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Abstract:

Colloidal trivalent gallium (Ga) doped zinc oxide (ZnO) hexagonal nanocrystals have
been prepared to introduce more carrier concentration into wide band gap ZnO. The dopant (Ga)
modifies morphology and size of ZnO nanocrystals. Low content of Ga enhances optical band
gap of ZnO due to excess carrier concentration in the conduction band of ZnO. The interaction
among free carriers arising from higher concentration of Ga gives rise to narrowing of band gap.
Surface plasmon resonance absorption appears in the infrared region due to excessive carrier
concentration. Broad emission band consists of blue, yellow and green colors associated with
different native defects of ZnO. Intrinsic defect and extrinsic dopant Ga control the defect related
emission spectrum in the visible region. Replacement of Zn by Ga induces room temperature
metallic state in degenerate semiconductor. Cationic disorder leads to metal —semiconductor
transition at low temperature strongly dependent on the concentration of Ga. Pure
semiconducting behavior up to about 80 K is observed for the highest amount of Ga.
Temperature dependent metal - semiconductor transition has been interpreted by localization of

charge carriers due to disorder arising from random Ga substitution.
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Introduction:

The carrier concentration is a key and basic parameter to tune optical and
electrical properties of metal and semiconductor. The collective oscillation of free electrons in
metals leads to plasmon effect on the surface of metals. The frequency of oscillation depends on
the concentration of free electrons and the dielectric constant of metal. The interaction of light
with high dense electron gives rise to absorption due to plasmonic phenomenon. The optical
absorption frequency can be easily varied from the ultraviolet (UV) to far-infrared (FIR) region
through the reduction of size of metals'. High electrical conductivity of metal limits the
plasmonic resonance application due to high absorption loss. Low loss plasmonic materials are
very attractive because of development of new technology such as photothermal therapy, surface
plasmon resonance sensor, plasmon enhanced fluorescence and solar cell. It is found that doped
semiconductor nanocrystals reveal plasmonic effect in near infrared (NIR) region through the
introduction of more carrier concentration in the conduction band of wide band gap
semiconductor’. Cation and anion vacancies and doping by suitable atoms enhance the carrier
concentration of semiconductor. Wide band gap semiconductors possess high optical
transparency in the visible region and can have high electrical conductivity due to excess charge
carrier in conduction band. Thus heavily doped semiconductors with large band gap may have
the combined property of high optical transparency, good electrical conductivity and moderate

plasmonic absorption.

The carrier concentration significantly influences the electronic energy band structure of
large band gap semiconductor. The reconstruction and occupation of conduction band depends
on the electronic states of the dopant ion and the free charge density of host semiconductor. The

carrier concentration above the critical Mott carrier density results in increase of optical band gap
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and semiconductor-metal transition at ambient condition. The widening of band gap increases
the material optical transparency and the appearance of Fermi level in conduction band enhances
electrical conductivity with additional carrier concentration. Zinc oxide (ZnO) is a very
promising direct wide band gap semiconductor for innovative applications in electronic and
optoelectronic devices*’. In ZnO n-type doping naturally occurs due to native defects such as
predominant oxygen vacancy due to the lowest formation energy during synthesis ®*'*'2. All
possible types of vacancies and interstitial defects make ZnO the most attractive due to easily
controllable the relative concentration of various defects and tunable electronic properties. The
spontaneous formation of high density vacancy and defect in ZnO generates carrier concentration

of 10" — 10" cm™ very close to Mott critical carrier density'*™*

. The additional charge carrier
created by impurities may significantly affect optical and electrical properties of ZnO. The
valence electrons of group III elements have comparatively higher energy states and strongly
hybridize with conduction band states of oxide semiconductors'. The group III elements (Al,
Ga, In) can easily be doped into ZnO to generate free electrons which can fill up the conduction

. . 10,16
band levels to convert into degenerate semiconductor

. The isovalent group III elements have
strong chemical effect which drives different phenomena depending on the interaction between
dopant and host semiconductor. An intense experimental and theoretical investigation on
aluminum doped ZnO indicates an enhancement of electrical conductivity and optical
transparency up to about 3% Al substitution at Zn sites'"'®. An anomalous change in Fermi level
and resistance of ZnO depending on Al concentration has been predicted'>'**. The surface
plasmon absorption in the IR region has been tuned with Al concentration®'. The incorporation
of indium into ZnO lattice improves electrical conductivity and induces surface plasmon

22-23

absorption in IR region™ . The most important fact is that Ga (Z = 31) element is next to Zn (Z
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= 30) element in the periodic table. As a result of it, the covalent bond length of Ga-O (1.92 A) is
comparable to that of Zn-O (1.97 A). Effects of Ga doping on optical and electrical properties of
Zn0O thin films grown by various methods such as molecular beam epitaxy and pulsed laser

deposition technique have been reported*2°.

