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Band-gap variation in Mg- and Cd-doped ZnO nanostructures and molecular clusters
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We study the effect of doping on band gap in Mg- and Cd-doped zinc oxide nanostructures and molecular
clusters. The fabrication of doped nanostructures was carried out via solution route. The lower doping effi-
ciency of Cd than that of Mg has been explained in terms of binding energy. The band gap varied from 3.04 eV
in Cd-doped (9.1 at. % of Cd) nanostructure to 3.99 eV in Mg-doped (16.8 at. % of Mg) nanostructure. The-
oretical analysis using first-principles molecular dynamics techniques on pristine and doped ZnO clusters
shows that the energy gap between the highest occupied molecular orbital and the lowest unoccupied molecular
orbital exhibits a similar variation as does the band gap in nanostructures with the varying concentration of Mg

and Cd.
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I. INTRODUCTION

ZnO and doped ZnO are important in technological appli-
cations in catalytic, electrical, optoelectlronic,l’2 and quantum
devices.** ZnO is a direct-band-gap semiconductor with a
large gap of 3.37 eV. A large variety of ZnO nanostructures
such as nanoparticles, nanorods, nanotubes, and nanowires
have been synthesized™® and they have been successfully
used in, for example, optical devices.”® For the realization of
devices based on ZnO, one of the prerequisites is to engineer
the size of the band gap. One of the ways of doing this is to
alloy ZnO with specific concentrations of materials such as
MgO and CdO.

To this end, there have been several theoretica and
experimental'>"'> works. Ohtomo et al.'? alloyed ZnO with
MgO using the pulsed laser deposition (PLD) method and
reported increase in band gap in the alloy. A decrease in band
gap in Cd-doped ZnO has been reported by several
authors.!416 Makino et al.'> have studied alloying of ZnO
with CdO using PLD method and found a decrease in the
band gap in the alloy. Wang et al.'* investigated the effect of
Cd substitution in Zn(,_,)Cd, O nanorods and nanoneedles.
They also found a decrease in the band gap with increasing
concentration of Cd. Kukreja et al.'® could have achieved a
band gap of about 3.8 eV by alloying ZnO with MgO. In the
case of alloying ZnO with CdO, they were able to attain a
band gap as low as 2.9 eV.

To understand the behavior of these materials, it is im-
perative to study both their crystal and electronic structures.
There have been a few completely first-principles attempts to
look at the electronic structure of ZnO from a density-
functional viewpoint.'3-2> Most interesting phenomena occur
at the surface of these compound semiconductors. It is cer-
tainly true that there are some properties of these compounds
that are local, in the sense that they occur at a specific loca-
tion of the surface, for example, adsorption or surface cataly-
sis. It may therefore be useful to study clusters of these com-
pounds whose electronic and structural properties will give
insight into these local properties.?>*
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As clusters bridge the gap between a molecule and the
bulk material, in this work we have tried to understand, at
least qualitatively, our experimental findings on Zng_y
X(Mg,Cd),O nanostructures (10—15 nm) through a first-
principles theoretical study of clusters of sizes about 6 A.
Though it is perhaps not fair to compare two systems which
differ in size by an order of magnitude, the aim of this in-
vestigation is to look at qualitative trends with increasing
doping.

