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Supplementary Information

1. Description of the Equipment used for the various spectroscopic

characterization

The surface morphology and structure of the ZnO NWs prepared by the aqueous solution
method and the CVD process were characterized by a JEOL JSM-6700F field emission
scanning electron microscopy (FESEM) and the microsturctural characterization of the NWs
were performed using a JEOL JEM-2010F transmission electron microscope (TEM). On the
other hand, the surface and bulk chemical composition of the samples were analyzed by a
PHI-5000C ESCA system with Mg K, x-ray radiation source (where Av =1253.6eV) and an
Oxford INCA EDS module attached to the FESEM, respectively. The CPL intensity mapping
on the submicrometre scale and the temporal decay of CPL were performed using a
PicoQuant MicroTime 200 confocal microscope. In the present study, all the CPL
measurements were carried out at room temperature and the luminescence of the ZnO NWs
samples was excited with a pulsed diode laser at 375 nm and at a constant intensity. A single-
photon avalanche diode detector from MPD as well as a PicoHarp 300 were utilized for
acquiring the count of the time correlated single photon, and the data was analyzed with the

SymPhoTime software package from PicoQuant (version 5.13). On the other hand, additional
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PL measurements were also performed with the use of a Hitachi F-7000 fluorimeter. The
structural and residual stress data in the NWs was obtained by X-ray diffraction (XRD)
measurements using a D/MAX-2550 diffractometer (from Rigaku, Japan) which is equipped
with a rotating anode and a Cu K, radiation source where A4 =1.54178 A. Conversely, the
I -V measurements on the ZnO NWs arrays were conducted using a Veeco DI 3100
multimode scanning probe system (SPM) with conductivity measurement capability.

On the other hand, the Hall measurement was performed on the ensembles of ZnO
nanowires (NWs) arrays and was not performed on an individual ZnO NW. The Hall
measurements on the ZnO NWs arrays was carried out at room temperature by using the Van
der Pauw four probe technique' with a square configuration utilizing an Accent HL5500
system. A thin aluminium (Al) foil (same size as the ZnO NWs arrays sample) with a circular
hole (radius is about 0.1 cm) very close to each of the four corners was used as a mask, for the
subsequent physical vapour deposition of a mixture of gold-zinc (Au-Zn) powder for the
formation of the Au-Zn electrodes on top of the ZnO NWs arrays. After the Au-Zn electrodes
were each deposited at the four corners of the ZnO NWs arrays sample, the Al foil was
removed where the sample area consisting of the ZnO NWs arrays is about 1 x 1 cm” and the
area of each Au-Zn electrode is about 0.03 cm’. Subsequently, annealing of the ZnO NWs

arrays sample with the four Au-Zn electrodes was performed in nitrogen gas at the
temperature of 500 ©C for 1 minute. This annealing step was performed as the Au-Zn contacts

would become ohmic with a low resistivity value when annealed at 500 ©C in nitrogen
ambient.” Moreover, good ohmic contacts between the electrodes and the ZnO NWs was
confirmed before the Hall measurements. Therefore the carrier concentration obtained from
the Hall measurements refers to the ensembles of synthesized ZnO NWs arrays which is
assumed to be the same for each individual ZnO NW. Please refer to Fig. S1 for the schematic

diagram illustrating the experimental setup of a square configuration for the Hall
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measurements on the ZnO NWs arrays.

A very recently published article in the journal Nanoscale® uses a similar Van der
Pauw sample configuration to measure the carrier concentration of ZnO NWs arrays. In
addition, there are also other reports which use the Hall method to measure the carrier
concentration of ZnO NWs arrays.*” On the other hand, it has also been hypothesized that the
Hall method may be applicable to ZnO NWs if the diameter of the NW is greater than 30 nm
since the quantum confinement effects are negligible in the radial direction and the NWs are
still expected to exhibit three-dimensional electron transport properties.® For our samples, the
diameters of the ZnO NWs are bigger than 30 nm as seen from the cross-sectional SEM

images in Fig. 2 (in the manuscript).

Au-Zn electrode

Fig. S1 Schematic diagram of the ZnO NWs arrays sample with the Au-Zn electrodes for the Hall
measurements.

