction peaks corresponding to the
ZnS(111), (220), and (311) crystal planes were observed for
both ZnS and Mn:ZnS. Similarly, in Figure 1b, diffraction
peaks corresponding to the CdS(111), (220), and (311)
crystal planes were observed for both CdS and Mn:CdS. For
both undoped and doped systems in ZnS and CdS, the XRD
profiles indicate that the QDs adopt a zinc-blende structure
with broad peaks in agreement with the DB card number 06-
001-0792 for ZnS and 15-10-454 for CdS. The broadness of
the diffraction peaks is related to the particle size, and the
(111) peaks for the doped and undoped ZnS and CdS systems
were fit using a Lorentzian function as can be seen in the
Supporting Information. From the Lorentzian function fittings,
the full width at half-maximum (fwhm) of the (111) peaks was
used in conjunction with the Debye—Scherrer equation to
determine the particle size for each systenL24 It was
determined that both the ZnS and Mn:ZnS QDs are 1.5 + 1
nm, while the CdS and Mn:CdS QDs are 1.8 + 1 nm. These
QD sizes agree well with the sizes observed in STM
topography, see Supporting Information. It is important to
notice that upon introduction of the Mn dopant, the crystal
structure, size, and lattice constants remain unchanged for both
the ZnS and CdS systems. This implies that any changes in
electronic properties will not be related to changes in structure,
size, or lattice constants.
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Figure 1. (a) XRD data for ZnS QDs (black) and Mn:ZnS QDs (red)
showing a zinc-blende crystal structure. (b) XRD data for CdS QDs
(black) and Mn:CdS QDs (red) showing a zinc-blende crystal
structure.

Surface Electronic Structure of Mn-Doped and
Undoped ZnS and CdS QD Thin Films. The oxidation
state of a dopant in a semiconducting material is fundamental
in understanding the dopant’s environment especially with
respect to electron contribution and bonding in the material
being doped. In Mn:ZnS and Mn:CdS, it is believed that Mn
should replace the Zn** and Cd** ions during the synthesis
process, which suggests that Mn should adopt a +2 oxidation
state. The X-ray photoemission Mn 2p core-level features can
be used to explore the final oxidation state for the Mn dopant
near the surface in both Mn:ZnS and Mn:CdS QD thin films.
A striking feature of the Mn 2p;), core-level photoemission
feature, in both Mn:ZnS and Mn:CdS, is the broadness in the
core-level peaks, as shown in Figure 2. The broadness can be
quantified by the fwhm of the core-level features; in the case of
both Mn:ZnS and Mn:CdS, the 2p;/, fwhm is roughly 4 eV. As
mentioned previously, it is expected that Mn is in a +2
oxidation state, which would result in a 2p core-level feature
with peaks of fwhm < 2 eV and a higher binding energy
satellite feature located at ~646 eV.”>>° Broadening in
photoemission core-level features can result from many
complex phenomena, for example, surface-to-bulk core-level
transitions,”” >* multiplet splitting,zs’31 oxidation state
chan]ge,32_37 and screening effects™® ™ to name a few. For
transition metals, especially Mn, it is well known that multiplet
splitting occurs in the band structure.”>***"3% Multiplet
splitting occurs when an electron is excited from a deep
energy level, and then an electron in a higher level interacts
with the remaining unpaired electron in the deep level.”?°
This interaction results in several higher energy final states
which are observed in the XPS core-level spectra as a peak
broadening at higher binding energy; thus, a larger fwhm is
expected if multiplet splitting is present. Additionally, the
presence of more than one oxidation state can lead to further
broadening, which in fact is what is suggested by the XPS core-
level features in Figure 2.

In order to confirm and quantify the presence of multiple
oxidation states of the Mn dopant, both the Mn 2p; , and 2p,,
core-level features are analyzed using a pseudo-Voigt fitting
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Figure 2. (a) XPS spectra for Mn 2p core-level features in Mn:Zn$S
QDs show the Mn 2p;, (lower binding energy) and Mn 2p, ;, (higher
binding energy) features with associated shake-up peaks. (b) Mn 2py,
core-level feature with the shake-up peak (red dots) and pseudo-Voigt
fit (black line), and below are the fitting curves of the envelope
multiplet peaks for Mn +2, +3, and +4 (black dashed) along with the
shake-up peak (blue). (c) XPS spectra for the Mn 2p core-level
feature in Mn:CdS QDs show the Mn 2p;,, (lower binding energy)
and Mn 2p, , (higher binding energy) features with associated shake-
up peaks. (d) Mn 2p,, core-level feature with the shake-up peak (red
dots) and pseudo-Voigt fit (black line), and below are the fitting
curves of the envelope multiplet peaks for Mn +2, +3, and +4 (black
dashed) along with the shake-up peak (blue).