Nanocrystals are more advantageous due to large surface area than thin films. Moreover
nanocrystals can be synthesized chemically with lower cost than thin film deposition by
conventional physical methods. Size and morphology dependent properties of nonoscale
semiconductors can easily be tuned by controlling the synthesis condition. The dopants generally
diffuse to the surface of nanocrystals due to internal strain and self-purification®’. It has been
established that the dopants can introduce free carriers into nanocrystals only when dopants
occupy interior substitutional sites of pristine lattice®®?. Hence inclusion of impurities in
semiconductor nanostructures is a challenging task but it improves the physicochemical
properties in comparison with bulk semiconductors. Recently, Ga doped ZnO spherical
nanoparticles have been synthesized’*>?. The most attractive fundamental property of ZnO in
comparison with other wide band gap oxides is strong anisotropy along different crystallographic
directions. Among a number of ZnO based morphologies, hexagonal pyramid is very rare.
Hexagonal pyramid is superior to other common morphologies due to the existence of multiple
facets. We report here optical and electrical properties of Ga doped ZnO hexagonal

nanopyramids with systematic variation of Ga concentration.
Experimental Section:

Materials: Zinc Stearate [Zn(St);], Gallium (III) 2,4-pentanedionate, 99.99% (metal basis)

[Ga(acac);] and 1-octadecene (ODE, 90%) were purchased from Alfa Aesar. Oleylamine
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[(OLAM) 70%, tech] and Oleic acid (OLAC, 99%) were purchased from Aldrich. Formic acid
(GR), Ethyl alcohol (GR), n-Hexane (GR) and Acetone (GR) were purchased from Merck. All

chemicals were used as received.

Synthesis of Nano Crystals: In our synthesis protocol we took 1 mmole of Zn(St), and 10 ml
ODE in a 25 ml three neck round bottom flux fitted with reflux condenser. The mixture was
heated to 120°C under vacuum and kept for 1 hr. There after the reaction was carried out under
nitrogen atmosphere. The transparent yellow color solution was heated to 280° C rapidly at a
heating rate 10°C/min. The reaction mixture was kept at 280°C for 30 min. 8§ mmole OLAM and
5 ml ODE was degassed at room temperature in another round bottom flask and heated at 100 °C
for 1 hr in constant evacuation to remove dissolved water. This transparent mixture was heated to
220 °C temperature in N, atmosphere. The hot mixture of ODE and OLAM was injected into
ZnSt, solution in ODE heated at 280 °C. We continued the reaction for 8-10 min at 250 °C. The
reaction mixture was cooled to room temperature and the product was precipitated by addition of
5 ml hexane and 30 ml ethanol. The product was collected by centrifuging the precipitate and

washing was carried out for several times to remove impurities.

Keeping all the synthesis conditions similar, doped nanocrystals were prepared by
varying the concentration of Ga [Ga(acac)s] source in the solution such that the stoichiometric

ratio of Zn; yGa,O is maintained, where x = 0.0025, 0.005, 0.01, 0.02 and 0.04.

Characterization:

The content of Ga in ZnO was determined from the elemental analysis using atomic
absorption spectroscopy (AAS) Shimadzu AA-6300 atomic absorption spectrophotometer. The

crystalline phases of the products were determined by X-ray powder diffraction (XRD) by using
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Bruker AXS D8SWAX diffractometer with Cu K, radiation (A= 1.54 A), employing a scanning
rate of 0.5° S™" in the 20 range from 20° to 80°. For XRD measurement the hexane solution of the
NCs was drop cast over amorphous silicon sample holder till a naked eye visible thin layer was
formed. Transmission electron microscopy (TEM) images, high angle annular dark field
scanning TEM (HAADF STEM) images and energy dispersive spectrum (EDS) were taken using
an Ultra-high resolution field emission gun transmission electron microscope (UHR-FEG TEM,
JEM-2100F, Jeol, Japan) operating at 200 kV. For the TEM observations, the sample dissolved
in hexane was drop cast on a carbon coated copper grid. The morphologies of the samples and
film thickness were studied by a field emission scanning electron microscope (FESEM, JEOL,
JSM 6700F). The room temperature optical absorbance of the samples was recorded by a Varian
Cary5000 UV-VIS-NIR spectrophotometer. Photoluminescence (PL) measurements were carried
out at room temperature with a Fluorescence spectrometer (Hitachi, F-2500). The luminescence
decay curves were obtained by time correlated single-photon counting (TCSPC, HORIBA
JOBIN YVON IBH) via time-to-amplitude conversion (TAC). The samples were excited at
wavelength using LED (HORIBA JOBIN YVON IBH Nanoled-340) at a repetition rate of 1

MHz.
Thin film preparation and measurement:

A 2x2 cm’® quartz substrate first clean with piranha solution for 10 mins. was used for
thin film preparation. Then it was cautiously washed with de-ionized (DI) water and dried in
120°C in N, atmosphere for 4 hr. Then total 0.2 ml of nanocrystal solution in n-hexane (30 mg.
ml™") was spin cast on clean quartz substrate at a speed of 700-900 rpm for 60 sec. and dry it for
30 min. in vacuum. After that the film was immersed in formic acid solution in acetonitrile for 5-

8 min. to remove long chain capping agent. Then the film was annealed in Ar atmosphere for 4

