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Abstract
Transitionmetal doping is an effective tool for controlling optical absorption in ZnS and hence the
number of photons absorbed by photovoltaic devices. By using first principle density functional
calculations, we compute the change in number of photons absorbed upon dopingwith a selected
transitionmetal and found thatNi offers the best chance to improve the performance. This is
attributed to the formation of defect states in the band gap of the host ZnSwhich give rise to additional
dipole-allowed optical transition pathways between the conduction and valence band. Analysis of the
defect level in the band gap shows that TMdopants do not pin Fermi levels in ZnS and hence the host
can bemade n- or p- typewith other suitable dopants. Themeasured optical spectra from the doped
solution processed ZnS nanocrystal supports our theoreticalfinding thatNi doping enhances optical
absorption themost compared toCo andMndoping.

Introduction

Nanostructures, quantumdots and nanocrystals have been long known for their tunable electronic, optical and
transport properties.More recently, they have gained renewed interest as they offer ways to fabricate low cost
solar cells [1]. However traditional II-V quantumdots solar cells however suffered from lowdevice performance
[2, 3]. Transitionmetal (TM) doping has the potential to improve the absorption properties of low-cost solution
prepared transitionmetal doped ZnS andCdS quantumdots and enhance their photovoltaics efficiency. The
quantumdots have large surface to volume ratio, size dependent optical and electronic properties [4–6] and
tunable chemical composition and surfacemorphology. Inclusion of dopants [7] in such systemsmodifies the
band edges and createsmid gap states thereby changing optical and electrical conductivity by providing free
carriers or traps. The dopantsmay also passivate the surface by annulling dangling bonds and increase the
stability of low dimensional structures.

ZnS and II-VI semiconductor quantumdots and nanoparticles are easy to synthesize usingwet chemistry
and their size, crystallinity and structural stability can be controlled by growth temperature. Ability to control
virtually every aspect of thesematerialsmakes it interesting for several applications including in photovoltaics,
photocatalysis, photodetection, linear and non-linear optics, spintronics, plasmonic etc In addition, ZnS based
heterostructures [8–10] have gained attention due to design flexibility offered by ZnS. ZnS is less corrosive and
can be usedwith other photovoltaicmaterials such asCdSe andCdTe in core–shell quantumdot structures and
has a large band gapwhich allows band gap engineering of heterostructure with cascade type band structure for
the higher optical absorptions. Further tailoring of the properties is possible by external cation dopants, e.g., Al
[11],Mg [12], V [13], Cr [14],Mn [15–20] Fe [21], Co [17, 19, 22], Ni [19, 21–24], Cu [11, 20], Ag [19], Cd [19],
Eu [25, 26], Gd [27–29], anion dopants e.g. N andO [30] and co-doping between cation and cation, e.g, Li and
Tm [31], Co andNi [32, 33]; Eu andMn [34] , anion-anion, e.gN andC [35] and cation-anion co-doping [30].
Additional tuning of properties can be achievedwith interlayeringwith oxidesmaterials, e.g. ZnO [36]which
showpotentials in imaging, sensing and plasmonic. Fundamental to all these photo-related phenomena is the
possibility of using dopants to change the underlying electronic structure and absorption properties. It was
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recently shown that even the location of the dopant, either within or at the surface of the quantumdot can
influence the electronic properties and photocurrent of thematerial [37, 38]. To this end, wemake use of thefirst
principles density functional theory to study the difference in absorption upon doping ZnSwith selected
transitionmetals (TM)namelyMn, Fe, Co,Ni andAu that have their defect states lying near band edge or in the
band gap and analyze their absorption properties. Out of these, wefind thatNi improves absorption the best and
increases output power in the photovoltaic devices. Ourfindings are supported by the experimental absorbance
measurement in the pure ZnS and the TMdoped ZnS nanoparticles.

Results and discussions

To study how the defectmodifies absorption properties of the host, we construct 64 atoms, 2×2×2 supercell
of conventional Zinc-Blende cubic unit, with a TMatom substituting Zn as shown infigure 1(a).We relax the
ions in the supercell keeping its shape fixed until theHellman–Feynman forces are less than 0.01 eV/Å to
include defect induced relaxation in doped system. In the calculation, we use a kinetic energy cutoff of 340 eV for
the planewave expansion of the PAWs [39] and 4×4×4Monkhorst-Pack grid of k points [40] for Brillouin
zone integration. In all calculations, we turn on the spin polarization. Transitionmetals are oftenmultivalent,
resulting in non-isoelectronic substitutions with dopant atoms providingmore than two electrons to the anions
as provided by the host Zn atoms. Such electrons often reside in defect levels and can be removed creating
various ionization levels. For example,MnZn have three ionization levels: 1+, 0, 1−. To create such ionized
(charged)defect, we add to or remove electrons from the systemwith compensating jelliumbackground. This
charge exchange often occurs at the highest occupied state and corresponds to defect ionization.However, in
finite supercell addition of charge introduces two complications. Thefirst is that the interaction between the
charge and its image, whichwould not be there if the defect is completely isolated.We take this into account by
adding to the total energy a screenedMadelung energy resulting froma point charge-image interaction in the
lattice compensated by jelliumbackground as suggested by Leslie andGillan [41] and a screened interaction
between the delocalized part of the charge and its image due toMakov and Payne [42]. The dielectric constant
that determines screening is calculated using density functional perturbation theory [43] as implemented in
VASP. The second complication is the arbitrary shift in the total energy due to 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 [44]. These corrections effectively remove the supercell size dependent energy of a
charged system [45] and effectively represent the energy of large, ideally infinite crystal with a single defect (dilute
limit), even for the smaller computation cell.

