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ABSTRACT

A systematic study of the electronic and optical properties of the Zn.On cluster and Zn.On-1C (n = 1-5) is

presented in the framework of time dependent density functional theory (TDDFT). The binding energy (BE),

ionization potential (IP), electron affinity (EA) and HOMO-LUMO gap were calculated to compare the

stability of the doped clusters. A study of the optical band gap change for ZnO cluster and C-doped ZnO

clusters has been investigated. The optical gap and the optical spectra depend on the geometry and size of the

cluster. Our study reveals this dependence and also adds the effect of carbon doping. This is fruitful for tuning

optical band gap for optoelectronic devices using suitable doping elements.
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I. INTRODUCTION

The invention of zero-dimensional clusters formed by
various elements has been a back-bone for building
blocks of nano-scale materials. The significant efforts
have been devoted to ZnO clusters due to its wide
band gap (3.37eV) and large exciton binding energy
(60meV). The ZnO system shows transparency to
visible light and has high electron mobility which
helps to utilize it in various potential applications in
the field of optoelectronics and spintronics such as
photo voltaic solar cells, optical sensitizers,
photocatalysts, quantum devices or nanobiomedicine
[1,2]. The novel properties of nanomaterials that
usually differ from those of the bulk matter, which
arise from the quantum confinement effect. The
modification of these novel physical and chemical
properties of nanomaterials can be achieved by doping

with suitable elements.

Several experimental and theoretical studies are
reported to synthesize and explore the optical
properties of small and medium-sized ZnO clusters.

The experimental evidence of ZnO clusters is found in
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synthesized ZnO nanoclusters using electroporation of
vesicles [3] and further other studies by Bulgakov et al.
[4] The optical studies of ZnO clusters shows
enhancement in the intensity and the blue shift of the
spectral lines with an increase in size has been
reported by some of the groups [5-7]. To fabricate
hybrid materials with unique properties, chemical
doping process has been widely used in materials
science. Doping modify the electronic levels of the
nanocluster, and introduce new states that could
contribute to the absorption bands. The mechanism of
ferromagnetic ordering in Carbon doped ZnO showed
interesting results [8,9]. So it is interesting to study
the impact of carbon doping on optical properties of

ZnO clusters.

In this study, we have selected Zn:On, n = 1-5 clusters
and we replace one oxygen atom by carbon atom. The
total energy calculations suggest that C is more stable
at the O site than at the Zn site in ZnaOn clusters. To
find nature of optical excitation, we have carried out
systematic time dependent density functional
investigations (TDDFT) on these clusters. We have

discussed the evolution of optical properties and
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nature of optical excitation in ZnO clusters and
carbon doped boron clusters (ZnsOn and ZnnOn-1C
with n=1-5) with the help of absorption spectra, eigen
spectra and molecular orbital diagrams. For this study,
we used TDDFT framework which are implemented
in DMol3 code [10,11].

This research paper is organized as follows. In the
next section, we describe the computational methods
in brief. In section III, we discuss the results. In
section IV, we summarize our results along with some

important concluding remarks.
II. COMPUTATIONAL METHODS

All calculations were performed under generalized
gradient approximation (GGA) and Perdew-Burke-
Ernzerhof (PBE) exchange and correlation [12,13]
with double numerical basis set plus polarization
(DNP) function using the DMol3 package [14]. The
quality of the self-consistent field convergence
tolerance was set as fine. In the generation of
numerical basis sets, a global orbital cutoff of 6.0 A
and SCF convergence of 10 eV criterion was selected
to get reliable accuracy. After ground state
calculations, the optical absorption spectra were
calculated with TDDFT method within the adiabatic
local density approximation (ALDA) [10]. To calculate
the optical transitions, ALDA kernel exchange
correlation terms in a singlet state were used with
adequate number of empty bands. Gaussian
broadening was applied to the eigenvalues to get the

optical spectra of the clusters.

III. RESULTS AND DISCUSSION

A. Cluster geometries and stability

The structural properties of optimized geometries of
lowest-energy structures of ZnO and carbon doped
ZnO clusters are depicted in Figure 1. We substitute
carbon atoms in place of oxygen atom and it is seen

that there is very small effect on geometries of host
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clusters. The change in bond-length due to doping can
be easily observed in geometries. There is very small
difference between atomic radii of oxygen and carbon.
When similar sized atoms doped into -clusters
produces the minimum geometrical deviation with
respect to the parent. The previous reported minimal
energy geometries of ZnnOn [15,16] are examined for
the effects of adding one carbon-atom into ZnO
clusters and compered these new doped geometries

with Nagare et. al. [9], and Sharma. et. al. [17].
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Figure 1. The ground state geometries of ZnO clusters
and C-doped ZnO clusters along with their symmetry
and bond-length. The red, blue and grey represent

Oxygen, Zinc and Carbon atom respectively.