6
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hr. at 350-400 ° C .To make Ohomic contact, Al electrode was deposited on two ends of film.
Using silver paste, electrical connection was made on Al electrode. Sheet resistance as a function
of temperature was measured in lab made cryostat with the help of liquid nitrogen, Keithley
Electrometer 6517A and Lakeshore temperature controller model 332 in temperature interval

300 K to 80 K.
Results and Discussion:

The actual content of Ga for different samples is shown in Table 1. The crystalline phase
and incorporation of Ga into ZnO has been confirmed from XRD as shown in Fig.1. In XRD
patterns all the peak positions correspond to the hexagonal wiirtzite structure of ZnO (JCPDS
No. 36-1451) which belongs to space group (P6sm¢). No significant unnatural XRD peaks are
observed in doped samples due to other possible oxide based crystalline impurities such as -
Ga,05> or mixed oxide (ZnGa,04)**. This implies that the trivalent Ga’" is properly doped in
ZnO system. In doped system it has been observed that the peaks are broadened with increase of
Ga loading. This effect might be due to the variation in shape or size of nanocrystals and also for
the generation of lattice strain for the presence of dopant ions at the lattice site or in the
interstitial site during the time of nanocrystals formation. In close observation, the most intense
diffraction peaks viz: (100), (002) and (101) are shifted to higher angle (20), i.e. the spaces of
crystallographic lattice plane decrease with increase of dopant mole%. The ionic radius of
trivalent Ga>* (0.062 nm) is much smaller than that of divalent Zn** (0.074 nm). This causes the

shifting of diffraction peaks to higher angle in order to satisfy Bragg’s law.

Rietveld refinements of the X ray diffraction for pure and doped samples were carried out

using software MAUD (http://www.ing.unitn.it/~maud/) to estimate the lattice parameters (a and
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c), crystal volume and lattice strain, shown in Fig. S1. Due to the smaller ionic radius of dopant
Ga’" it is observed that the lattice parameters a, ¢ and volume of the crystal decrease with
increasing Ga mole% in ZnO nanocrystals. Fig.S2 shows the compression of lattice parameter
with Ga concentration. It is also observed that the compressive strain increases with higher
doping percentage of Ga®" shown in Fig.S3. It is observed that non linear decrease of lattice
parameters a and c. The variation in the strain and lattice parameters may be attributed to size
variation of nanocrystals and interstitial doping. Unit cell volume (V) was calculated from

following equation®”
V =0.866 X a’ X ¢ (1)
It is observed that volume of unit cell varies from 51.94 A® to 45.67 A° with increase of Ga %.

Fig. 2a shows the TEM image of as-synthesized monodispersed ZnO nanocrystals. The
figure depicts the well defined structure of ZnO as incomplete hexagonal-nanopyramids. The
inset of Fig. 2a shows the tilted view of NCs and the thickness of NCs was found to be 15 - 19
nm. Fig. 2b shows HAADF-STEM image of incomplete nanopyramid. The size of nanocrystals
was found to be 35 = 1 nm at base and thickness of nanocrystals was 19 £+ 1.5 nm. The good ring
patterns from electron diffraction pattern were indexed to the hexagonal wiirzite structure (Fig.
2c), which is consistent with the XRD data. Fig. 2d shows the HRTEM image of single
nanocrystal which shows a perfect hexagonal base of pyramid with each site of 21 nm in length.
The wiirzite structured ZnO crystal consists of alternating planes composed of fourfold
tetrahedrally coordinated Zn®" and O” ions, staking alternatively along the c-axis. So the Zn*"

rich positive charged (0001) and O* rich negative charge (0001) polar surfaces generate a

permanent dipole along the c-axis®®. Most of the ZnO nanostructures show preferential growth
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along the c-axis for this inherent dipole moment. The FFT pattern in Fig. 2e is taken from the
brown square area of nanocrystal in Fig. 2d (the cross section of two basal edges). From the
circled spot in the FFT, the assigned planes are found to be (1120), (1210) and (1010). The
reconstructed TEM image from the FFT spots in Fig. 2f are consistent with the above mentioned
planes. The surface was terminated by (1120) group of planes and the (1010) planes are parallel
to basal edges. The polar {1011} is the most exposed surface in the as-synthesized nanocrystals
and there is no trace of thermodynamically stable facets like non-polar {1010} and {2110}

3738 The six polar {1011} facets make

which is very common in ZnO nanostructure system
nearly 59° angle with basal edges. In this in-complete pyramid system most exposed facets are
{0001}, {0001} and {1011} and they are polar either Zn rich or O rich. So the kinetic control of
the reaction here plays a vital role to stabilize unstable polar facets over thermodynamically
stable non-polar facets. Oleylamine acting as both accelerating and capping agents plays a
crucial role to determine ultimate morphology of the nanocrystals. The polar head of amine (-
NH;) and electron donating nature of amine stabilize the polar facets by electrostatic interaction
and co-ordination with Zn-rich surfaces. Fig. 3 shows the HAADF-STEM image of x=0.01
doped ZnO nanocrystals which also show the incomplete nanopyramid morphology with
decreased crystallite size. Energy dispersive X-ray spectroscopy (EDS) element mapping was
performed to determine the exact position and distribution of dopant ions in the NCs. The EDS
element mapping over large number of NCs shows that Ga®* ions are homogeneously distributed
among the NCs. No phase separation or agglomeration was noticed which conclude that the
dopant distribution is quite good. Other two elements Zn and O were also present in nearly

