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Zinc interstitials and their complexes with oxygen vacancies, harbouring a lone pair of electrons, have been
discussed as suspects for an n-type character and the ensuing conductivity of nominally undoped ZnO.
ZnO nanorods, with different Zn concentrations, have been studied using photoluminescence and
photoluminescence excitation spectroscopy to evidence the presence of defect states, their correlation
with excess Zn and their viability as donors. It is shown that each sample may emit intense violet-blue,
green-orange and red emissions, as decided by the excitation energy and presence of excess Zn.
Intensity variation of these individual emissions vis-a-vis their excitation energies, in the range 4.0-2.7
eV, indicates the presence of defect states not only within the band gap but crucially within the
conduction band itself, but only in a Zn rich environment. The study provides the experimental signature
of the theoretical predictions of the latter states and demonstrates why Zn interstitials may be
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1. Introduction

Its wide direct band gap (3.4 eV) and high exciton binding
energy has made ZnO" a promising candidate for varied opto-
electronic applications,>® primary among which is its utility as a
transparent but conducting medium.** While most forms of
undoped ZnO, at room temperature (RT), show n-type char-
acter, p-type ZnO is rarely prepared, intentionally or other-
wise."® The debate as to the origin of this n-type character and
the associated donor states has mostly centred around two
doubly occupied contenders; the oxygen vacancy (V) states and
interstitial Zn (Iz,) related defect states. Understanding this
origin is vital, not only for tailoring ZnO for varied applications
but also to gain a basic insight into the physics of doping ZnO -
even in preparing its p-type counterpart. Based on existing
literature we can summarize the current understanding about
the likely origin of the n-type nature of ZnO as follows.
Complexes of the deep level Vo and the shallower I, states,
formed by their hybridization, may be responsible for the
formation of effective donor states, rather than the isolated I,
and V, defect states themselves.”” However, even these
hybridized states may be effective donors only if they energeti-
cally lie either close to the conduction band (CB) minima, with
ionization energies comparable to RT,'*** or within the CB
itself.”** This study investigates the role of excess Zn in forming
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interdependence and tunability are further discussed.

the I, related donor states in ZnO, as evidenced through
photoluminescence (PL) and photoluminescence excitation
(PLE) studies on ZnO nanorods with differential I, density.

Exciton recombination is the primary channel of PL in ZnO,
where the exciton binding energy is larger than the thermal
energy. Electrons excited into the CB from the valence band (VB)
undergo relaxation to the conduction band minimum (CBM),
which, if followed by radiative e-h recombination results in the
detected PL. The momentum and energy relaxation path to the
CBM is thus strongly correlated to the band structure of the
system. The typical PL spectrum of ZnO shows the characteristic
near-band-edge (NBE) emission in the UV, along with green-
orange emission in the visible range, indicating the presence
of defect states lying within the band gap.'* The I, related
states lying below the CBM'*** have been shown to give rise to
violet-blue emissions* that are seldom detected in the PL
spectra of ZnO, except in Zn rich conditions and for excitation
energies close to, or just less than, the band-gap energy (Ey). The
green-orange emissions have been attributed to transitions to
and from ionized Vo states, i.e. V§ and VT states,?"** which
effectively manifest at surfaces, interfaces and grain
boundaries.”***

Here, ZnO nanorods with large surface to volume ratio and
varying concentrations of Zn have been investigated to study the
Iz, related defect states through the emission properties of the
nanorods. It is expected that the availability of the surface
related Vo defects and excess Zn in the system will create an
abundance of I,-Vo complexes thus nucleating viable donor
states in ZnO, resulting in its n-type character. Evolution of the
PL spectra, recorded with varying excitation energy, not only

This journal is © The Royal Society of Chemistry 2015
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confirm the presence of these I, related states below the CBM
but also provide evidence of I, related states within the CB
itself, corroborating theoretical calculations.”®