function. The fitting curves and data for Mn 2p;;, core-level
photoemission features in Mn:ZnS and Mn:CdS are shown in
Figure 2b,d, respectively. The overall concentration of Mn in
both the ZnS and CdS films is roughly 5 + 1 at. %. The fitting
curves and data for Mn 2p;;;, in Mn:ZnS and Mn:CdS are
shown in the Supporting Information. In order to determine
the relative concentrations of the Mn +2, +3, and +4 oxidation
states from the XPS data, fitting parameters extracted from
MnO, Mn,0;, and MnO, 2p photoemission core-level features
with contributions from multiplet splitting were used in the
fitting procedure. Photoemission core-level features for MnO,
Mn, 05, and MnO, represent pure oxidations states for Mn in
the +2, +3, and +4 configurations and thus give a way to
extract the different oxidation state contributions in the QDs.
The multiplet peaks and the envelope fitting curves along with
the multiplet peak position, relative peak intensities, and fwhm
are shown in more detail in the Supperting Information. All
parameters used for fitting the core-level features are the same
as in the study by Nesbitt and Banerjee™ for pure MnO,
Mn,0;, and MnO, 2p photoemission core-level features. As
can be seen in Figure 2b,d, the fits agree well with the XPS
data. It can be seen that there is a presence of all three
oxidation states at the surface of both Mn:ZnS and Mn:CdS
films, where the majority of Mn is in the +3 state. The
intensities of the fitting peaks are used to determine the relative
contributions of the Mn dopant in the +2, +3, and +4
oxidation states in the surface of the QD films. For Mn:ZnS,
the relative Mn contributions as percentages of the overall Mn
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concentration are as follows: Mn** = 20.6 + 1%, Mn** = 79.0
+ 1%, and Mn** < 1%. The relative Mn contributions as
percentages of the overall Mn concentration for Mn:CdS are as
follows: Mn?* = 12.7 + 1%, Mn*" = 73.0 + 1%, and Mn*" =
14.3 + 1%. It is important to realize that XPS is able to probe
the surface of the QD films and the relative contributions of
oxidation states in the bulk of the films could be much
different, and in fact, the amounts of Mn* and Mn* are
probably much less percentages in the bulk of these films.
Additionally, XPS indicates the presence of oxygen in the films
(see the Supporting Information), but there is no indication
that the oxygen is due to a Mn-oxide formation, rather it
appears to be due to the presence of H,O on the surface, SiO,
in the substrate, and negligible amounts (<0.1%) of ZnO, or
CdO, at the surface. A few questions, beyond the scope of the
current study, arise concerning the hydroxylation/dehydrox—
ylation of these OH species, which are as follows: “Can the
OH species be removed upon annealing in vacuum or noble
gas?” and “would prolonged exposure to ambient conditions
influence the oxidation states of the Mn dopants?” Although
we do not have current data which speak to these questions,
the possibility of influencing the oxidation state through
removal or addition of non-native species could have serious
implications in material preparation and the subsequent device
applications. These areas should be explored further in future
experiments.

The presence of Mn at a higher than +2 oxidation state at
the surface of the QD thin films is surprising given that there is
no indication of Mn-oxide formation in the O Is core-level
photoemission spectra (see the Supporting Information) for
both doped and undoped ZnS and CdS systems. A question
arises: Are there sulfur vacancies or zinc (cadmium) vacancies
present at the surface? Indeed, the XPS Zn 2p core-level
spectra for undoped ZnS exhibit a peak asymmetry, not seen in
Mn:ZnS, toward lower binding energy (see the Supporting
Information), which represents Zn unbound to S, indicating
that there are sulfur vacancies in the film surface. Additionally,
the S 2p photoemission core-level features show a pronounced
asymmetry toward higher binding energy in both Mn-doped
and undoped ZnS, that is, S unbound to Zn, confirming the
presence of Zn vacancies in the film surface. As determined
from the compositional analysis of the S 2p core-level features,
there are more than twice as many Zn vacancies present in the
ZnS QD thin-film surfaces (>20 at. %) compared to that in the
Mn:ZnS QD thin-film surfaces. The compositional analysis of
the Zn 2p core-level features suggests that 8 + 1 at. % of S
vacancies exist in the undoped ZnS, whereas there were no
observable S vacancies in the Mn:ZnS films.