stoichiometric ratio and in well distribution. EDS line scan over a single nanocrystal also shows

nearly homogeneous distribution of Ga''ina single nanoparticle shown in Fig. S4.
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Fig. 4a shows the TEM image for x=0.02 Ga doped ZnO nanocrystals. The morphology
and size of NC are drastically changed. The morphology changes from nanopyramid to
inhomogeneous shaped hexagonal nanocrystals. Also the size decreases to 18 + 3 nm from 35
nm for pure ZnO nanocrystals. This implies that the growth of nanocrystals was inhibited in the
presence of Ga>* ions. Incorporation of Ga®" in ZnO crystal lattice increases the surface charge
density of Zn rich polar surfaces, i.e.; Zn-{0001} and Zn-{1011} surfaces due to higher
electronegativity of Ga®* than Zn®". This accretion of surface polarity favors faster electrostatic
interaction and consequent surface stabilization or capping by OLAM onto the Zn-{0001} and
Zn-{1011} surfaces. More Ga’* loading leads to more charge accumulation on above described
surfaces which results in quenching of growth along the c-axis (decrease in pyramid height) and
less exposure of {1011} surfaces. In presence of excess Ga>~ x=0.04 the morphology of NCs was
totally changed. Fig 4c shows the TEM image of x=0.04 Ga doped ZnO which depicts the
presence of some flower like morphology. The average size of nanocrystals increases to 40-50
nm. The closer view of a nanoflower is highlighted in TEM image. Fig 4d clearly indicates the
self-attachment of the NCs where the central NCs has size ~ 27 nm and outer six NCs ~ 20 nm.
Somewhat the size is very close to the size of freestanding x=0.02 Ga doped ZnO NCs. The

formation of nanoflower structure can be explained by the “oriented attachment process™” .

Decrease of crystallite size upon doping can be explained by Gibbs-Thomson

relationship™® .
S, = Sp exp[20V,,/TRT] 2
Where S, is the solubility of the crystallite of radius r, Sp is the solubility of the

corresponding bulk material, V,, is the molar volume, and o is the specific surface energy of

10
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nanocrystals. The compressive strain increases continuously with increase of the Ga
concentration which in turn elevate specific surface energy, o. Equation (2) suggests that larger
strain induces greater crystallite solubility. As a result Ga dopants inhibit the growth of ZnO

crystals and yield smaller particles than the pure one.

The oriented attachment process in the colloidal system occurs due to the ‘Limited
Ligand protection’ of the nanocrystals. Oleylamine, free stearic acid (generated from zinc
stearate) were believed to be the surface capping agent in the as-synthesized nanocrystals. When
excess (x = 0.04) Ga was introduced in the system it also incorporate excess acetylacetonate
ligand coming from the precursor. The acetylacetonate being a harder base than stearate or
OLAM might absorb at the surface much faster than the OLAM, which leads to the improper
surface protection*'*2. Also the surface doping (as the NCs always try to expel the dopant ion by
self purification process) of higher valent Ga®" creates a local dipole moment and results in an
increase of van der waals type of interaction (dipole-induced dipole, induced dipole-induced
dipole). Both the factor leads to the easy coalescence of the nanocrystals maintaining the similar

crystallographic alignment of the polar planes.

Introduction of Ga®" into the ZnO lattice is expected to modify the energy band structure
of ZnO nanocrystals which affects the optical properties of ZnO NCs. To access the exact effect
and possible applications, we performed both the absorption and emission spectrum
measurements. Fig. 5a shows the absorption spectra of all sample dissolved in carbon
tetrachloride in the wave length region of 300 nm to 3300 nm. One absorption peak is observed
for pure sample and two different absorption peaks are found for doped samples. The absorption
peak around 362 - 372 nm. (in UV region) has shown in inset of Fig. 5a due to the band gap

absorption. In infrared (IR) region absorption band is related to the localized surface plasmon

11
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resonance (LSPRs) absorption. Surface plasmon resonance occurs due to the introduction of free
carriers in doped nanocrystals, either by aliovalent cation doping or ionic vacancies. With the
increasing of Ga content up to x=0.02 the plasmonic absorption increases monotonically but
plasmonic absorption intensity decreases for higher value of x=0.04 which may be for
destruction of particle size distribution, inhomogeneous doping and for electron trapping around
Ga®" ion®. Termination wavelength of UV-VIS-NIR instrument is 3300 nm, so we carried out
FTIR spectroscopy to get the full nature of LSPRs band showed in fig. 5(b). The normalized
absorbance peak position shifts towards higher frequency with raising Ga content i.e. the carrier

. . . . + . .
concentration in ZnO nanocrystal increases with Ga®* substitution.

The LSPRs frequency strongly depends on carrier concentration and carrier mobility. The
modified Drude —Lorentz model can explain LSPRs absorption. The absorption coefficient (o) of

. . . . . 44
the excess electrons in conduction band of semiconductor is given as follows:

e2N

@ ey ®)
Where e is electronic charge, N is the carrier concentration, c is the speed of light and ®
is the frequency of light, m’ is the effective mass of electron, & the vacuum permittivity, n is the

refractive index of pure semiconductor, y is the mean time between two electron scattering event.