2. Experimental details

ZnO nanorods grown by two different low temperature tech-
niques, (i) electrochemical deposition (ZnO/ITO) and (ii)
oxidation of Zn foil (ZnO/Zn), have been investigated here. The
ZnO/ITO nanorods were grown on the seeded® ITO coated glass
substrates (Sigma Aldrich, 70-100 Q sq ') in a two-step elec-
trochemical deposition method.?”” Nanorods were grown in a 25
mM equimolar aqueous solution of zinc nitrate hexahydrate
(Sigma Aldrich) and hexamethylene-tetramine (Sigma Aldrich)
at 95 °C, using platinum as the counter and reference electrode.
The substrate was sequentially biased at —2.73 V and —2.15 V,
relative to the reference electrode, for 1 and 10 minutes
respectively. After deposition, samples were rinsed in deionized
water and dried at RT. ZnO nanorods with excess Zn were
prepared by oxidizing a piece of zinc foil (99.99%, Alfa Aesar)
immersed in deionized water containing 7% (v/v) formamide
(Sigma-Aldrich), at 65 °C for 24 h.>® The as grown ZnO/Zn
nanorods were washed in alcohol and deionized water, prior
to drying at RT. Morphological characterization and elemental
analysis of the nanorods were performed in Nova Nano SEM 450
field-emission scanning electron microscope (SEM) coupled
with an Apollo X energy dispersive X-ray analysis (EDAX) system
and in 200 kV TECNAI G2-TF-20 transmission electron micro-
scope (TEM). The X-ray diffraction (XRD) data were collected
using a powder X-ray diffractometer (Empyrean, PANalytical)
with reference radiation of Cu K, = 1.540 A at an operating
voltage of 45 kV and analyzed using the ICDD PDF4+ database.
PL and PLE spectra were recorded for both samples using a
spectrofluorometer (Fluorolog 3, Horiba Jobin-Yvon) at RT,
without annealing since I, related defects are highly mobile
even at low temperatures.*

3. Results and discussion

SEM images of c-axis oriented, hexagonal ZnO nanorods grown
on ITO and Zn foil are shown in Fig. 1(a) and (b). The ZnO/ITO
nanorods are not vertically aligned and have an average diam-
eter and length of 40 nm and 900 nm respectively (Fig. 2(a)). The
ZnO/Zn nanorods, shown in Fig. 1(b), are vertically oriented and
are typically 4 pm long with diameters below 400 nm (Fig. 2(b)).
While the XRD spectrum for ZnO/ITO shows a dominant ZnO
(002) peak, that for ZnO/Zn nanorods exhibits multiple peaks
attributable to Zn (*ed) along with those from ZnO. The XRD
data indicate highly oriented c-axis growth (wurtzite structure)
and a high degree of crystallinity in both samples which can
also be confirmed from their corresponding high resolution
TEM (HRTEM) images (Fig. 2(c) and (d)) and electron diffraction
(SAED) patterns (insets of Fig. 2(c)). Importantly, the purity of
the samples is confirmed by the absence of impurity related
diffraction peaks in the XRD pattern. SAED patterns can be
indexed to the wurtzite structure of hexagonal ZnO and indicate
that the nanorods grow along the [001] direction. In the HRTEM

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 SEM images of (a) ZnO/ITO and (b) ZnO/Zn nanorods (c) XRD
patterns of the respective nanorods.

image (Fig. 2(c) and (d)), the lattice spacing of 0.52 nm also
corresponds well to the interplanar distance of the (001) crystal
plane of wurtzite ZnO.

Fig. 3(a) shows the EDAX spectra for ZnO/ITO and ZnO/Zn
samples, recorded with a beam acceleration voltage (V,) of 15
kv. Along with the characteristic peaks for Zn and O, the former
shows In, Sn and Si peaks generated from the ITO coated glass
substrate. Further, EDAX spectra were recorded as a function of
Va (2-20 kV) to investigate the relative variation of Zn and O with
depth of the samples. Table 1 shows the relative concentration
of Zn and O, obtained at 5 and 15 kV for each sample. The
penetration depth of the electron beam, as a function of energy,
may be estimated using the Kanaya-Okayama depth penetra-
tion formula.*® For pure ZnO, the estimated penetration depths
for Vo = 5 and 15 kV are 430 nm and 2.5 pm respectively.
Consequently, the EDAX counts recorded with V, = 5 kV origi-
nate primarily from the nanorods with negligible contribution
from the substrates, for both samples. However, for V4 = 15 kV
the counts arise primarily from the nanorods for ZnO/Zn but
not for ZnO/ITO, where there will be a finite contribution from
the substrate as well.