Here, we have carried out a systematic first-principles the-
oretical study of clusters of (ZnQ), using the soft-
pseudopotential technique ideally set up for clusters contain-
ing an element with d electrons whose potentials are
sufficiently localized and deep. Such a formulation is ideal
for Zn containing clusters. We shall determine the ground
state shapes of the clusters as well as that of the next higher
energy isomer in the size range 1=n=12. We shall also
examine some of the energetics of the clusters as a function
of their cluster size. It would also be interesting to study the
variation of the band gap with varying doping concentrations
in nanosized samples from first principles. The smallest clus-
ter size in the range of a few nanometers in diameter would
involve around 48-50 ZnO units. Before we carry out a full-
fledged first-principles molecular dynamical analysis of such
large clusters, we shall first study some of the smaller stable
or magic clusters of ZnO, whose structural and electronic
properties were studied earlier.!! We shall dope them with
Mg and Cd and study the variation of the bonding energy
and the highest occupied molecular orbital-lowest unoccu-
pied molecular orbital (HOMO-LUMO) gap which is the
“band gap” in these finite systems. An overwhelming major-
ity of such studies to date follow techniques which are based
on the density-functional theory in the local density approxi-
mation (LDA). The band gap which arises out of the Kohn-
Sham virtual orbital based density of states in the LDA is
always underestimated. We shall therefore concentrate on the
change in the band gap (or the HOMO-LUMO gap) on dop-
ing, with the expectation that the errors in the doped and
undoped cases compensate each other.
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We have then doped some of the stable pristine (ZnO),
clusters with Mg and Cd and have shown that the HOMO-
LUMO gaps in the smaller doped clusters show similar in-
crease or decrease with doping concentration as do the band
gaps in larger ZnO nanostructures. We have also shown that
this qualitative similarity becomes more pronounced as we
increase the size of the clusters.

We shall use our theoretical analysis to examine the ex-
perimental study of Zn(;_, (Mg,Cd),O alloy nanostructures
synthesized in our laboratory using the acetate route. We
should note that majority of the experimental works have
been carried out on epitaxially grown films on substrates.
Our emphasis in this work is on nanostructures of ZnO and
Cd- and Mg-doped ZnO. While there are several experimen-
tal reports elaborating the variation of band gap in doped
ZnO, very few works can be found in this direction, certainly
for nanostructures of average size ~100 A.2% This is because
the synthesis and characterization of molecular clusters of
the order of 10 A are difficult.

For the synthesis of Zn(,_,,(Mg,Cd),O alloy nanostruc-
tures, we have chosen a solution growth method for clear
understanding of lower doping efficiency of Cd than that of
Mg. In this method, mixing occurs at an atomic level. Con-
sequently, the material so made is close to thermodynamic
equilibrium. Therefore, the doping efficiency of Mg and Cd
into ZnO can be explained on the basis of cohesive binding
energy of the corresponding alloys. The change in the bind-
ing energies of Zn;_yMg,O and Zn(_,Cd,O alloy mol-
ecules from the parent compound ZnO determines the dop-
ing efficiency of corresponding dopant atoms.

One needs to be cautious while investigating the effect of
doping on the band gap of ZnO nanostructures because in the
quantum confinement regime, band gap becomes a function
of size.26 In our experimental work, we have used nanostruc-
tures of size 10—15 nm, which lies beyond the quantum con-
finement limit (=5 nm). In the size regime we are working
(10—15 nm), the variation in the band gap for small fluctua-
tions in size (~5 nm) is very small (0.06 eV) compared to
the change in band gap observed as the effect of doping.

We should note that any LDA calculation will underesti-
mate the band gap. In particular, the band gap of bulk ZnO
which is around 3.3 eV is grossly underestimated in all such
calculations. However, the change in the band gap will be
more reliable, assuming cancellation of errors. There have
been experiments on the band-gap change in thin films of
Zn0.">27 The changes (18% enhancement with 33% Mg
doping and 10% decrease with 7% Cd doping) found by both
works are roughly consistent with the nanoparticle results
quoted here. Experimental works are lacking on bulk
Zn,_ Mg O and Zn;_,Cd,O alloys. The LDA theoretical
work by Thangavel et al.” on these bulk alloys indicate much
larger changes in the bulk alloys: 158% enhancement with
50% concentration of Mg and 85% enhancement with 50%
concentration of Cd. Our calculations by both VASP and TB-
LMTO also show very similar large changes in the bulk al-
loys. It would be interesting to understand why the clusters
and thin films behave similarly and the bulk changes are so
much larger.
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II. EXPERIMENTAL DETAILS

The details of experiments on the Mg- and Cd-doped ZnO
nanostructures have been reported earlier by some of us in
two earlier papers.>>?® In this section, we shall give a gist of
the preparational and characterization techniques used and a
summary of the results relevant to this paper.