On the other hand, the S 2p photoemission core-level
features for the CdS systems exhibit a subtle broadening,
indicating that CdS has less than 15 at. % Cd vacancies present
near the surface, whereas Mn:CdS has less than 2 at. % Cd
vacancies. The Cd 3d photoemission core-level features in
doped and undoped CdS support the presence of a significant
amount of S vacancies (>40 at. %), and in fact, this would
require the film surface to behave as if metallic or at least very
n-type, which is confirmed by STS as discussed below.
Interestingly, the Cd 3d photoemission core-level feature for
undoped CdS has three peaks, a shake-up peak at higher
binding energy (~406 eV) (see the Supporting Information)
compared to the peak because of unbound Cd at the surface,
that is, sulfur vacancies (~404.5 eV) and the Cd** peak (405.1
eV). The shake-up peak does not appear in the Cd 3d

spectrum for Mn-doped CdS, which exhibits a more metallic
nature as seen in the dI/dV spectra discussed below. There are
many governing phenomena which can appear as shake-up
peaks in photoemission spectroscopy as previously mentioned.
In the present case, there are three possible origins for the
shake-up peak: (1) the presence of a surface plasmon, (2) peak
broadening due to phonon excitations, that is, phonon
broadening, and (3) a screened two-hole bound state. The
plasmon energy, E,, for Cd 3d is roughly E, ~ 9.2 eV* and is
thus too large to represent the energy shift of the shake-up
peak, AE,, = 1.5 eV, with respect to the peak because of the
unbound Cd at the surface. Phonon broadening is not a likely
origin as it is typically observed as energy shifts on the order of
meV, AEs < 1 eV,"** which is much smaller than AE,, =~ 1.5
eV. A two-hole bound state occurs when photons excite a core
electron, which leaves behind a core hole state. Then, the
photoexcited electron experiences some kinetic energy loss,
which is equivalent to the energy required to excite a valence
electron to the conduction band, that is, the electronic band
gap, E,. The excited valence electron leaves behind a valence
hole and hence the term two-hole bound state.*’ Thus, for an
unscreened photoelectron, AE,, would be equal to the band
gap of the CdS QD thin films, E; ~ 2.6 V, as determined by
STS (discussed below) and a peak should appear ~2.6 eV
higher in binding energy than the peak because of the unbound
Cd at the surface. As AE, is slightly less than E,, this means
that the ejected photoelectron has a slightly higher than
expected kinetic energy (lower binding energy) because of a
repulsive potential.*® This would suggest that the core hole is
being screened because of charge-transfer effects®® and hence
the term screened two-hole bound state, which can be used to
explain why AE,, is slightly less than E,. The two-hole bound
state is not seen in the Cd 3d core-level features in Mn:CdS
films as these films are even more n-type, one may even say
metallic in nature, compared to that in the undoped CdS film
(see Figure 3b and discussion below). A metallic system tends
to quench the resonance and thus the emission of two-hole
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Figure 3. STS spectra for (a) ZnS QDs (blue) and Mn:ZnS QDs
(red), setpoint = —3 V bias, 500 pA and for (b) CdS QDs (blue) and
Mn:CdS QDs (red), setpoint = —3 V bias, 300 pA; black arrow
emphasizes a localized in-gap feature because of Mn d states near the
conduction band edge.
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bound state transitions because of the presence of free
electrons and the multitude of extremely fast decay routes,
so the intensity of the photoemission signal is dramatically
reduced.*®*

If there are any vacancies in the film surface, there should be
a noticeable doping effect in the electronic band structure. For
example, if sulfur vacancies are present in the film surface, this
would lead to an excess of electrons, so it is reasonable to
expect an electron-doping effect. This would cause the valence
band and conduction band to rigidly shift toward lower energy
with respect to the Fermi level. In other words, the valence
(conduction) band would shift away (toward) from the Fermi
level if an electron-doping effect occurs or equivalently, it could
be said that the Fermi level would shift up away (toward) from
the valence (conduction) band. A rigid band shift indicates
that the band edges maintain the same relative shape, and thus,
the density of states does not vary appreciably, rather the band
edges shift along the energy axis. Thus, the presence of sulfur
vacancies would require that the undoped and doped films be
n-type in nature. On the other hand, if a significant presence of
zinc (cadmium) vacancies is in the surface of the films, then an
excess of holes would lead to a hole-doping effect. In the case
of hole doping, a rigid band shift toward higher energy with
respect to the Fermi level is expected. Thus, the valence
(conduction) band would shift toward (away from) the Fermi
level. The doped and undoped films are expected to be p-type
if there is a significant presence of zinc (cadmium) vacancies.
Additionally, as ~70—80% of the Mn dopants in Mn:ZnS and
Mn:CdS are present in a higher oxidation state (+3), this
suggests that Mn contributes extra electrons, so an electron-
doping effect should occur in the Mn-doped samples as well.