At 5 kV, both samples show an O deficient and Zn rich
composition, though the Zn percentage is significantly higher
in ZnO/Zn compared to ZnO/ITO. At 15 kV, the atomic
percentage of Zn is further enhanced in the ZnO/Zn the sample
- indicating diffusion from the Zn foil. The higher percentage of
O observed for ZnO/ITO, at 15 kV, is likely due to contributions
from ITO and glass. Fig. 3(b) shows the variation in relative
density of Zn and O along the length of a ZnO/Zn nanorod,

RSC Adv., 2015, 5, 23540-23547 | 23541
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Fig. 2 Low-resolution TEM images of (a) ZnO/ITO and (b) ZnO/Zn
nanorods. High-resolution TEM images of (c) ZnO/ITO and (d) ZnO/Zn
nanorods. Inset shows the SAED pattern of ZnO/ITO nanorods.

calculated by recording point EDAX spectra along the length of
a horizontally placed nanorod. It bears the clear signature of
excess Zn towards the base of the nanorod and further confirms
that ZnO/Zn nanorods are stoichiometrically Zn rich compared
to the ZnO/ITO sample.

The room temperature PL spectra of ZnO/ITO nanorods,
recorded with varying excitation wavelengths () and energies
(Eexc) are shown in Fig. 4(a). For excitation energies larger than
Eg (i.e. Zexe = 370 nm) the spectra shows a sharp UV peak at 377
nm (3.3 eV) due to the NBE emission and a broad band emission
in the visible range, centred at 615 nm (2.01 eV), attributed to
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Fig. 3 (a) EDAX spectra of ZnO/ITO and ZnO/Zn nanorods. (b) Atomic
percentage of Zn and O at 3 points along the length of a ZnO/Zn
nanorod, recorded at 5 kV.

Table 1 Relative atomic percentage of Zn and O in the nanorods at 5
and 15 keV of e-beam energy

Atomic% (5 keV) Atomic% (15 keV)

Element ZnO/ITO ZnO/Zn ZnO/ITO ZnO/Zn
(0] 44.6 38.1 55.1 334
Zn 55.4 61.9 44.9 66.6

transitions to/from defect states within the band-gap.** The NBE
emission at 377 nm yields a band gap of 3.36 eV, including the
excitonic correction of 60 meV for the ZnO/ITO sample. AS Acxc
increases beyond 370 nm, the PL spectrum is substantially
modified with the appearance of violet-blue emission in the
spectral window 410-470 nm (Fig. 4(a) and (b)), with distinct
peaks at 411 nm (3.0 eV), 435 nm (2.8 eV) and 461 nm (2.7 eV).
Fig. 4(b) shows a detailed evolution of the PL spectra as Aey is
systematically increases from 370-385 nm in 2 nm steps. The
multi-peaked, violet-blue emission intensity grows as Aexc
approaches 385 nm, where the intensity maximizes and then
steadily decreases for longer wavelengths. This increase in
intensity, till 385 nm, is accompanied by a steady decay in the
broadband emission at 615 nm and the simultaneous appear-
ance of emission centred around 700 nm. A closer inspection
reveals two other important features; firstly the spectral evolu-
tion shows a constant emission intensity (~1.5 x 10° cps pA™")
around 530 nm, irrespective of Aey, in the range 350-430 nm,
indicating that the higher energy state is uniformly populated
by all excitations in this range. Secondly, the spectrum corre-
sponding to A = 375 nm exhibits a remarkably flat emission
over the entire visible range (400-700 nm) and would serve as an
ideal white light converter of UV excitation (see Fig. S1 in ESIY).

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a—c) Excitation dependent photoluminescence spectra of ZnO/ITO nanorods for different excitation wavelengths. (d) Spectral
decomposition of the broadband emission centred at 615 nm, obtained with 370 nm excitation. Components centred at 532 nm (green), 605 nm

(orange), 700 nm (maroon) and the envelope (black) are shown.

For excitations with Aex. > 410 nm (Fig. 4(c)), the spectra are
dominated by a green emission at 530 nm, which decays with
increasing Aex along with the previously evidenced emission in
the red (700 nm).