LSPRs band absorption frequency based on Mie’s theory is expressed as® :

Ne?

w0y = | (4)

*
m EoptEO

€opt 18 the dielectric constant of semiconductor material measured in transparent region of
spectrum. From equation (4) free carrier density in doped sample with parameters m™ = 0.29mg">"

4 sopt=7.7747 (for bulk ZnO system) has been calculated and depicted in Table 2. The carrier

12
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concentration was found to be of the order of 10" cm™

and increasing with increase in the
concentration of Ga source in the precursor till x=0.02. On further increase in Ga concentration

the value was found to decrease.

The absorption peaks in UV region are related to energy band gap. Optical band gap can
be found from the differential absorption spectra 3—2 in Fig. S5*°. Band gap energy increases with

increase of dopant concentration . The band gap energy of pure and doped sample is presented in
Table 2. Here the size effect of nanoparticle is not so important for band gap enhancing because
particle size of doped samples are much bigger than exciton Bohr radius (2.1 nm.) for which
quantum confinement effect is important. The blue shift of optical band gap can be attributed to
the increase of Ga concentration, which creates free carriers in the host ZnO. The excess
electrons occupy the lowest states in the conduction band and enhance the effective band gap.
This behavior is called Burstein-Moss (BM) effect'***°. Increase of Fermi level in conduction
band due to BM effect is responsible for energy band gap widening. The value of carrier
concentration (N) is also determined from the shift of band gap due to BM effect and is
presented in Table 2. The value of N calculated using BM effect is similar to using Mie’s theory,
Eq. (4). The difference in pre-factor is due to dielectric constant of solvent which is not
accounted in BM effect. Comparison of carrier concentration using Mie’s and BM effect it
confirms that our doping process is homogenous. According to BM effect, band gap should
increases with increase of Ga content. After certain limit of Ga concentration, band gap of

13,16,51
sample starts to reduce ™

. The exchange and Coulomb interactions among the free carriers in
the conduction band and carrier-impurity scattering leads to a downward shift of conduction

band and upward shift of valence band’*. So a renormalization of band gap occurs due to many

13
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body effect, such as electron-electron, electron-ion, hole-ion, hole-hole which causes narrowing

in the optical band gap of sample.

To know more about the change of optical properties and defects state upon Ga®" doping
in ZnO matrix steady state photoluminescence (PL) spectroscopy was performed. Fig. 6 shows
the PL profile of pure and doped ZnO nanocrystals. Upon band gap excitation at 340 nm, all the
nanocrystals show two types of emission: near band edge emission (NBE) in UV region and
defect level emission (DLE) in the visible region. The NBE emission appeared at 378 nm - 385
nm upon photoexcitation of the NCs can be attributed to the radiative recombination of the
photoexcited electron in the conduction band with the photo generated hole in the valence band.
The DLE band is very broad (400 nm — 600 nm) compared to narrow NBE band (350 nm — 400
nm). The broad emission band is deconvoluted based on Gaussian distribution as depicted in Fig.
7 to extract the characteristic transitions of excited electrons to ground state levels. Each
emission spectrum consists of a single broad peak in wavelength interval of 400-650 nm. The
intensity difference between minima of each peak is small compared to peak intensity. In the

deconvolution process, the base line of each spectrum was approximated linear with wavelength.

The wide DLE spectrum for pure ZnO is resolved into three well defined emission peaks
centered at 465, 500 and 540 nm respectively. Green peak at 500 nm has the highest integrated
intensity among three peaks. The lowest Ga doped sample (x = 0.0025) reveals a prominent peak
at 420 nm corresponding to blue emission as distinctly indicated in Fig. 7(b). All the emission
peaks as displayed in Fig. 7 are red shifted with increase of Ga concentration. The Ga doped
Zn0O nanocrystals for x = 0.01, 0.02, 0.04 show a broad yellow emission centered at 578 to 581
nm along with green emission. Integrated intensity of yellow emission increases concomitant

with decrease of green emission.

14
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The intermediate impurity levels within band gap region generated by defects determine
the emission features of large band gap semiconductor. Physics and chemistry of defect
formation and variation of defect concentration in ZnO are very complex™. Most of the vacant
tetrahedral and octahedral lattice sites of relatively open crystal structure of ZnO favor both
intrinsic and extrinsic interstitial defects. Different types of defects in ZnO nanocrystals create
some localized donor states like shallow trap states near the conduction band and acceptor states
or deep trap states near the valence band. Interstitial Zn ion (Zn;) and oxygen vacancy (V) are
the most common donor states in n-type Zn0'%*%  The Zn; and V, in crystals give rise to
shallow and deep donor levels within band gap. Zinc vacancy (Vz,), interstitial oxygen (O;) and
oxygen atom at Zn lattice site (Oz,) are the common acceptor states in ZnO system. The dopant
Ga influences intrinsic defect states of ZnO significantly. Experimentally and theoretically it is
found that Ga induces Vz, in ZnO crystals due to self-charge compensati0n56. Moreover, Ga can
also occupy both substitutional (Gaz,) and interstitial sites (Ga;) of ZnO lattice®’. For larger Ga
concentration, vacancy complexes such as Gay, — Vz, and Gaz, — O; are formed due to strong
Coulomb interaction. These complexes affect mainly deep acceptor states. A large variety of
defect levels control the emission bands in the visible region due to multiple transitions

depending on available states of each defect level.