The electronic structure of the supercell with orwithout defect provides valuable insight to the absorption
process. The dopant often produces isolated states deep in the band gap of the ZnS. This is crucial for increasing
the dipole allowed optical transition. Figure 1(a) andfigure S1-S5 is available online at stacks.iop.org/MRX/6/
126550/mmedia, shows the density of states of a TMZn substitutional defect in the background of the host states.
The defect states containmostly TM-t2g states, well localized inmiddle of gap, and arisemainly fromTM-d
states in the tetrahedral crystal environments. The localization of this state can also be visualized in real space by

Figure 1. (a)Typical ZnS supercell used in calculationswith a dopant atom substituting Zn, in this caseMn substituting Zn atom.
Three-dimensional charge density difference between supercell with andwithout substitutional defect is superimposed in the image
(in blue and green colors) to illustrate localized nature of the defect. (b)Density of states (DOS) of a pure supercell (gray shaded)
comparedwith that of defective supercell (black solid line); theDOS of dopant atoms is further projected into t2g (red solid line) and eg
(blue solid line) orbitals defined in tetrahedral cubic crystal.
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plotting charge density difference ( r r r rD = - -D VZn Mn ), where r ,D rVZn and rD are the charge density of
supercell with a TMZn substitutional defect, supercell with a Zn vacancy at the substitutional site and supercell
with only oneMn atom at the same position [46] as shown infigure 1(a). The defect induced charge density is
localized in the spherical regionwith radius equal to distance between next-nearest neighbors. The localization is
in-part caused by the relaxation induced by the defect atoms in the host lattice and differs according to a dopants
ionization level. For example, the tetrahedral cage around the neutral TMdopant expands for dopants likeMn
andAuwhile it shrinks for the dopants likeNi, Fe, andCo. The charged state 1- compared to the neutral defect
state has smaller tetrahedral cage for themagnetic dopants likeMn,Ni, Fe, Co but larger for non-magnetic
dopants like Au. The charged state 1+ always has a smaller tetrahedral volume compared to 1- and neutral defect
state. The defect level position is found to be qualitatively similar when the calculated band gap of thematerials is
2.0 eV inGGA approximation, which is smaller compared to experimental band gap of 3.54 eVor 3.4 eV in
HSE06 approximations, thereby indicating reported optical absorption spectra to a large extent is free of band
gap underestimation issue ubiquitous inGGAbased density functional theory calculations.

All the dopants do not have the same tendency of doping the hostmaterials so that they can bring the changes
in optical properties.We determine this tendency by calculating defect formation energy. The formation energy
is calculated assuming chemical and charge equilibriumbetween host and corresponding potentials reservoirs
[47] usingHF(D,q,EF)=E(D,q)−EH+μremoved -μadded+q(EF+EV)where E(D,q) is the energy of the host
with a defect in charge-state q,EH is the energywithout defect,μremoved andμadded are atomic chemical
potentials, EF is the electron chemical potential (Fermi energy) andEV is the valence bandmaximum. The
atomic chemical potentials of Fe[body centered cubic(bcc)], Ni[Face centered cubic(fcc)], Zn(hexagonal),
Au(fcc),Mn(cubic) andCo(hexagonal)were calculated by considering respective solids in crystal structure given
in the bracket.

Infigure 2(a), we plot the formation energy of various charge states of TM in ZnS as function of continuously
varying Fermi energy across the calculated band gap of the hostmaterial. The formation energy of the neutral
charge state is independent of the position of the Fermi energy, while it increases for the positively charged donor
defects and decreases for negatively charged acceptor defect as fermi energy approaches conduction band from
valence band. For all substitutional dopants thatwe have considered in our study, 1+ charge state is themost
favorable one at the valence bandmaximum. This can be understood in terms of nominal oxidation states of the
dopant substituting Zn. All dopants,Mn, Fe, Co,Ni andAu are prevalent in 3+ oxidation state, when they
substitute Zn, to a large extent theymaintain their characteristics with an extra electron in the defect state that
lies close to the valence band. This suggests that when Fermi level of ZnS isfixed to the lower end by an external
means, in p-type like conditions,Mn is likely to be found inMn3+ states, which is consistent with the recent
experimental prediction based on x-ray Photoelectron spectroscopy study of doped ZnS quantumdot thinfilms
[6]. Additionally, we found that the formation energy of 3d-transitonmetal substituting Zn is lower than
formation energy of 4d- transitionmetal substituting the Zn.