The PL spectra for the Zn rich ZnO/Zn nanorods are shown in
Fig. 6(a) for Aex in the range 340-410 nm. For Aey = 350 nm, the
NBE peak is essentially unresolved due to the dominant violet-
blue emission peaks. For Ae. = 340 nm, the spectrum exhibits a
shoulder around 375 nm, which on spectral decomposition
shows a component at 377 nm (3.3 eV), corresponding to the
NBE emission (see Fig. S2 in ESIt). This contrasts with the PL
spectra for ZnO/ITO, which are dominated by the NBE emission
for super band-gap excitations, with the violet-blue emissions
totally absent. For sub-band gap excitations, Aexc = 380 nm, the
spectra qualitatively follow a trend similar to that observed for
ZnO/ITO. The most striking similarity between the spectra
obtained from each sample is that the family of violet-blue
peaks is centred at the same wavelength, even as it is more
intense for the Zn rich ZnO/Zn sample (see Table S1 in ESI{). It
is worth noting that the appearance of the violet-blue emissions
for a small range of excitation wavelengths, corresponding to
energies just below E,, in a direct band gap semiconductor is

This journal is © The Royal Society of Chemistry 2015

indicative of the presence of partially filled electronic states
below the CBM.*®

Semi-log plots of PLE spectra for ZnO/ITO are shown in
Fig. 5(a) for various detection wavelengths (Aget). FOr Aqe; in the
range 400-530 nm the spectra are characterized by the presence
of a maximum around 382 nm extending into a plateau up to
410 nm. The spectrum for 700 nm shows two distinct peaks at
380 and 420 nm - lying on either side of the plateau evidenced
above. The PLE spectra for Age in the violet-blue range are
further characterized by a small but distinct hump around 325
nm (3.75 eV). Fig. 5(b) shows a plot of the excitation wavelength
at which the PLE intensity maximizes (Ajmax) versus the corre-
sponding Age. It demonstrates that the Ap,ax can be classified
into two groups: (i) those lying around 375 nm, thus matching
E, and (ii) those in the range 380-386 nm, thus showing a
maximum at sub-E, energies. While the former group corre-
sponds to NBE and green emission, the latter corresponds to
the violet-blue and the red emissions. This grouping is not
accidental but points towards a commonality in their respective
emission pathway, as discussed later. The PLE spectra for the
Zn rich ZnO/Zn nanorods (Fig. 6(b)) stand in sharp contrast to
that of ZnO/ITO, amidst several similarities. Overall, the PLE

RSC Adv., 2015, 5, 23540-23547 | 23543
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Fig. 5 (a) Semi-log plot of photoluminescence excitation spectra for
different emission wavelengths for ZnO/ITO nanorods. (b) Position of
maximum intensity peak (Amax) for different detection wavelength.

intensity decreases with increasing Aex. for all Aqe, unlike that of
ZnO/ITO. The spectra for Agee = 380, 411 and 435 nm are
distinctly characterized by a double peaked structure around
325 nm (3.81 eV), i.e. around the same A, for which the spectra
for ZnO/ITO showed a small hump. The same spectra are
further characterized by edges at 382 nm (3.24 eV) and 410 nm
(3.0 eV), marked by vertical arrows in the figure. The spectrum
for 700 nm again shows a peak at 380 and 420 nm, similar to the
observations for ZnO/ITO. Importantly, the spectrum for 700
nm is also characterized by a strong correlation with Aeye ~ 325
nm (see Fig. S3 in ESIY).

The presence of the violet-blue emissions in a single PL
spectrum from an isolated sample of ZnO may only be indica-
tive of sub-CBM localized states, but will not be conclusive proof
of the same.'*'®*> However, a comprehensive analysis of the
entire PL and PLE spectra as presented above and their evolu-
tion with A essentially corroborates the presence of these
states below the CBM. Structures in the violet-blue PL emission,
specifically the highest and lowest energy peaks between 400-
460 nm, prove the presence of multiple localized states between
2.7-3.0 eV, above the VBM. Further, the presence of violet-blue
emission for super E, excitations, only from the Zn rich ZnO/Zn
sample, and its absence in ZnO/ITO along with its enhanced
intensity in the former, reinforce the understanding that these
defect states originate from I, in Zn0O.**'%*%*%>3% Now, theoret-
ical band structure calculations have shown that along with the
I, related defect states below the CBM,"*?** there also exist
electronic states due to excess Zn in the energy range 3.6-4.0 eV
above the VBM, essentially lying within the CB.>'* Since Iz,
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Fig. 6 (a) Excitation dependent PL spectra and (b) PLE spectra for
different emission wavelengths of ZnO/Zn nanorods.