2. XRD analysis of the ZnO NWs

The crystalline quality of the ZnO NWs samples were investigated by x-ray diffraction and
Fig. S2 shows the XRD pattern for the as-prepared ZnO NWs arrays in all the four samples.
Only two diffraction peaks were observed where the peak of the stronger diffraction
corresponds to the plane (002) and the second weaker diffraction peak to the (004) plane. The

occurrence of the two peaks corresponding to the (002) and (004) plane and the absence of
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any other peaks in the XRD pattern indicates preferential orientation of the ZnO NWs along

the [0001] direction with their c-axis perpendicular to the substrate.’
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Fig. S2 XRD pattern of the ZnO nanowires in the four samples A to D. The inset shows the spectra over a
wider range of 20.

In the longest ZnO NWs arrays (sample D), the angular position of the ZnO (002)
peak is located at 260 =34.29° while it shifts towards 26 =34.40° for the shortest ZnO NWs
(sample A). This implies that there is some relaxation of the residual stress in the crystal
lattice of the shortest NWs as the (002) peak for unstressed bulk ZnO is located at
20 =34.44° '° The origin of the main component of the residual stress has been attributed to
the intrinsic stress due to the presence of intrinsic point defects (e.g. V,, Zn,) incorporated in
the crystal lattice during the growth process'' and has been shown to be compressive in
nature.'” The other component of the residual stress is attributed to the thermal stress due to
the difference in the thermal expansion coefficient of ZnO (4.75x10°K™") and the Si
substrate (2.60x10°K™"), however it is much smaller in magnitude as compared to the
intrinsic stress.”” This shift of the ZnO (002) peak towards smaller values of 26 =34.30°
(away from 26 =34.44°) for the NWs in sample D implies that the longer ZnO NWs contains
a higher concentration of zinc interstitials or oxygen vacancies. This could be possibly due to
a larger incorporation of the zinc atoms into the NWs during the longer synthesis time

required for the NWs using the CVD process (which is also in agreement with the XPS and
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EDS analysis in section 3.2), hence leading to a higher concentration of Zn, and compressive

stress stemming from them.'? In addition, assuming a homogeneous stress in the NWs, the
Scherrer formula'* can be used to estimate the grain size from the full width at half maximum
(FWHM) of the (002) diffraction peak. The monotonic increase of the FWHM of the ZnO
(002) diffraction peak in Fig. S2 as the length of the NWs is increased indicates a decrease in

the grain size which also signifies a poorer crystalline quality of the longer ZnO NWs."

3. EDS spectrum of the synthesized ZnO NWs
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Fig. S3 EDS spectra of the ZnO nanowires in the sample (a) A, (b) B, (¢) C and (d) D.
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4.  Further description about the oxygen vacancies, comparison between
the PL and CPL spectra as well as the linear relationship between the

integrated CPL spectra and the excitation intensity for the ZnO NWs

The oxygen vacancies can occur in three charge states which is the neutral oxygen vacancy
(V"), the singly ionized oxygen vacancy (¥,") and the doubly ionized oxygen vacancy (V).

They are neutral, singly positive charged and doubly positive charged with respect to the ZnO
lattice as the trap has captured 2 electrons, 1 electron and no electrons, respectively. However,
there is still some uncertainty on the exact recombination model of the green emission
involving the oxygen vacancies. For instance, it could be due to the electronic transition

between the singly ionized V with photoexcited holes'® or a recombination of the delocalized
electrons near to the conduction band with the doubly ionized V, centers.'’ Recently, a model

combining some of the above-mentioned mechanisms has also been proposed.'®

On the other hand, the smoother PL spectrum as compared to the CPL spectra
corresponding to the samples in Figs. 6(b) and 6(a) (in the manuscript), respectively, is
because the observed PL intensity in Fig. 6(b) represents an average over a larger number of
NWs as compared to the CPL intensity [in Fig. 6(a)] which is only due to the individual NW
over the excitation laser spot area, hence the signal to noise in the PL intensity [in Fig. 6(b)] is
reduced. (On the other hand, the disappearance of the CPL band centered at 400 nm and 420
nm [in Fig. 6(a)] could be due to the cut-off filter used in the CPL measurements to remove
the laser light where the filter also removes all emission between 400 nm and 420 nm.)