In order to investigate the nature of the vacancies and their
influence on the positions of the conduction and valence bands
with respect to the Fermi level, STS was performed on both
doped and undoped ZnS and CdS in QDs of roughly 1.5 nm in
diameter. In STS, the Fermi level is fixed at zero bias, so the
first thing to notice is that both Mn-doped and undoped ZnS
and CdS appear to be n-type, as shown in Figure 3. The n-type
nature of the undoped ZnS as measured by STS would appear
to contradict the XPS data, which indicated a large presence of
Zn vacancies (>20 at. %) as compared to sulfur vacancies (8 at.
%) in the film surfaces, indicating that the films should be p-
type. XPS is able to probe the first several atomic layers (<10
A) of the film surface, whereas STS is only capable of
measuring the top most layer of the film, which suggests that
XPS is able to measure most of the bulk properties compared
to STS. This implies that the surface as measured by STS is n-
type, while the bulk layers beneath the topmost surface layer
are p-type. This difference in doping between the bulk and the
surface has been observed in other materials including hybrid
halide perovskites.”® Now, if we consider the effect of the band
structure upon the incorporation of Mn for Mn:ZnS, as shown
in Figure 3a, it is obvious that there is a rigid band shift toward
higher bias reminiscent of a hole-doping effect. The valence
and conduction band edges maintain the same relative shape,
but there is a slight reduction in the band gap in Mn:ZnS
compared to that in ZnS§, suggesting weak sp—d hybridization
between Mn and ZnS. This is slightly perplexing as an
electron-doping effect should occur upon introduction of the
Mn dopant, and thus, we should see a rigid shift in the
opposite direction. The only way we can have a hole-doping
effect is if the Mn:ZnS films have either more Zn vacancies
and/or less S vacancies in comparison to the undoped ZnS$

film. XPS data indicated the latter, and no detectable sulfur
vacancies were observed for the Mn:ZnS films.