A. Synthesis

ZnO nanostructures were synthesized using acetate route.
A 0.03M NaOH solution in ethanol was added in 0.01M
solution of Zn(CH;COOH),,2H,0 in ethanol kept at 65 °C.
The final solution was stirred and heated at 65 °C for 2 h.
This method allows precipitation of ZnO nanoparticles and
avoids precipitation of hydroxides if the temperature is
above 60 °C. For the purpose of making Zn,_Mg,O alloys,
we added different amounts of Mg(CH;COOH),,4H,0 to
the Zn(CH;COOH),,2H,0 solution for different doping
concentrations. The dispersions containing Zn;_ Mg, O nano-
particles were washed with water by centrifugation. Finally,
the precipitates were collected by dispersing them in ethanol
for optical measurements.

The fabrication of Zn;_,Cd O nanostructures was not pos-
sible under similar conditions as described above. This is
because of the fact that incorporation of Cd into ZnO leads to
the decrease in cohesive binding energy (see Fig. 9). To
achieve proper alloying, the Zn,_,Cd,O nanostructures were
synthesized under high pressure (54 atm) to obtain higher
boiling point of ethanol (230 °C). In order to synthesize
Zn,_,Cd,O alloy nanostructures, a clear solution of 0.015M
Zn(CH;COOH),,2H,0, 0.045M NaOH, and controlled
amount of Cd(CH;COOH),,2H,0 was prepared. Then, the
solution was taken in Teflon lined autoclaves preset at
230 °C. The Zn,_,Cd,O nanostructures thus prepared after
2 h reaction within the autoclaves were centrifuged and
washed by water. The precipitates were collected by dispers-
ing in ethanol for optical measurements.

B. Characterization

The amounts of incorporated dopant atoms in the alloy
nanostructures were found by inductively coupled plasma
atomic emission spectroscopy. The maximum incorporation
achieved in Zn;_ Mg, O and in Zn,;_,Cd,O were x=0.17 and
0.091 for the two alloys, respectively. Incorporation beyond
these values could not be achieved as the phase segregation
starts to take place. The average size of the nanostructures
was determined by transmission electron microscope (TEM)
as well as x-ray diffractometer (XRD) data. The average size
of undoped ZnO nanostructures lies in the range 10—15 nm
as seen by TEM image shown in the left panel of Fig. 1. The
size of the alloy nanostructures was also found to lie in the
same range. Two representative TEM images of Zn;_.Cd, O
and Zn,_ Mg, O alloy nanostructures are shown, respectively,
in the middle and right panels of Fig. 1. The sizes of the
nanostructures were also determined by Williamson-Hall
analysis® of the XRD data and the results agree well with
the TEM results.
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FIG. 1. TEM images of (left) undoped ZnO nanostructures,
(middle) Cd-doped ZnO nanostructures, and (right) Mg-doped
nanostructures.

C. Results and discussion

The direct-band-gap values of ZnO and its alloy nano-
structures have been determined by monitoring the funda-
mental absorption edges of the room temperature absorption
spectra shown in Fig. 2. In the left panel of that figure, we
can see the gradual blueshift of the fundamental absorption
edge with the increase of Mg concentration. Also, the exci-
tonic peak appearing in the absorption spectra of ZnO per-
sists even after considerable increase in Mg incorporation.
The band gap of Zn,;_ Mg O nanostructures increases mo-
notonously as we increase the Mg concentration. At 16.8%
Mg concentration, we could achieve a band gap of 3.99 eV,
which is equivalent to 12.39% enhancement. On the other

PHYSICAL REVIEW B 76, 195450 (2007)

—@ Bulk ZnO

+—e Nanophase ZnO
A—k x = 0.05
v—y x =0.17

-

Absorbance

e
]

4.5

3.5 ' 4
Energy (eV)

Absorbance
© ©
[=;] [+-]

I
IS

o
[

3
Energy (eV)

FIG. 2. Absorption spectra of the nanostructures: (left) Mg-
doped nanostructure and (right) Cd-doped nanostructure.