By integrating the area under 3 different CPL spectra (figures not shown) obtained by
varying the excitation intensity at 375 nm corresponding to the ZnO NWs array in sample C,
a linear correlation is observed as shown in Fig. S4 between the spectrally integrated CPL
curves and the increase of the excitation intensity. (Unfortunately, the photodiode which

measures the intensity of the excitation laser before it reaches the sample is uncalibrated, and
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hence the unit of the excitation intensity is unknown but the relative excitation intensity was
doubled for each measurement on sample C). Since the CPL intensity consists mainly of the
green band, the linear relationship'® observed in Fig. S4 indicates that the range of applied

light intensity used in the experiments does not influence the concentration of the V, defects

responsible for the green emission on the surface as well as in the annulus region of the as-

synthesized NWs.
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Integrated PL intensity (a.u.)

Fig. S4 Plot of the spectrally integrated CPL intensity as a function of relative excitation intensity.

5.  Redshift of the CPL and PL emission spectra in the size-controlled
ZnO NWs

Under the same excitation wavelength of 375 nm in Fig. 6(a) (in the manuscript), besides the
difference in the relative intensity, the peak positions of the 4 peaks also exhibit a small red
shift of about 23 nm (from about 499 nm to 522 nm) among themselves. This red-shift of 109
meV as observed in Fig. 6(a) suggests that the energy of the electronic transitions for the
green PL emission is slightly reduced. Similarly, a redshift of the emission spectra is also
observed in Fig. 6(b) for the four samples corresponding to the excitation wavelength of 270
nm. Generally, two mechanism which could account for the observed red shift are the
variation of the oxygen-vacancy concentration in the NWs'” or the build up of generated

internal stress due to the presence of intrinsic defects in the NWs, where it could lead to a
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reduction of the bandgap.”® If the ZnO NW is approximated as a solid cylinder then from
Lamé’s equations, both the circumferential stress (hoop stress) and radial stress is constant
throughout the interior of the NW.?' Furthermore, since the amount of internal stress can lead
to a narrowing of the bandgap,’ if there is no significant shift of the energy levels of the deep

level defects such as V with respect to the band edge, then the sample will respond optically

by emitting at lower energy due to the narrowing of the bandgap. Although the amount of
intrinsic residual stress in the NW is constant in an individual sample (from the above
approximation), this residual stress level can change between samples. Some evidence in
support of this is indicated in the XRD result in Fig. S2 which shows that there is some
intrinsic residual stress present in the synthesized NWs due to point defects. In addition, the
amount of intrinsic residual stress is correlated with the concentration of intrinsic defects in
the ZnO NWs (from Fig. S2). For example, sample D possesses the largest amount of intrinsic
residual stress [in Fig. S2] (due to the largest concentration of intrinsic defects) displays the
biggest red-shift in the green band PL as shown in Fig. 6(a). Hence, the redshift of the PL and
CPL spectra in Figs. 6(a) and 6(b), respectively, at the same excitation wavelength could be
probably due to the different constant level of intrinsic residual stress in the different samples.

However by comparing Figs. 6(a) and 6(b), it is also observed that all four samples
also redshift when the excitation wavelength increases from 270 nm to 375 nm and Fig. S5
shows the red-shift for each individual sample. To explain this phenomenon, a longer
excitation wavelength (smaller photon energy) corresponds to a slightly shallower penetration
depth in the samples, and the intrinsic stress is assumed to be constant throughout the NW in
an individual sample (from the assumption that the NW is a solid cylinder and Lamé’s
equations®'). Hence we could infer that a probable cause for the redshift in an individual
sample when the excitation wavelength increases could be due to some spatial variation of the

concentration of ¥ defects beneath the NW surface (since V, could also cause the green PL
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band to red-shift'”). This is in agreement with the earlier discussion between the correlation of

the XPS and EDS results with the changes in the magnitude of the PL and CPL spectra.
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Fig. S5 The redshift of the green band in meV between the PL and CPL spectra corresponding to the four
samples with the change in the excitation wavelength from 270 nm to 375 nm.
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6. Influence of the S/V ratio on the radiative lifetime of the ZnO NWs

It has been observed in experimental studies that the radiative lifetime in ZnO NWs exhibits
size dependence where the exciton radiative lifetime increases with the size of the ZnO
nanostructures and is related to the exciton-polariton effects.”? It was also theorized that the
quantization of the wave vector in the vertical direction inside a nanostructure would decrease
the number of possible wave vectors, thus leading to an increase of the radiative
recombination time.”