states carry a lone pair of electrons their presence within the CB
will essentially result in ionizing the defect state (Ij7) and
doping the undoped ZnO. On the other hand, it is also predicted
that the probability of existence of isolated I, in the ZnO lattice
and isolated V, defects is very low since their formation
enthalpies are prohibitively high: ~6 eV in the case of the
former.® Interestingly, Kim et al.” have calculated the formation
enthalpy of a complex of Vi and doubly ionized I} defect as a
function of their mutual separation (d) and shown that the
formation enthalpy of the complex is significantly lower. The
resulting hybridization between the deep level Vo and the
shallower I, states raises the hybridized I/ " state inside the
CB and lowers the hybridized V,, (Vy,) state further within the
band gap. The raising and lowering energies are strong func-
tions of d. The data presented above provides an experimental
signature of the existence of these I, related states (Ij1),
within the CB; evidenced as strong PLE peaks around 325 nm
(3.8 eV) in the blue-violet spectra (Fig. 6(b)) for the Zn rich ZnO/
Zn sample. The weak maximum around 325 nm in ZnO/ITO’s
PLE spectra (Fig. 5(a)) for the same A4 may also be of a similar
origin. The relative strengths of PLE intensity, around 325 nm,
are indicative of the relative abundance of I, in the respective
samples.

This journal is © The Royal Society of Chemistry 2015
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Now, as mentioned above, V5 and I, may exist within the
ZnO lattice for a range of mutual separations and crucially in
various oxidation states. Hence, following Kim et al.’s study, it is
expected that each complex will generate pairs of I} and Vj,
states differing slightly in energy from every other complex,
originating from different separations. For example, a similar
hybridization between doubly occupied I, states, theoretically
calculated to be lying below the CBM** and V, would give rise to
multiple localized I, states just below the CBM, as a function of
the separation distance. The I, states will be raised in energy,
closer to the CBM, making them viable donors in undoped ZnO.
Vo is the necessary partner of hybridization and is therefore
equally important for the n-type doping of ZnO, not only by
lowering the formation enthalpy of the complexes but also
through raising the energy of the I states, close to or within
the CB itself.

Present and previous investigations'*** suggest e-h
recombination between these I, states and the VB as the origin
of violet-blue emissions, in the PL spectra. Further, the evolu-
tion of the PL spectra (Fig. 4(a) and (b) and 6(a)) for excitation
energies just less than E, shows a progressively intensifying
violet-blue emission, which proves that electrons excited close
to the CBM are more likely to transit to the I, levels than
undergo direct excitonic e-h recombination with the VB holes.
This strong coupling between the CBM and the T, states is also
evidenced in the PLE spectra of ZnO/ITO for the violet-blue
detection wavelengths as a slow rising edge between 370-380
nm. The corresponding spectra for ZnO/Zn (Fig. 6(b)) show a
plateau over similar A range. Importantly, the PLE intensity
for both samples is finite over this energy range, ~100 meV
below the CBM, which is comparable to the energy difference
between the CBM and the highest energy I, states. Based on
the above discussion, the radiative transitions between the
suggested energy states of these ZnO nanorods may be recon-
structed as shown in Fig. 7. The VBM is the designated zero of
the energy scale and the other energies are as calculated from
measurements reported in this study. It is worth mentioning
that these Iz, /1, states are typically localized between 100-600
meV below the CB but the presence of narrow peaks in the
violet-blue PL emission suggests that they do not form an
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Fig. 7 Electron band structure and transitions evidenced in the pho-
toluminescence spectra of ZnO nanorods.
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extended defect band. They appear to be a collection of localized
states retaining their individual identity - which may be a
signature of an array of I,V complexes, of varying separation
formed within the ZnO lattice.