From pure ZnO, x = 0.0 to doped x = 0.02 NCs the relative intensity of DLE to the NBE
gradually increases. These results from the higher probable of occurrence of recombination of
electron with the deep trapped state rather than NBE states. This may be a result from the
increased number of defect population upon Ga doping. Shallow donor levels and splitting of
valence band (VB) due to strong crystal field and spin-orbit effects lead to large width of NBE.

Blue emission band can be attributed to the formation of some Zn; states which is closely

15
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situated with the conduction band (CB) minimum. Recombination of electron from Zn; states to

58-59

VB results in blue emission™ ™. Multiple emissions in green spectral region originate from V,

60-63

and Zn; derived defect states Deep acceptor states associated with mainly Vg, are

6465 The recombination of electron from donor state Zn; with the

responsible for yellow emission
deep trap states™ may also generate yellow emission. The enhancement of emission in yellow

region and decrease of emission in green region is due to the formation of more Vy, with

increase of Ga concentration.

The time-resolved luminescence study is essential to under-stand the origin of the
different emission centers in the NCs. Time dependent emission spectra for all samples are
depicted in Fig. 8. The decay profile of pure ZnO can be fitted well with bi-exponential function,
where the fast decay component 7; = 0.93 ns and slower component 7, = 4.93 ns. The fast decay
component is for excitonic recombination and slower one is for recombination of electron with
the deep trap states corresponding to vacancies and defects. The decay components and the
average lifetime of the pure and doped samples are shown in Table 3, which clearly indicate the
increase in average life time of the samples upon Ga®* doping. All the samples needed hundred
of nanoseconds for complete deactivation, indicating deep trap nature of the defect states. The
decay profile of low doping (x = 0.0025 — 0.02) and the highest doping (x = 0.04) NC was fitted
with three and four exponential components respectively. This clearly suggests that multiple
recombination channels are involved in Ga doped samples. Various defect levels are responsible

for such recombination path ways.

Electrical Properties:

16
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We have measured the sheet resistance of the pure and doped thin film samples in the
temperature range 80 K — 300 K by conventional two probe method. The crystal structure of
annealed thin films is identical with as synthesized samples which is confirmed from XRD
patterns of films [Fig. S6]. Continuous deposition of film and presence of nanocrystals in as
deposited and annealed film have been verified from SEM images. [Fig.S7 and Fig S8
respectively]. The annealed film shows characteristic absorption in UV-VIS-NIR region [Fig.
S9]. At room temperature the sheet resistance of pure ZnO film is found to be 60 k€/sq. When
the system was doped (x = 0.0025) with Ga in ZnO matrix then sheet resistance decreases
rapidly to 1.7 kQ/sq. With further increasing Ga concentration sheet resistance gradually
decreases viz. 1200 Q/sq. for x = 0.005, 900 Q/sq. for x = 0.01, 650 Q/sq. for x = 0.02 but
drastically increases to 3 k€/sq. for x = 0.04. For higher content of Ga, localized impurity states
are formed within band gap region of ZnO due to interstitial defect which causes an increase of
resistance'®. Sheet resistance, error from current voltage curve (I-V) fitting in sheet resistance
measurement in room temperature and thickness of all samples are shown in Table 4. Fig S10
shows the room temperature sheet resistance with error bars for same compositional and
conditional different films. The lowest achieved sheet resistance of 650 €)/sq. in the present
study is about two times higher than the recent published results (390 Q/sq.). In later case,
hydrogen and UV treatments improve the sheet resistance of Ga doped ZnO nanocrystals.”
Sheet resistance depends on the thickness of film. Resistivity of film is more convenient to
compare with earlier reported values. Resistivity as displayed in Table 4 has been calculated
based on the measured thickness and the best value of resistivity for x = 0.02 is one order of

66-68

magnitude lower than sol-gel derived films®®®. The minimum resistivity of 1.86x10™ Q.cm as

shown in Table 4 is comparable to Ga doped films (3.6x10™ Q.cm) prepared by metal organic
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vapor deposition®® . The absolute value of resistivity varies with the preparation technique but the

trend of variation of resistivity with Ga concentration remains almost same.

Temperature dependent electrical sheet resistance measurement of pure ZnO film as
depicted in Fig. 9(a). shows semiconducting behavior as confirmed from the negative value of
temperature coefficient of resistance. The resistance vs. temperature as shown in Fig. 9(b)-(e).
gives a clear signature of metal - semiconductor transition (MST) with the position of the
minimum for doped (x = 0.0025 - 0.02) samples’’. The transition temperature of doped film is
found to vary from 200 K to 125 K with increase of Ga concentration. The conduction band of
Ga doped ZnO consists of the most extended s derived states of Zn and Ga. The metallic
conductivity originates from the strong overlap of delocalized s state of conduction band with the
neighboring ions. Metal like conductivity above transition temperature is due to the formation of
degenerate band in doped semiconductor. The variation of resistance with temperature for x =

0.4 indicates a conventional semiconductor in which the Fermi level lies within band gap region.