In contrast to the ZnS system, the dI/dV spectra of Mn-
doped and undoped CdS QD films, as shown in Figure 3b, do
not indicate a rigid band shift upon Mn doping. Mn doping in
CdS appears to cause a significant reduction in the band gap
and induces mid-gap localized states near the conduction band
edge. The mid-gap state is a small feature appearing around
0.0—0.2 V in the Mn:CdS dI/dV spectra (red curve) in Figure
3b emphasized by a black arrow. The band gap reduction for
CdS is much more obvious than for ZnS, suggesting that the
Mn incorporated into CdS may have a stronger interaction
with the band electrons of CdS than with that of ZnS. Because
of the absence of the rigid band shift in the dI/dV spectrum of
Mn:CdS, hole doping cannot be used to explain the influence
of Mn on the electronic band structure for CdS. Another
mechanism must be dominating in order to cause a large
reduction in band gap and induce mid-gap states. One
possibility is the existence of a large exchange interaction
caused by the Mn dopant with the Cd and S band electrons,
that is, strong sp—d hybridization. Additionally, the extreme n-
type band structure of the Mn-doped and undoped CdS QD
films confirms that sulfur vacancies must be present and the
surface is highly conducting as suggested above by XPS
measurements. To explain the experimental results, we
performed DFT (for details, see Methods) calculations
including a Mn dopant in bulk ZnS and CdS (Figure 4a).
Figure 4c,d shows the spin-resolved density of states of Mn-
doped ZnS and CdS compared with that of the undoped
samples, showing the presence of localized occupied states in
the band gap, that is, mid-gap states, of both ZnS and CdS.
This can be further seen from the defect charge density plot in
Figure 4a, which shows that the defect state is well localized
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Figure 4. First principles defect calculations: (a) dopant Mn-induced
localized charge density in ZnS and CdS. (b) Formation energy of
charge neutral (M™, in line with the zero slope) and unit positive
charged defect (Mn?', in line with the unit slope) plotted as a
function of energy in the band gap of ZnS and CdS. At the VBM, the
unit positive charged defect is energetically favorable. However, its
formation energy increases with energy in band gap and loses its
favorable status to neutral defect when the energy increases ~0.2 eV
above the VBM. The dot represents the energy position of charge
transition (+1/0). (c,d) Density of states of the Mn-doped ZnS and
CdS compared with the host unit cell showing deep defects in the
band gap.
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within the radial distance of the second nearest neighbor from
the dopant atom. The localized nature of defects leads to deep
charge transition levels, which are calculated by comparing the
formation energy of a doped system in the presence of various
amounts of charge. Figure 4b shows the formation energies of
0 and +1 charge states, which approximately represent the
Mn®* and Mn*" oxidation states of a Mn dopant, respectively,
in the band gap region of ZnS and CdS. In both compounds,
the +1 charge state becomes a ground state for the p-type-like
condition where the Fermi level moves closer to the VBM.
This is consistent with the prevalence of Mn** states over Mn**
and Mn* and the apparent increase in density of states at low
bias (negative bias region in Figure 3), which resulted in the
Fermi level shifting closer to the valence band edge as shown
in Figure 3. Our model suggests that the increased dI/dV
signal near the VBM of both the Mn-doped ZnS and CdS
systems is due to contributions from a t,, orbital of the split
Mn d state and strong p—d hybridization. The Mn dopant
itself, however, is not likely to be the source of the rigid shift
observed in the STS curve as it cannot produce any hole
contribution upon substituting for the Zn atom; thus, there
may be a contribution from hole states because of Zn and Cd
vacancy formation. The question arose: Can Mn dopants
facilitate the formation of hole-producing defects, such as
cation vacancies, by binding with them and lowering their
formation energy? To investigate such a possibility, we
calculated the formation energy of Vg, in the presence and
absence of a Mn dopant and found that the formation energy
of Vz, gets reduced by ~0.2 eV in the presence of a Mn dopant
in ZnS. The formation of such defect complexes may dope the
system with hole carriers, thereby shifting the Fermi level
toward the valence band and stabilizing Mn** as found in the
experiment.

Magnetic Properties of Mn-Doped and Undoped ZnS
and CdS QD Thin Films. Vacancy-induced ferromagnetism is
a common phenomenon appearing in a wide range of
semiconducting materials such as ZnO,Sl_53 C-implanted
Zn0,** Mn:Zn0,>>*° ZnS,>” Mn:ZnS,*® Pbs,> Ti0, """
In,0;,°" $n0,,* and HfO,.°»% In the interest of exploring the
magnetic nature of the vacancies and Mn dopant, magnet-
ization (M) versus applied magnetic field (H) was measured
for each sample of the Mn-doped and undoped ZnS and CdS
QD thin films at § and 300 K, as shown in Figure 5. At both §
and 300 K, the undoped ZnS QD thin films exhibit a
ferromagnetic hysteresis. Upon introduction of the Mn dopant,
the magnetization reduces dramatically, as shown in Figure 5a,
but the coercive field at 5 K increases by roughly 150% from 61
+ 4 Oe in the undoped ZnS to 152 + 4 Oe in the Mn-doped
ZnS QD thin films, as shown in Figure Sb. The reduced
magnetization accompanied by the increased coercive field in
Mn:ZnS is not unexpected as the magnetization is inversely
proportional to the coercive field in magnetic systems with
magnetic moments which are aligned parallel. In comparison
to the ZnS systems, the Mn-doped and undoped CdS QD thin
films both exhibit ferromagnetism at 5 and 300 K as shown in
Figure 5¢; however, there is no significant change to the
magnetization upon introduction of the Mn dopant. The
coercive field at 5 K, in contrast with the ZnS system, decreases
slightly by roughly 4% from 124 + 5 Oe in the undoped CdS
to 119 £ 5 Oe in the Mn:CdS QD thin films, as shown in
Figure 5d. Additionally, the coercive field at 300 K reduces by
almost 27% upon incorporation of the Mn dopant into CdS.
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Figure 5. Magnetization (M) vs applied magnetic field (H) at 5 and
300 K for (a) ZnS and Mn:ZnS QD thin films, (b) zoomed-in image
of (a) showing the coercive fields and for (¢) CdS and Mn:CdS QD
thin films, (d) zoomed-in image of (c) showing the coercive fields.