Recently, it has been suggested that the radiative lifetime of ZnO nanostructures could
be related to the radiative lifetime of the free excitons.”* For our ZnO NWs, the top view of
the SEM images in Fig. 2 (in the manuscript) show that the average size of the NWs increases
when its length increases and as calculated from eqn (1), this results in a decreasing S/V ratio
(Table 2). Consequently, for our synthesized ZnO NWs as its length increases, the
corresponding decreasing S/V ratio could lead to a decrease of the scattering rate of the

excitons with the surface of the ZnO NWs, which would then increase the radiative lifetime
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due to some surface recombination process.” To exemplify this point, by fitting a straight line
through the data points in Fig. S6, a comparison of the slope of the decay rate between our
samples and with the NWs (with diameter between 29 nm to 40 nm) from Hong et al. (Ref.
22) can be made. The comparison shows that the slope of the decay rate for our samples is
comparatively much smaller (by two orders of magnitude) which indicates a slower scattering
rate with the surface. Hence the correlation between the increase of the radiative lifetime with
the increase of the length of our ZnO NWs [in Table 2] could be possibly due to the decrease
of the S/V ratio which induces a lower scattering rate with the surface. However, the above
mentioned mechanism is surface related which is different from the quantum confinement
effect (QCE) which does not have a pronounced effect on our samples. It is known that QCE
also lead to size dependent oscillator strength which increases the radiative lifetime of ZnO
nanostructures as its size increases.”* However for our samples, the QCE is negligible as the
range of diameters of our synthesized ZnO NWs are much bigger than the Bohr radius of

exciton in ZnO (1.8 nm).”’
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Fig. S6 CPL decay rate versus the length of the ZnO nanowires where the linear fitting (dashed line) is also
plotted in the figure.

Interestingly, a decrease in the radiative lifetime depending on the observed increase
of the CPL intensity (due to the increase of the concentrations of the oxygen vacancies),

corresponding to the longer ZnO NWs was not observed. This could probably be due to the

10
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trade-off between the higher concentration of the oxygen vacancies and the decrease of the
scattering rate of the excitons due to the smaller S/V ratio corresponding to the longer ZnO
NWs, since the former will decrease while the later will increase the radiative lifetime. On the
other hand, the relatively long radiative lifetime of the as-synthesized ZnO NWs (in the range
of ns) could be due to the localization of the excitons bound to the surface which could result

. .. . .. 2
in some elimination of the faster radiative channels.?®

7. Full derivation of the analytical model for the calculation of the donor
concentration of the ZnO NWs from its corresponding I-V

characteristics

At room temperature and for reverse bias voltage, the tunnelling current is predominantly due

to the thermionic field emission current” and the current density through @y, 18 glven by?

S prw = % \/ 7E,qlVy + cosh?I(DIE]::V ; kT)] eXp(_qig;NW ) eXp(qZR ) (1)
where

* = G —If;;h(Eoo /kT) @)
and

EO()
kT

E, = E,, coth(—22) 3)

where E  is the characteristic energy relating to the tunnelling probability given by

E, =4 | N (4)
“ 4z \me,

In Eq. (1), 4™ is the reduced effective Richardson constant which takes into account of the

effects of optical-phonon scattering and quantum mechanical reflection.” g, =¢.¢,1s the

11
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permittivity of the ZnO NW, ¢ = 8.36°" is the relative permittivity of the ZnO NW used in

this study (corresponding to thin ZnO film as the quantum confinement effects in our ZnO

NW is not significant because 7, is larger than the ZnO exciton Bohr radius’’) and ¢, is the
permittivity of free space. N, is the donor concentration in the ZnO NW expressed in m>. It

should be clarified that in Eq. (1), ¢,_,, 1s in volts. Substituting Eq. (2) into the

exp(&) term of Eq. (1) and simplifying result in
&

1 qV. qV,tanh(E /kT)
exp(qV, *—) = exp[ £ - £ o 5
PV ™) =expl=— E ] )
: E 1 ..
using tanh(—%) = and Eq. (3), Eq. (5) can be further simplified as
coth(—2%)
kT
qV, R qVy qV qVR
ex = 6
p() = exp[ L2 e iy~ g (©)