The relative stability of structures are evaluated by
using the average binding energy shown in Figure 2
(a). The average binding energy tends to increase with
increasing size for ZnnOn and same trends followed by
ZnnOn1C. While the binding energy of the ZnnOn1C
clusters are smaller than those of Zn.On due to the
inherently weak bonding strength of the diatomic Zn-
C bond with respect to the Zn—O bond.
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Figure 2. The Total Binding energy, Ionization
potential, Electron affinity, HOMO-LUMO gap and
Optical gap of ZnO and C-doped ZnO clusters.

electron
affinity (EA) and HOMO-LUMO gap of ZnO and
carbon doped ZnO clusters shown in Figure 2 (b), (c)
and (d).

structural stability of these clusters. We evaluate total

We compute ionization potential (IP),

All the calculated values consolidate
energy differences between the SCF calculations
performed for the neutral and charged systems (+1) to
obtain the electron affinity (EA) and the ionization
potential (IP) (IP = Ex-1 — Ex, EA = En — En1) where En
is the total energy of the N-electron system. The
values for Zn.On clusters are comparable with
reported experimental results by Bulgakov et. al. [4]
and theoretical results by Reber et. al. And others.
[15,18] The binding energy, IP, EA and HOMO-
LUMO gap of ZnnOn-1C clusters are in good agreement

with previous results [9].

B. Optical properties of ZnO and C-doped ZnO
clusters

After discussing the structural stability of the clusters,
the attention is now towards the study of optical
excitation of clusters. The optical gap is defined as first
optical transition with non zero oscillator strength.
Optical gaps of ZnnOn clusters are lies in IR and UV
regions while Zn.On-1C clusters are lies in IR and

visible regions shown in Figure 2 (e). Optical gap of
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carbon doped ZnO is smaller than their host clusters
except dimer. The difference between optical gap and
HOMO-LUMO gap is minimum for ZnC cluster
(0.008eV) and maximum for Zn4O4 and ZnsOs cluster

(1.206€eV and 1.135eV).
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Figure 3. TDDFT photo-absorption spectra with MO
of respective transitions, and eigenvalue spectra of the
ZnO and ZnC cluster.

Optical spectra of ZnO and ZnC clusters are presented
in Figure 3 with molecular orbital diagram for first
and most intense transition. The Figure 3 also contains
the

transitions between occupied and unoccupied states.

eigenvalue spectra along with electronic
The spectrum of ZnO cluster shows first transition at
0.81eV with fisc = 0.001 for transition from H-1-L.
The weak transitions occurs at 3.88eV (s = 0.065)

and 7.50eV (fosc = 0.029).

The strongest transition exhibits at 8.88eV (£ = 0.598)
with two more prominent peaks at 6.82eV (fisc = 0.191)
and 8.11eV (fsc = 0.290). All the results are validated
with previous results.[6,19] While spectrum of ZnC
cluster shows first transition at 1.31eV with fosc =
0.0016 for transition from H—L. The weak transitions
are depicts at 3.37eV (fosc = 0.0039), 4.08eV (fosc = 0.094)
and 7.69eV (£ = 0.086). Whereas the most prominent
peak occur at 6.15eV with £« = 0.560 paired with
small peak at 6.92eV with £ = 0.155. The comparison
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of optical gap of ZnO and ZnC show increase which is

quite different from remaining clusters.
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Figure 4. TDDFT photo-absorption spectra of the
(ZnO)n with n=2-5 and C-doped ZnO cluster

We visualize the molecular orbital which contribute
to the first and most intense electronic excitations. For
ZnO, it is clearly seen that the contribution of H and
H-1 (doubly degenerate states) which are localized on
oxygen atom with ‘p’ character, whereas, the H-5
orbital (Zn-3d) is located on Zn site and the LUMO’s
atom with ‘sp’
hybridization. It also finds that O-2p, Zn-3d and Zn-

sp orbital lies in the same plane. While in ZnC, H and

are mainly situated at Zinc

L+5 state are also shows ‘p’ character localized on
carbon atom and zinc atom respectively. This
indicates that O-2p and C-2p contributes in optical

transitions with Zn-3d and Zn-sp orbital.

Now, we discuss optical excitation in Zn.On and
ZnnOn-1C clusters with n = 2-5 shown in Figure 4. The
calculated excitation energies, oscillator strength for
first and most intense are summarized in Table I and
II. The absorption spectrum of Zn202 and Zn:0C are
shown in Figure 4. It is observed that the first band is
optically inactive at 1.28 eV (£ = 0) and the first non-

vanishing oscillator strength below 8.55eV lies at
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1.83eV (fosc = 0.017) for transition from H—L. The
small transitions appears at 2.43eV (fosxc = 0.026). The
most prominent peak observed at 8.15eV (£« = 0.459)
with other peaks at 6.63eV (fxc = 0.251) and 7.65eV
(fosc = 0.313). The transition at 8.15eV occurs to H-
5—L+2 excitation. The Zn.OC shows first transition at
1.27eV with fic = 0.001 for transition from H—L+1
and small transitions at 4.83eV (fosc = 0.096), 6.66eV
(foss: = 0.099) and 7.01eV (fosx = 0.088). The most
prominent peak appear at 6.09eV (fs= = 0.160) for
transition from H—L+6.
Table 1. Energy of first peak and most intense peak