The ferromagnetic hysteresis in both the Mn-doped and
undoped ZnS and CdS systems is due to the presence of Zn
(Cd) vacancies rather than S vacancies as has been shown in
the literature.””**** The reduced magnetization of the doped
ZnS$ system suggests that the Mn dopant, by replacing the Zn
atoms, reduces the overall ferromagnetic behavior of the
samples. This is surprising given that Mn has a rather large
effective magnetic moment, y.g as compared to the effective
magnetic moment of Zn vacancies as evidenced by the
literature for Mn®" j 4 = 5.3—6.2 pip*® Mn> p g = 4.8—49
;13,67’68 and Vg, peg = 1.5-1.77 ;13.69_71 The calculations from
the model in this study indicate a calculated local magnetic
moment of the Mn dopant yig ~ 4.2 pp. The relatively large
local moment can be explained based on crystal field theory in
a tetrahedral environment and the large exchange splitting of
the Mn atom. In the tetrahedral environment, dopant Mn d
states split into e, nonbonding, and t,,—p—d bonding
orbitals, as shown in Figure 4c,d; the latter are at higher
energy because of larger Coulomb repulsion along the bond
direction. Because of even larger exchange splitting, orbitals of
one spin channel become occupied before the other. This leads
to dopant egT and tZgT states being occupied, giving rise to a
local moment of p e &~ 4.2 g Indeed, this large value of
magnetic moment reinforces the concept of the localized
nature of the defect state in bulk ZnS and CdS. Moreover, this
suggests that the reduced magnetization upon introduction of
large moment Mn ions is due to some exchange or alignment
of the local magnetic moments, which is nonferromagnetic,
possibly antiferromagnetic, or ferrimagnetic. This may exhibit
itself as a possible antiparallel alignment of magnetic moments
between Mn—Mn or Mn—Zn:vacancy nearest neighbors.

The alignment scheme of the magnetic moments can be
determined through the calculated magnetic exchange terms
by comparing the energy difference between ferromagnetically
and antiferromagnetically coupled Mn substituting Zn in ZnS
and Cd in CdS. The magnetic exchange term, J; was
determined, in a DFT calculation, to be antiferromagnetic
regardless of separation between the magnetic ions, with the
exchange energy decreasing exponentially with the separation
distance between substituted Mn atoms. Additionally, the Mn
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surface atoms, according to the calculations, would be
antiferromagnetically coupled to the neighboring atoms
beneath the surface and so on. As the ZnS and CdS systems
are not layered materials, it is not expected that the Mn atoms
in the surface are ferromagnetically ordered at the surface and
antiferromagnetically coupled to the next Mn atoms beneath
the surface. This antiferromagnetic type of exchange, present
throughout the QD, is consistent with the experimental
observation of reduced moments upon Mn doping in Zn$S
nanocrystals. The Zn and Cd vacancies at the surface have a
larger presence (>15 at. %), when compared to Mn ($ at. %).
As the cation vacancies are responsible for the ferromagnetism,
it is reasonable to assume that the surface magnetization is
mostly due to a strong ferromagnetic ordering between
vacancies in close proximity. Further experiments with atomic
spin resolution, such as spin-polarized STM, are required to
explore the nature of the surface magnetic structure as related
to the cation vacancies.

Bl CONCLUSIONS

This study has shown that the surface electronic band
structures of Mn-doped and undoped ZnS and CdS experience
a reduction in band gap. The introduction of Mn dopants in
ZnS QDs causes a rigid band shift in the electronic structure
because of a hole-doping mechanism and favorable Zn vacancy
formation. XPS core-level spectroscopy supports the hole-
doping mechanism and indicates that at the surface the Mn
dopant exists in a mostly +3 oxidation state in both doped ZnS$
and CdS QD thin films. Unlike in Mn:ZnS, Mn:CdS
experiences no rigid band shift in the surface electronic
structure even though Cd vacancies are present, indicating that
the dominant influence on the band structure is due to strong
sp—d hybridization. Magnetism measurements confirm the
presence of Zn and Cd vacancies through the observation of d°
ferromagnetism at both room temperature and 5 K. DFT
indicates that the Mn nearest neighbors are antiferromagneti-
cally aligned, which corroborates the reduced magnetization
observed in the Mn:ZnS QD thin films. From this work, it can
be understood that the oxidation state of the transition-metal
dopant must be considered when tailoring the electronic band
structure at the surface of a material and when creating
interfaces for use in electronic devices.
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