Substituting Eq. (6) back into Eq. (1), the current density through the reverse biased Schottky

barrier at the probe tip-ZnO NW interface, ¢,,_,, is given by

AT P, —qPp,_ qV. qV,
J 7Z.E Pt—NW ex Pt—NW ex R _ R 7
PeNw = \/ wllVe ¥ oshz(Eoo/kT)] P el = ™

o o

Taking the natural logarithms on both sides of Eq. (7) where J,,_,, = Lo gnd 4 is

Pt—NW

Pt—NW

the effective contact area for the Schottky barrier at the probe tip-ZnO NW interface, we have

E
00 ) +lln[V n Do nw 1- qPpi_nw n qVi _ qVx (8)

cosh®(E, /kT) E, kT E

o

1 A"
11’1 Pt—NW — ln
( y ) = In(

Pt—NW

The current transport mechanism in the ZnO NW is dependent on the parameter £, and as

discussed earlier, the current through the reverse biased Schottky barrier at the probe tip-ZnO

NW interface, @y, ,, is primarily due to the thermionic field emission,” hence E, ~ kT > and

Eq. (8) can be further simplified as

12
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AT rnkTq 1 Bp,_ qép,_ qV. qV,
In(/ =In(————)+—In[V, + 22 _TTPNW L 2R _ T R 1 n(4
(o) = In€ ) 2 Ve cosh?(1) E kT E ()

o o

€))
1 ¢Pt—NW : :
The term —In[V}, + ——="—] in Eq. (9) can be rewritten as
2 osh™(1)
2
Ly, +¢Pf%] “Ling ¢P’*;VW sty gy
2 cosh(1)” 2 ‘cosh”(1)" ¢, _nw
2
:lln[mhlm[MVR +1] (10)

2 “cosh*(1)” 2

¢Pt—NW

Hence Eq. (8) can be further expressed as

A T 7kT
In(Z,,_y, ) =In(—Y"=9

2
Vi L Leewr g, Lyppeosh® @y, g @ Ve @V oy
2 “cosh™(1)” 2 = @ p E kKT E

o

1D
To obtain a mathematical expression in Eq. (11) which permits further algebraic
evaluation, the Padé approximant technique will have to be considered where the rational

function, P(x),,, representing the Padé approximant of order [m/n] (where m and n are two

m/n

integers > 0) for the function of In(x+1) is given by’'

x* +6x
P(x)[Z/l] = m = ln(l + )C) (12)

The use of the Padé approximant provides better and fast approximation with a lower root
mean square error of the function In(x+1) as compared to the poorly converging Taylor
series of In(x+1). This is mainly due to the alternating terms in the Taylor series expansion
of In(x+1) which leads to a very poor convergence of the power series. On the other hand,
the rational function in Eq. (12) can be expressed as a sum of a polynomial and a proper

rational term given by

In(x+)~X42 2 (13)
478 3(2x+3)

13
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2
As aresult, from Eq. (13), the %ln[coSh M V. +1] term in Eq. (11) can be expressed as
Pt—NW
2 2
lln[cosh Q) Vo+1]= cosh™(1) v +2_ 227¢P,7NW (14)
2 o 8Pp, i 16 32cosh”(1)V, +48¢,, i

By substituting Eq. (14) back into Eq. (11) and grouping the like terms with the variable “V,”

together, the reverse bias thermionic field emission current through the Schottky barrier at the

probe tip-ZnO NW interface can be finally expressed as

2 A**T T
cosh”(1) +i—i]VR _ 227¢Pt—NW +In( 7k q)-i-lln[ ¢Pt—];/W ]_'_i_ 9Ppinw +1n(4
8w KT E, 32cosh™(1)V,, +48d,, i k 2 “cosh’(1)” 16 E,

(15)

In(Zp, ) =[

Before proceeding further in the derivation of the analytical equation for obtaining the

donor concentration of the ZnO NW directly from the In 7 —J characteristics, it is necessary

27¢Pt—NW

to consider the influence of the second rational term, 7'(V,) =— > in
32cosh™(1)V, + 48y,

V _ 3¢Pt—NVV

Rlaym — >——and since in the
N 2cosh*(1)

Eq. (15). The asymptote of the 7(V,) term occurs at

CAFM measurements, a platinum coated probe tip is used where the Schottky barrier height

at the interface between the Pt probe tip and the top of the ZnO NW is typically between 0.40

eV and 0.93 eV.** Hence the value of ¢,,_,, <cosh®(1) which implies that %tTJZVV(VI <l,asa
cos

result the value V.