hand, Cd-doped nanostructures show a gradual redshift in
fundamental absorption edge, as shown in the right panel of
Fig. 2. We could achieve a band gap as low as 3.04 eV at
9.10% Cd concentration. Kukreja et al.'® have reported
12.76% enhancement in the band gap in Mg-doped ZnO al-
loy at 14% Mg concentration. In the case of Cd-doped ZnO
alloy, they have found about 13.95% decrease in the band
gap at 8.0% Cd concentration. In both cases, our results com-
pare well even though the methods of fabrications were quite
different. We have fabricated nanostructures via solution
route, whereas Kukreja et al.'® have made alloy by the PLD
method. Interestingly, for the Zn,_,Cd,O alloy nanostruc-
tures, the excitonic behavior of the absorption spectra dimin-
ishes quickly as soon as Cd incorporation starts to take place.
Thus, the large excitonic binding energy of ZnO (60 meV)
decreases sharply for Zn;_,Cd,O, contrary to the case of
Zn,_MgO.

III. THEORETICAL METHODOLOGY

The basis of our electronic and total energy calculations
and shape optimization of the clusters will be the projector
augmented wave (PAW) method. Blochl*® combined the
density-functional based multiple scattering (the linearized
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augmented plane wave) and the pseudopotential approaches
to present the computationally elegant, transferable, and ac-
curate PAW. Kressé and Joubert’! modified and coded this
PAW technique into the Vienna ab initio pseudopotential
package (VASP) on which our present work will be based.

The mathematics of the PAW method has been described
in detail elsewhere.> We shall comment on the following.

(1) The electron-ion interaction was described by the
pseudopotential based ideas. This is implicit in the PAW
methodology.

(2) We have used the exchange-correlation functional sug-
gested by Perdew et al.*?

(3) The clusters were placed in cells surrounded by
vacuum and periodic boundary conditions were used. The
size of the supercell was large enough (cube of 15 A) to
avoid interaction between the images. Typically, in the case
of (ZnO),, the distance between its two images was greater
than 9 A.

(4) Gamma point calculations*® have been performed with
the plane wave cutoff energy of 525 eV.

(5) The geometries of the clusters have been optimized
using conjugate gradient algorithm and the convergence was
achieved until the maximum force on each ion was less than
0.01 eV/A.

The binding energies of (ZnQ), clusters are defined as
follows:

Eg=E(n) —n[E(Zn) + E(O)], (1)

where E(n) is the total energy of the (ZnO),, cluster, E(Zn) is
the energy of a single Zn atom, and E(O) is the energy of a
single O atom. As for MgO clusters in earlier works,** we
have fitted the binding energies, per ZnO unit, of the clusters
(2=<n=12) in order to get the value of the energy for larger
clusters by extrapolation. The fitted expression is given by

Egin=—-2433n""+45.12n"%3 - 22530713 -3.78. (2)

This functional form is valid only for small values of n
and fits our data for n=2,...,12. We have calculated the
cohesive energy per ZnO unit for bulk ZnO and it comes out
to be 7.26 eV as against the experimental value of 7.52 eV.

The second difference in binding energy may be calcu-
lated as

AE(n) =2E(n)—E(n+1)-E(n-1), (3)

where E(n+1) and E(n—1) are energies of (ZnO),,; and
(Zn0O),,_; clusters, respectively. The quantity A,E(n) repre-
sents the relative stability of a cluster of size n with respect
to its neighbors. This quantity may be compared with mass
spectrographs of a substance.

The energy gap E, between the HOMO and the LUMO
for the ground state structure of each cluster is the HOMO-
LUMO gap. The stability of a particular structure can be
predicted with the magnitude of E,. The structure having a
larger gap is more stable and vice versa.

A. Pristine ZnO clusters

We shall begin with a brief description of the ground state
and next higher energy local minimum state structures of
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FIG. 3. (Color online) Ground state structures of (ZnO),, clus-
ters for n=2-7; large light spheres represent Zn atoms and smaller
darker spheres the O atoms. [Figures drawn using Xcrysden (Ref.
17).]

(ZnO),, clusters before we describe overall trends with size.

The structures of the ground states of (ZnO),, clusters for
n=2-7 are shown in Fig. 3. All the structures are planar,
distorted polygons with D,;, symmetries. The Zn-O-Zn
angles begin with 75° at n=2 and monotonically increase to
122° for n=7, while the O-Zn-O angles begin with 105° for
n=2 and become almost 180° for n=6 and n=7.