The PL spectra for excitation energies smaller than E; show a
decaying peak at 615 nm (2.0 eV) simultaneously with an
intensifying red emission. Interestingly, this broadband emis-
sion centred at 615 nm may be spectrally decomposed to yield
three Gaussian peaks at 532 nm, 605 nm and 700 nm (Fig. 4(d)).
It is noteworthy that these three peaks are evidenced in the
entire PL spectra, for all A ranging from 280-450 nm, what
changes is only their relative intensity as a function of Aeye. A
similar decomposition is obtained for the corresponding PL
spectra for ZnO/Zn. The orange emission (605 nm) has been
suggested to emanate from radiative de-excitation from the
CBM to deep level states (DL,) attributed to doubly ionized Vo
states (V§T),2*** which are nucleated at surfaces or grain
boundaries. While the intensity of the PLE spectrum for ZnO/
ITO at Ager = 605 nm (Fig. 5) shows a maximum at excitation
energies matching E, (around 374 nm), decaying for longer Ay,
the corresponding PLE spectrum for ZnO/Zn shows a mono-
tonic increase in intensity for super band-gap excitation ener-
gies (Fig. 6(b)). Both observations conform to the emission
pathway suggested above, placing the DL, states ~2.0 eV below
the CBM.

In contrast, the PLE spectra for both samples at Aqe = 700
nm show two peaks at 380 and 420 nm, for sub band-gap
excitation energies which favour population of the L, states,
but not the violet-blue emissions. Indeed the red emission
decays rapidly for A.y. beyond 420 nm (Fig. 4(c)), inextricably
linking it to the I, states. Importantly, the energy difference
between the orange and red emission peaks is directly compa-
rable to the energy difference between the CB minima and the
L, defect states, ~0.3 eV. Based on the above, we conclude that
the red emission (700 nm) emanates from radiative de-
excitation from the I, states to the same DL, states that
participate in the orange emission. It is worth reiterating that
although red emission is favoured for excitation energies
smaller than E,, for ZnO/Zn it is also significant for excitation
energies larger than E,, specifically Aex. ~ 325 nm (ref. 22) (see
Fig. S3 in ESIt). Though the green emission, around 530 nm, is
observed in the entire PL spectra of both samples, it gains sole
prominence for A > 420 nm (Fig. 4(c)), where the other
emissions are subdued. Vanheusden et al.>® and Ye et al.>* have
assigned emissions in this range with recombination of elec-
trons from deep level isolated V& centers or V{§ complex levels
with photo-generated holes. Here, the PL peak position is
indicative of deep level defect states (DL,) typically 2.34 eV
above the VBM, which are indirectly populated by electron
transitions, from the CBM and I, defect states. This is further
corroborated by the PLE spectra for Age¢ = 510 and 530 nm for
the Zn rich ZnO/Zn, which shows high emissions for super
band-gap excitations, specifically at Aexe ~ 325 nm (Fig. 6(b)).
Notably, Vempati et al.** have reported detectable photocon-
ductivity in indium doped ZnO thinfilms with a 532 nm illu-
mination, directly addressing the DL, states.
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Direct evidence of surface related donor states have been
recently confirmed through spatially resolved scanning
tunneling spectroscopy measurements conducted on single
crystals of ZnO.> The detection of doubly ionizable donor
states, within the investigated energy range, is consistent with
the presence of I, related states at surfaces. Similarly, spatially
resolved photoconductivity studies are underway in our group
to investigate the effect of I, related defect states on the
photoconductivity of the samples discussed above, especially in
the Zn rich ZnO/Zn nanorods.

4. Conclusions

Highly crystalline ZnO nanorods have been synthesized via
two low temperature techniques resulting in the stoichio-
metrically pure ZnO/ITO and Zn rich ZnO/Zn samples. The
nanorods with high surface to volume ratio are naturally
expected to harbour Vg in the ZnO lattice. The PL spectra are
shown to be highly dependent on the excitation energies vis-
a-vis the defect states present in the band-gap. Excitations with
energies close to or just smaller than the E, result in strong
violet-blue emissions, indicating the presence of localized
states within 100 meV below the CBM, in both samples.
Importantly, PL and PLE spectra provide signature of I,
related defect states lying within the CB itself, but only in the
Zn rich ZnO/Zn sample and not for ZnO/ITO, in agreement
with previous theoretical predictions. Since the I,, defect
states carry a lone pair of electrons, their presence just below
the CB and crucially within the CB will naturally impart an n-
type character to the undoped ZnO. The importance of Vg in
conjunction with Iz, in bringing about the n-type conductivity
of ZnO has also been discussed in the light of recent theoret-
ical investigations.
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