R ‘ asym

(assuming the largest value of at 0.93eV) will be smaller than 0.6 V. In

addition, the gradient of the rational term given by

dT _ 864¢,, \, cosh’ (D) (16)
dV,  [32cosh’(1)V, +484,,_y, I’

and at V, =-1V and -2 V, the magnitude of the gradient of the curve is at 1.921 and 0.165,

respectively, where this translates to a decrease of about 91 % of the magnitude of the

gradient of the curve at V, =-2V as compared to V, =-1V. Therefore the influence of the

14
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rational term, 7'(V,) will be minimal on the reverse biased In(/)—V, characteristics when
Ve, <=2V. On the other hand, in Eq. (15), besides the V, term and T'(V,) term, the other
terms in the equation do not involve the variable “V,” and are constants.

Therefore using Eq. (15), an equation for calculating the donor concentration directly
from the slope of the reverse bias In/, —V, characteristics (denoted as G, ), obtained from

the reverse bias /, —V, characteristics in Fig. 9(b) corresponding to the ZnO NW is given by

cosh’) ¢ q

=G 17
8w KT E ! .

As previously discussed when the current transport mechanism is dominated by thermionic

field emission, £, = kT and E, in Eq. (3) is approximately equal to E  coth(l) hence,

cosh? (1) q e (18)
8Do, nw kT E  coth(l)
and rearranging the above equation,
q
an = 2 (19)
coh W 1 g,
8¢Pt NW kT

Consequently, from Egs. (19) and (4), the donor concentration of a single ZnO NW is given

by
N, = 1677 lilnﬁ?go 20)
2 coth? (D 9 g p
8¢Pt NwW kT

8. Some further discussion about the source of n-type conductivity in the

ZnO NWs

Hydrogen impurities, V,, Zn, and their complexes have often been cited as the defects

33

responsible for the source of n-type conductivity in the ZnO NWs.”” However, the

predominate source of donors in ZnO is still an open and unresolved question. Although the

15
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increase of the PL intensity [in Fig. 6(b)] is correlated with the increase of the oxygen
vacancies concentration, theoretical studies have indicated that ¥, is a deep donor’* and hence
it is unlikely to be a source for the intrinsic n-type donors in ZnO. On the other hand, Zn, has

been revealed by first principle calculations to be a shallow donor.** However the theoretical

models have also shown that Zn, possess high formation energy and are unstable as they are

fast diffusers and are mobile at room temperature.” Since our ZnO NWs were prepared by the
CVD process at a high temperature of 950°C without the use of any hydrogen gas and
hydrogen easily migrates out of ZnO at high temperature,*® it is also unlikely that hydrogen is
the contributing factor to the n-type semiconducting conductivity of the ZnO NWs. The
stoichiometric analysis of the ZnO NWs (in Section 3.2) implies an oxygen deficient state in
the NWs where the concentration of the V, and Zn, defects is positively correlated with
increase in the length and donor concentration of the synthesized NWs as calculated from the
analytical model. Hence it is likely that the attractive interaction between ¥, and Zn.*° lead to
a stable defect pair at room temperature where the mobility of the Zn, are greatly reduced in
the crystal lattice.’* In fact the ¥,-Zn. defect pair can be regarded as a Zn-antisite (Zn,)
defect and first principle investigations based on plane-wave pseudopotential method shows
that under zinc rich conditions, the formation energy of Zn, is comparable to V and it is a
shallow defect.’’ Furthermore, the co-existence of the ¥, and Zn, defects in oxygen deficient
ZnO could be a source of dominant donor with a resultant supply of high electron
concentration.’® Hence we believe that the V- Zn, complex as defect pairs could lead to the

incorporation of donor levels in the NWs and is the source of the n-type conductivity in the

synthesized NWs.

16
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