We have observed that there is a competition between
planar and three-dimensional structures. For n<7, ringlike
planar structures are more stable. At a critical size of n=8§,
there is a transition of stability from planar rings to three-
dimensional ground state structures. By the time we reach
(Zn0O),, the difference in energy between the planar and the
three-dimensional nearest isomers structures is already less
than 50 kJ/mol. For (ZnO)y, the ground state structure which
is two (ZnO), rings attached atop each other with (ZnO),
units belongs to D4, symmetry. It is at this size that forma-
tion of spheroidal structures reminiscent of fullerenes re-
ported by Behrman et al.® begins to show up. Now, as the
three-dimensional structures stabilize, the average Zn-O
bond length suddenly increases dramatically.

Figure 4 shows the ground state and next higher energy
structures for (ZnO),, n=8,...,12. Now, the structures are
built out of (ZnO); and (ZnO), units, i.e., hexagons and
squares. This tendency of forming spheroidal structures with
these units is characteristic of ZnO clusters with large n. The
(Zn0),, is the most spheroidal in shape in the size range 2
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FIG. 4. (Color online) (Zn0O),, clusters for n=8-12; large light
(gray) spheres represent Zn atoms and smaller dark (red) spheres
the O atoms. The subscripts g and [/ stand for global and local
minima structures, respectively.

<n=<12. In this, it resembles Cg,, but unlike it, it is unstable
with respect to the macroscopic crystal. These structures dif-
fer from the fullerenes in the sense that while fullerenes have
pentagons and hexagons, these structures have squares and
hexagons. Here, we do not expect pentagons, since that will
force like atoms to bond, which is energetically unfavorable
in the case of ZnO. This tendency of forming spheroidal
structures appears to be rather surprising. We would have
expected compact shapes as found by Behrman et al.® for
NaCl. As the size increases, the Zn-O distance decreases to-
ward the bulk value.
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FIG. 5. (Top) Binding energy per ZnO unit versus size of cluster
n. The circles are results of this work, while the squares are from
Ref. 23. (Bottom) Second difference in binding energy versus size
of cluster n.

The higher energy isomers for n=8§, ..., 12 are also shown
in Fig. 4. These are more open towerlike structures reminis-
cent of MgO ground states found by Calvo.** For ZnO, these
are not stable shapes.

We next examine the energetics of the clusters. Figure 5
(top) shows the binding energy in (ZnO), clusters per ZnO
units. The points indicate the calculated energies in eV and
the line shows the fitted form mentioned earlier in Eq. (2).
The form is empirical and has been suggested by many
authors.?? It seems to fit the binding energy quite well over
the entire range of cluster sizes. Our calculations, however,
throw no light upon its exact form. However, the binding
energy per ZnO unit in bulk ZnO is around 7.52 eV.3¢ The
binding energy curve tends toward this value slowly and we
are nowhere near approaching this limit for clusters as small
as 12 units.

Our results match those of an earlier work by Matxain et
al.? qualitatively. There is a rigid shift when we compare the
two. Matxain et al. also used a density-functional based
method; however, the pseudopotentials used in the two
works are quite different. We have used the latest projector
wave formalism eminently suitable for atoms with deep d
levels as in Zn. The binding energies of Matxain et al. were
consistently lower than ours, almost by a rigid shift across
the cluster size domain. Using the same PAW technique, we
have calculated the cohesive energy per ZnO unit for the
bulk. The work of Matxain et al. does not quote the bulk
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FIG. 6. HOMO-LUMO gap versus size of pristine ZnO clusters
of n units.

value and the fitted curve to their calculations for small clus-
ters is valid only for small values of n and cannot be extrapo-
lated for large n. However, a comparison between our two
curves indicates a rigid shift between them, which should be
the difference in the cohesive energy per ZnO unit of the
bulk in the two cases.