Furthermore, because of the difference in energy dependence of formation energy of different charge state of
a defect, formation of one charge state of a defect is favored over the other at some energy known as transition
energy. For example, the formation of neutral charged defect ismore favorable over 1+ charge defect when
Fermi level is higher than 0.15 eV above the top of valence band forMn. The transition energy ¢( )/T q q of TM
ion in ZnS can be calculated by taking the difference of formation energy and dividing by the charge difference:

Figure 2. (a) Formation energy of TMdopants in ZnS in their ground state as function of energywithin the band gap of ZnS. The dot
represents the transition energy between different charge defect state (b)The transition energy level for the TMdopants in ZnS, which
position is equivalent to the energy position of the dots in (a).
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- ¢ ¢ -{ ( ) ( )} ( )/HF q HF q q q . Infigure 2(a), we only show formation energy of themost energetically favorable
defect, with the slope of the line indicating the charge state of the defect. The point where the slope of a line
changes corresponds to the transition energy ¢( )/T q q abovewhich defect with charge state q becomes
energetically favorable over the defect state with charge ¢q .Alternatively transition energy levels are plotted in
figure 2(b)which showswhen going up in energy from the top of valence band, 1+ charge state of TMdopants,
is energetically favorable up to red line representing 1+/0 transition level. In themiddle of gap defect, neutral (0)
charge state is favorable until the energy increases above the blue line representing 0/1− charge state. These
transition levels lie relatively deep in the band gap, suggesting TMdopingmay not be as effective as other shallow
defects in changing the conduction properties of compounds. Additionally, donor type 0/1+ transition level lies
below acceptor type 0/1−. This type of arrangement is categorized as doping type 4 (DT-4)with acceptor above
donor [48], themain feature of such kind of defects include absence of Fermi level pinning so that the compound
can bemade both n-type or p-type by other suitable dopants for example by dopingwith other intrinsic defects
or Zn or S vacancy.

The presence ofmid gap states that can both absorb/release electron opens an additional channel for the
dipole allowed optical transitions. A density of states plot of neutral defect states (figure S1a tofigure S5a) shows
that the Fermi level is crossing the defect state in the gap, illustrating such a possibility. Figure 3(a) and figure (S
(1–5)d, S(1–5)e, S(1–5)f) shows optical absorption curve for the bulk ZnS and dopedZnS. The absorption
spectrawere calculated using the energy dependent dielectric function in presence of defect states. The

absorption spectrawas calculated by using, a w
w

e w e w e w= + -( ) [ ( ) ( ) ( )]
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transitions uá ñ∣ · ∣c e q from the valence states (υ) to the conduction states (c), considering the polarization
direction (e) of the photon and the electronmomentumoperator (q). The integration over the k is performed by
summation over special k-points spanning entire Brillouin zonewith correspondingweighting factorwk. The
real part of the dielectric function e w( )1 is obtained from the imaginary part e w( )2 using theKramers-Krönig
transformation. Figure S1-S6 shows density of state and absorption spectra associate with each of them. In
figure 3(a)we collect absorption spectra from each dopant for the comparison. Absorption spectra of theNi 1+
charged state stands out among other dopants. In this case, very large empty density of state is located near
valence bandmaxima (figure S4). It is not smeared and remains separate unlike 1+ charged state ofMn andCo.
As a result, absorption starts from very small energy∼0.1 eVhowevermaximumabsorption occurs around
1 eV. Figure S1 shows that the spin down valence band and the defect state are nearly 1 eV separate. So, the
maximumabsorption can be correlatedwith the transition between these two states. In neutral charge state, half
of the defect state isfilled and transition from valence bandmaximum to the defect state is halved compared to 1
+ defect states. In additions, defect state in neutral states are higher in energy due to added electrostatic
repulsionwith the electrons in the valence band. In 1− charge state,most of the defect state are filled and the
optical transition fromVBM to defect state is completely suppressed.