with oscillator strength and transition states for ZnO

clusters
Cluster | Emprr | Oscillator | Transition
(ineV) | Strength
For first ZnO 0.81 0.001 H-1-L
transition | 7,0, | 1.83 | 0.017 HoL
ZnsOs | 3.78 0.074 H-3—L
ZnsOs | 4.18 0.061 H-6—-L
ZnsOs | 4.17 0.067 H-6—-L
For most | ZnO 8.88 0.598 H-5—L
mntense | 7p,0, | 815 | 0459 | H-5-L+2
transition
ZnsOs | 7.95 0.480 H-
ZniOs | 8.45 0.431 H-8—L+5
ZnsOs | 8.35 0.351 H-

The optical spectra of Zn3Os, Zn4Os and ZnsOs with
their respective carbon doped clusters are shown in
Figure 4. The first transition of Zn.On and ZnaOx-1C (n
= 3-5) clusters are optically inactive. The first and
most prominent transitions are shown in Table I for
these clusters with transition state, TDDFT energy
and respective oscillator strength. It is noted that
TDDFT energy increases with cluster size but
oscillator strength decrease for ZnO clusters. While
TDDFT energy decreases for first transition and

oscillates for most intense transition in C-doped
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cluster. Introduction of carbon atom in ZnO clusters
increases number of peaks in absorption spectra, that

means new transition probabilities are introduced.

The molecular orbital analysis with eigenvalue spectra
represented in Figure 5 and Figure 6. It clearly seen
that the contribution of O-2p, Zn-3d and Zn-sp
orbital during electronic excitation for Zn.On (n = 2—
5). The charge distributed around O-atom for HOMO

and Zn-atom for
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Figure 5. MO of transitions and eigenvalue spectra of
the Zn20:2 and Zn3Os3 with their respective C-doped

luster

LUMO in ZnuOn clusters. But in ZnnOn-1C clusters,
HOMO shows to ‘p’ character on Zn-atom, while p’
character is shifted on C-atom in LUMO. The carbon
doped ZnO MO shows the localized C-2p states
overlap well with the O-2p states.
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Figure 6. MO of transitions and eigenvalue spectra of
the Zn4O4 and ZnsOs with their respective C-doped

luster

With introduction of carbon, there is a competition
between oxygen and carbon for charge transfer from
zinc. The molecular orbital analysis of ZnO cluster
clearly represents the contribution of O-2p, Zn-3d
and Zn-sp orbitals during electronic excitation, while
in C-doped ZnO cluster contribution of C-2p is added

to excitation.

Table 2. Energy of first peak and most intense peak

with oscillator strength and transition states for C-

doped ZnO clusters
Cluster | Emorr | Oscillator | Transition
(in Strength
For first ZnC 1.31 0.002 H—-L
transition | 7,0C | 1.27 | 0001 | H—L+l
ZnsO2C | 2.24 0.004 H-3—-L
Zn:0sC | 0.70 0.0001 H—-L
Zns0«C | 0.70 0.0002 H—-L+1
For most ZnC 6.15 0.560 H—-L+5
intense | 7,0G | 609 | 0160 | H—L+6
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transition | 5| 607 | 0099 H-
7n:0sC | 853 | 0.463 H-
7Zns04C 9.72 0.352 H-

Thus, the optical absorption spectra of Zn.On clusters
show the electronic excitation in the ultra-violet
region except the Zn:0: cluster. The carbon doping
shifts the excitation towards visible and infrared
regions. The introduction of carbon in ZnO clusters,
produces significant effect on absorption spectra. The
energy range shifted towards the IR region with
change in oscillator strength. The doping of C-atom

can be useful for tunable optoelectronic devices.

IV. CONCLUSION

The structural, electronic and optical properties of
the ZnO clusters and C-doped ZnO clusters have been
calculated in the framework of time dependent
density functional theory (TDDFT). To investigate the
doped cluster, oxygen atom is replaced by carbon
atom from ZnO clusters. The calculations of total
binding energy, ionization potential, electron affinity
and HOMO-LUMO gaps

performed for analyzing structural stability of the

of the clusters were
clusters. All the calculations show that host clusters
are more stable than that of doped clusters. The
optical properties of the clusters are calculated within
of TDDFT with ALDA as the

exchange-correlation function. All the doped clusters

the framework

exhibited wider ranged absorption spectra with
respect to host clusters. The optical gap of C-doped
ZnO clusters lies in IR region while optical gap ZnO
clusters lies in UV region. Thus optical response of
ZnO can be tune by suitable doping elements, make
them a promising material for tunable optoelectronic

devices.
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