The incorporation of Ga into ZnO lattice introduces two major modifications:
enhancement of carrier concentration and cationic disorder. The enhancement of carrier
concentration improves the metallic behavior which gives rise to shifting of MST temperature
towards lower temperature region. The random substitution of Ga creates a disorder in crystal
potential which leads to a localization of carriers. The constructive interference of wave function
of such carriers causes an increase of resistance with decrease of temperature, known as
localization effect’'. Decrease of sheet resistance and MST transition temperature suggests a
transition controlled by the electrons hopping among the defects generated by Ga ions. The
temperature corresponding to the minimum position at the MST could be associated to the

energy required by the electron to hop from one Ga ion to another. A plot of transition
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temperature vs. concentration reveals a power law kind of relation with T proportional to
concentration™ (with m c.a. 1/6) as shown in Fig S11. The nature of resistance with temperature
is analyzed in the light of phonon scattering in metallic region and backscattering in

semiconducting region as given by

R= ! +asT?2 +R, (5)

p 1
oota T /2+a2T /2

. : .. P : o : :
where o, is the residual conductivity, a;T /2 + ale/ 2 is the weak localization with p taking

values of 3 and 2 for electron - phonon scattering and electron - electron self scattering

respectively, ale/ 2 corresponds to the Coulomb electron interactions renormalized by self-
interference effects, azT? corresponds to the high temperature thermal scattering. However, it is
observed a correction term R, has to be added in order to obtain a good fit to the curve. The
fitted plot of sheet resistance and fitting parameters are presented in Fig. 9 and Table 5
respectively. Mathematically Ry corresponds to a shift in the origin in the high temperature
contribution. A meaningful fit (with the standard errors less than the derived parameter) is
obtained when the value of g, is set to 0. According to Matthiessen's rule resistance arising from
different scattering centers when acting simultaneously, may be approximated as if they are
connected in series. A negative value of R, suggests that not all mobile electrons participating in
the high temperature scattering process are contributing to the weakly localized conduction
process at low temperature. This might occur either due to a phase transformation involving an
accelerated generation of thermal electrons or discontinuities occurring in the material leading to
parallel channels of preferred conducting region. This is also indicated by the increased values of
the exponent p which represents an increased thermal dependence of relaxation time due to

multiple scattering and self interference probably from the boundaries of these preferred
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channels. The contribution of Coulomb electron interaction is found to change sign at higher

concentration of Ga (x> 0.01 ).

Since the values of p > 3 are not defined in literature an attempt was carried out by
replacing the term a4 /2 by a4T3/ 2 + alTp/ 2 in the spirit of Matthiessen's rule’>. The fitted plot

using alTp/ 2 by a4T3/ 2 + alTp/ 2 and fitted parameter showed in Fig. S12 and Table Sl
respectively. It is found indeed that the data could be fitted to system with parameter p such that
p lies around 2 and 3. The value of a, is found to be negative suggesting that the system can be
explained by two competing contributions of phonon scattering (however the quality of the fit is
deteriorated as observed from the values of regression coefficients). For doping concentration x
>= (.02 the fitted value of a3 goes to 0 with the value of p closer to 3 suggesting a single kind of
phonon scattering getting involved in the conduction process. Hence, it may be suggested that a
combination of scattering and percolation processes control the conduction mechanism in such

system.

Conclusion

The replacement of Zn by Ga modifies morphology from hexagonal nanopyramid to
nanocrystals and reduces size from 39 nm to 18 nm. Higher electronegativity of Ga’" and larger
compressive strain control the growth kinetics. Optical band gap increases with Ga concentration
due to fill up the bottom of conduction band of host ZnO. Many body effects give rise to
reduction in band gap in heavily Ga doped system. Surface plasmon absorption in the infrared
region originates from the spontaneous formation of high carrier concentration introduced by
defects and Ga impurity. Quantitative analysis of PL spectrum suggests that the cooperative

emission of multiple colors in the visible region arises from various defect derived intermediate
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energy levels. Carrier concentration, modification of electronic energy band structure and

disorder drive dopant and temperature induced metal - semiconductor transition. The co-

existence of high optical transparency, plasmon absorption, tunable emission in the visible region

and high electrical conductivity may be useful for the fabrication of multifunctional nanoscale

devices.
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Table 1: Ga concentration of Zn; 4Ga,O samples based on atomic absorption spectrum analysis.

Ga in Zn;,Ga,0 (mol%)
Sample (Zn,.,Ga,0) Ga precursor (mol%)

x=0.0 0 0
x=0.0025 0.25 0.172

x=0.005 0.5 0.4192

x=0.01 1.0 1.89

x=0.02 2.0 3.24

X=0.04 4.0 491
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Table 2: Optical band gap energy (Eg), plasmon wavelength (A,), carrier concentration (N)
calculated from the Burstein-Moss effect and Mie's theory for pure and doped samples (Zn;.

xGa,0).