To further quantify the effect of the such change in absorption due to defect we calculate the number of

photon absorbed [49], by using ò=
¥

( ) ( )Np a E I E dEsun
0

, where ( )I Esun is the solar radiationflux and

Figure 3. (a)Calculated absorbance spectra of TMdopedZnS. The gray shaded area shows the solar irradiance spectrum. The blue
shaded area gives the absorption spectra for the pure ZnS. (b)Percentage change of number of photons absorbed compared to the
pure ZnS supercell for different TMdopants and their charge state.
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( )a E is the photon absorptivity . The absorptivity is given by = - a-( ) ( )a E e1 E L2 and depends on the
absorption coefficientα(E) and absorber thickness L. For comparisonwe use typical solar cell thickness L=50
micron assuming thinfilm geometry] [50]. Figure 3(b) showsD = -( ( )/N N N D N )/N,whereN andN(D)
are the integrated absorbed photon in absence and presence of defect (D).Ni as expected from its absorption
behavior shows greatest change in number of photons absorbed compared to undoped ZnS. This ismainly due
to presence of large absorption coefficient in thewide regionwhere solar irradiation intensity is significant
compared to the other TMdopedZnS absorption spectra as can be seen infigure 3(a).

The theoretical prediction is qualitatively verified bymeasured absorbance in TMdoped ZnS and dopedZnS
quantumdots. ZnS and dopedZnS quantumdots were prepared using a precipitation reactionmethod. For
synthesizing undoped ZnS quantumdots commercial (SigmaAldrich)Zn acetate (Zn(CH3COO)2.2H2O) and
Na2Swere used each being 99.999%pure. A solution of 0.1 Mof Zn(CH3COO)2.2H2O in dimethyl sulfoxide
(DMSO)was prepared by dissolving the (Zn(CH3COO)2.2H2O in 40 ml ofDMSO.Next 0.5 ml of 1-thioglycerol
was added dropwise to themixture. 1-thioglycerol acts as the capping agent to prevent the agglomeration of
quantumdots. Themixturewas then heated to 75 °Cwith constant stirring. A solution of 0.2 MofNa2Swas
prepared by dissolvingNa2S in 10 ml of deionizedwater andwas injected to themixture. Themixture was kept
at constant temperaturewith continuous stirring for 9 h and cooled using an ice bath. Transitionmetal doped
ZnS (Mn:ZnS,Ni:ZnS, Co:ZnS) quantumdotswere prepared by adding 10 wt%of dopantsMn (II) acetate
Mn(CH3COO)2.4H2O,Ni (II) acetateNi(CH3COO)2.4H2O, andCo (II) acetate Co(CH3COO)2.4H2O, all
�99.998%,with the Zn(CH3COO)2.2H2O toDMSO and followed the same procedure. A non-colloidal
solution of both undoped and dopedZnS quantumdot solutions were prepared by adding acetone into the
colloidal solutions. The absorptionmeasurements of all the non-colloidal solutionswere taken using aDH-
2000-BALdeuteriumhalogen light source (210–1500 nm), HR4000CG-UV-NIR spectrometer (OceanOptics).
The solutionswere placed in cuvettes with a path length of 10 mm.

The experimental absorbance spectra for the pure ZnS and the TMdoped ZnS nanoparticles is shown in the
figure 4(a). Similar towhatwe find theoretically, experimentalmeasurements also show clear improvement of
absorbance upon doping, Additionally, its shows thatNi doping enhances the absorption themost compared to
Co,Mn similar to the calculations finding figure 3(b). To further quantify this improvement, we calculate
change in number of photons absorbed form experimental absorbance curve assuming it contains all
information about the dimensionality of the sample.We rewrite the absorptivity = - -( ) ( )a E e1 A E2 in terms
of absorbance ( )A E and calculate the change in number of photons following similar procedure we used in
theoretical calculations. Figure 4(b), shows changes in photons absorbedwith respect to the pure ZnS; not
surprisingly the number of photons absorbed is largest in case of theNi doping compared to other dopants.
While quantitative comparison between theory and experiments is enticing, herewe only seek quantitative
comparison aswe do not include all possible transition pathways thatmay be available experimentally. For
example,Mndoping favors formation of Zn vacancy, which contributes additional states in the band gapwhich
leads to further changes in the absorption spectra. In fact, availability of extra optical transitions pathwaysmay
be the reason behind larger changes in photon absorptions in experiments compared to the theory.

Figure 4. (a)Experimental absorbance spectra of TMdopedZnS. (b)Percentage change of number of photons absorbed compared to
the pure ZnS for different TMdopants.
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Conclusions

In summary, out ofMn, Fe, Co,Ni, Au dopant we considered in Sphalerite ZnS, we found thatNi dopant ismost
efficient to improve its absorption properties. This is attributed to formation of dipole active states in the band
gap of the ZnS.Our findingmatches qualitatively with that found in the experiments involving ZnS nanocrystal,
showing the possibility of using density functional theory for suitable dopant search for enhancing optical
absorption even for the solution processed solar cells devices.
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