The second difference in binding energies A,E is shown
in Fig. 5 (bottom). This indicates the relative stability of the
clusters with respect to its neighboring sizes. This is consis-
tent with our other inferences from bond lengths and cluster
shapes and may be compared with the mass spectrograph of
ZnO clusters. These stable clusters then neither add another
unit and stabilize themselves nor shed a unit to do so, and
these sizes show peaks in the mass spectrograph. Bulgakov
et al.>” have carried out laser ablation synthesis of ZnO clus-
ters and have shown from a time of flight mass spectra the
stability of clusters of sizes n=6, 9, and 11. Their proposed
shapes for the n=9 and n=11 clusters closely agree with our
prediction.

Figure 6 shows the HOMO-LUMO gaps as a function of
cluster size. As expected, large gaps in the planar ring struc-
tures indicate their stability. There is a transition at n=8§, as
expected, a signature of the planar to three-dimensional
structures. Of these, the n=9 cluster appears most stable, as
indicated by A,E.

B. Doped ZnO clusters

We have chosen a 12-molecule ZnO cluster as it is rela-
tively more stable than others in the small cluster range.®
The undoped (ZnO),, cluster is almost spherical in shape
and resembles almost fullerene structure. The exact fullerene
structure, however, consists of hexagonal and pentagonal
units, whereas this (ZnO),, structure consists of units of
rhombus and hexagons. The total cohesive binding energy of
(ZnO),, cluster is 75.89 eV and its HOMO-LUMO gap is
233 eV.

We have carried out substitutional doping of (ZnO),,
cluster, that is, replacing Zn atom(s) by dopant atom(s). We
have tried to place the dopant atoms as random as possible to
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FIG. 7. (Color online) Structures of Mg-doped (ZnO), clusters;
lightly shaded large spheres represent Mg atoms, white large
spheres represent Zn atoms, and smaller black spheres represent O
atoms.

avoid impractical segregated structure. Figure 7 shows the
structures of doped (Zn,_,Mg,)O,, clusters doped with up
to five Mg atoms. The largest Zn—O bond length in an un-
doped Zn,0, cluster is 1.97 A. The inclusion of Mg atoms
reduces the average bond length as Mg-O bond lengths vary
only between 1.90 and 1.94 A. This observation suggests
greater stability to the Mg-doped cluster compared to an un-
doped ZnO cluster. The structures of (Zn;,_,Cd,)O,, clusters
doped with up to five Cd atoms are shown in Fig. 8. The
Cd-O bond lengths in these clusters vary between 2.10 and
2.18 A, thus making the clusters relatively less stable.

C. Result and discussion

The left panel in Fig. 9 shows the variation of binding
energy of the clusters with increasing concentration of dop-
ant atoms. The total binding energy of these doped clusters
increases with increasing concentration of Mg, whereas it
decreases with increasing Cd concentration. This means that
doping with Mg increases the stability of the clusters,
whereas doping with Cd decreases stability. This is an im-
portant observation that connects with the following experi-
mental facts: (i) low doping efficiency of Cd compared to
Mg and (ii) increase in photoluminescence peak of
Zn(_,)Cd,O. The lower stability of Zn;_Cd,O clusters
gives rise to fluctuations in the Cd content of the material as
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The experimental variation in band gap in nanostructure
and theoretically obtained HOMO-LUMO gap in (ZnO),,
clusters with increasing concentration of Mg and Cd are
compared in the right panel in Fig. 9. The value correspond-
ing to zero percentage of dopant atom refers to the value of
undoped ZnO structure. The HOMO-LUMO gap increases
with increasing concentration of Mg and decreases with in-
creasing concentration of Cd. A cluster with a larger HOMO-
LUMO gap is more stable and vice versa. Therefore, the fact
that the increase in Mg concentration increases the HOMO-
LUMO gap and the increase in Cd concentration decreases
HOMO-LUMO gap is consistent with stability character
shown by binding energy result.

Dopant concentration ( at. %)

FIG. 9. (Left) Variation of the binding energy with Mg and Cd
doping. (Middle) Variation in energy gaps with doping for (ZnO),,
clusters for n=9 and 12. (Right) Variation of energy gaps with
doping and comparison with experimental data on doped ZnO
nanostructures. The dashed lines are shown for convenience of
visualization.