1
) |
Sample Ap (nm) E,; (eV) Mie s Theory | Burstein-Moss |
3 10 effect
N[em™]x10
N[em~]x10"
x=0.00 ~ 3.302 ~ ~
x=0.0025 6929.11 3.332 4.332 0.562
x=0.005 5893.27 3.350 5.988 0.629 |
|
x=0.01 5398.06 3.358 7.138 1.037
x=0.02 4273.04 3.407 11.392 1.094
x=0.04 4843.37 3.314 8.866 0.486
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Table:3 The photoluminescence decay components (1) and the average lifetime of the pure and doped
samples (Zn;Ga,O) at emission wavelength (Aems)-

T (ns
Sample | Pems ) Average
(nm) lifetime (ns)
T1 LY T3 T4
<=0.00 | 492 | 093 4.93 - : 1.03
x=0.0025 | 500 2.20 2.27 206.00 - 1.56
x=0.005 512 0.29 1.09 12.89 - 1.65
x=0.01 530 0.59 1.35 16.12 - 2.17
«=0.02 | 533 | o0l 0.54 22.61 - 2.68
x=0.04 | 535 | 013 1.11 8.51 | 45.39 5.39
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Table 4: Sheet resistance, thickness and resistivity of Zn; ,Ga,O samples

Sheet resistance(R,) | Thickness(t)
Sample sig(llfig::ntto(ltiggtl?:(t)m (nm) Resistivity (p)
(Zn,..Ga,0) I-V fitting) x10™* ( ohm-cm)
Q/sq.
x=0.0 60,000 (64) 303 16875.80

x=0.0025 1700 (8) 330 525.93
x=0.005 1200 (3) 287 3.22

x=0.01 900 (3) 293 2.50

x=0.02 650 (3) 310 1.86

x=0.04 3000 (2) 297 8.24
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Table:5 Fitting parameters a;, a,, as, p and Ry of pure and doped ZnO (Zn,.xGaxO) as described

in Eq.(5). o, is deliberately set to 0. The error to the last significant digit is given in the
parenthesis.

Sample al p a2 a3 Ry(in ohms) Adj R

x=0.00 | 1.82(4)x 10| 7.7(6) | 3.4(1)x 10" -0.3(1) 67352(7000) | 0.99941

x=0.0025 | 43(2)x 10" | 12(1) | 3.62(9)x 10° | 0.04463(1) -2680(50) 0.99943

x=0.005 | 5.7(4)x 10"° | 9.7(9) | 2.59(5)x 10 | 0.0483(5) -3984(77) 0.998

x=0.01 | 92)x 10" | 6.02) | 5.12)x10° | 0.035(1) -1822(132) 0.99954
x=0.02 | 9.7(8)x 10° | 3.00(3) | -6.50(4) x 10 | 0.0106(2) -283(13) 0.99181
x=0.04 | L.7()x 107 | 3.17(3) | -1.4(1)x 10™ | 0.0028(4) -301(30) 0.99289
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Figl: XRD pattern of ZnO and doped Zn; \GaxO nanocrystals .
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Fig.2 (a) TEM image of pure ZnO nanocrystal. Inset shows tilted view of pure ZnO nanocrystals with
thickness ~15-19 nm. (b) STEM dark field image of Pure ZnO. (c) SAED pattern of Pure ZnO with indexed
planes. (d) HR-TEM image of a single ZnO pyramid with each side of 21 nm in length. (e¢) FFT pattern of
colored square area of fig.2d. (f) Reconstructed TEM image from fig. 2e. The most exposed plane were
indexed as (1120), (1210) and (1010).
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Fig.3: HAADF-STEM image for Zn;Ga,O (x=0.01) NCs. Lower Panel: EDS
element mapping of the squared area for Zn, O and Ga.
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Fig.4: (a) Large area TEM image for Zn; yGa,O (x=0.02) sample. (b) HR-TEM image for x=0.02 sample
shows the single crystalline nature of nanocrystal. (¢) TEM image for Zn; (Ga,O (x=0.04) sample. (d)
Closer view for x=0.04 sample. NCs show flower like morphology.
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Fig.5: (a) Optical absorption spectra of pure ZnO and doped Zn; GayO nanocrystals in VIS-NIR region. In
set depicts band gap absorption of samples. (b) FTIR spectra of doped samples showing the plasmonic NIR
absorption. Additional sharp peaks (asterisks) arise from organic ligand oleylamine absorbed on nanocrystals
surface. Blue and purple asterisk represent N-H stretching and symmetric/asymmetric stretching vibration of
long hydrocarbon chain respectively. Black dotted line and red vertical dotted line are guiding line for
shifting of plasmonic absorption.
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Fig. 6: PL spectra of pure and doped Zn;_x Ga,O nanocrystals.
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Fig.7: Deconvoluted PL spectra of (a) pure ZnO (b) x=0.0025 (¢) x=0.01 and (d) x=0.04 NCs.
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Fig.9 Variation of sheet resistance with temperature for pure ZnO and Zn; yGayO NCs. All the
data are fitted using equation:(5).