Though it may be inappropriate to compare quantitatively
the variation in the HOMO-LUMO gap of doped (ZnO),,
clusters with that of band gap of rather larger nanostructures,
it is interesting to note that the trend is qualitatively similar.
We have also seen that as we increase the size of the cluster,
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FIG. 10. (Color online) Charge densities of (left) pristine ZnO,
(middle) Mg-doped ZnO, and (right) Cd-doped ZnO for (top) the
(ZnO); ring and (bottom) the (ZnO), ring. Small black spheres
represent O atoms, large white spheres represent Zn, and large black
spheres are either Mg (middle column) or Cd (right column) atoms.

the change in the HOMO-LUMO gap seems to converge to a
definite trend with doping concentration.

Can we try to analyze the effect of doping on the bonding
charge density within the cluster and its consequent effect on
the HOMO-LUMO gap? To answer this question, let us look
at the cluster (ZnO);, and the two clusters MgsZn;0,, and
CdsZn;0,. All the three clusters are constructed out of six-
membered and four-membered rings. Let us look at the
charge densities on planes through one of these rings. These
are shown in Fig. 10. The figure shows the Zn>*, Mg?*, and
Cd?* ions sitting in the sea of valence electron cloud. As
compared to the pristine ZnO cluster, wherever a Mg?* ion
sits, the charge density is pushed away from it toward the
Zn>* ions. The reverse is true wherever a Cd** sits. This ion
appears to pull the electronic charge cloud toward it. This is
much better seen from the charge density difference map
between the doped and pristine clusters as shown in Fig. 11.

To understand why this should be so, we first note that the
geometric structure of the atoms is not important, since the
same phenomenon is apparent in both the four-membered
and the six-membered rings. Figure 11 indicates that the
electronegativity difference between Mg, Zn, and Cd and O
decreases as we go from Mg to Cd. The X-O (X=Mg, Zn, or
Cd) bonds are partially ionic and partially covalent. If we
relate the ionicity of the X—O bond to the electronegativity
difference between X and O, then MgO should be the most
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FIG. 11. (Color online) Difference in charge densities (left) be-
tween Mg-doped ZnO and pristine ZnO and (right) Cd-doped ZnO
and pristine ZnO. The light gray shaded areas are of negative dif-
ference (charge depleted) and the black (red) areas of positive dif-
ference (charge accumulation).

ionic and CdO the least with ZnO in the middle. We can
argue that this is so because the 3s energy level in Mg, 4s in
Zn, and S5s in Cd decrease in this order. Consequently, the
energy difference between these s levels and the O 2p level
is smallest in CdO and increases for ZnO and largest in
MgO. Thus, ionicity is lowest in CdO, larger in ZnO, and
largest in CdO. This is now consistent with larger band gaps
for Mg, Zn;_,O and smaller ones for Cd,Zn;_,O in the spirit
of the ionicity theory of Phillips,*® Nelson and Batra,*! and
Catlow and Stoneham*? or the polarity theory of
Harrison.*344

This doping dependence of bond strength is also reflected
in the fact that while the Zn-Zn distance in the pristine
(Zn0),, is 2.60 A on a six-membered ring, it reduces to
2.54 A in the Mg-doped cluster. This is a sign of strength-
ened bonding between Zn atoms and in a simple tight-
binding description leads to a larger overlap between tight-
binding basis orbitals. For the Cd-doped cluster, this distance
enlarges to 2.64 A, indicating weakened bonding between
Zn atoms and lower overlap between tight-binding basis or-
bitals. These local distortions should have their signature in
Raman experiments and have a profound influence on the
behavior of these clusters. In this simple bond by bond pic-
ture, there is a correlation between the gap and bonding en-
ergy. However, to make this quantitative is difficult and un-
clear to us at the present moment.

IV. CONCLUSION

We have carried out experimental investigation into the
change of the “band gap” of nanosized structures of ZnO
doped with Mg and Cd. Theoretical investigations on clus-
ters of the ZnO doped with Mg and Cd show very similar
trends in the change of the HOMO-LUMO gap. We have
tried to understand the reason for this change from the
changes in bonding strength on doping.
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