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Undoped and Ga-doped ZnO nanorods both exhibit an intense green luminescence (GL) band cen-

tered at �2.4 eV. Unlike the defect-related GL in undoped nanorods, the GL band in Ga-doped

nanorods displays a periodic fine structure separated by 72 meV, which consists of doublets with an

energy spacing of 30 6 3 meV. The emergence of the structured GL is due to the Cuþ state being

stabilized by the rise in the Fermi level above the 0/- (Cu2þ/Cuþ) charge transfer level as a result

of Ga donor incorporation. From a combination of optical characterization and simulation using the

Brownian oscillator model, the doublet fine structures are shown to originate from two hole transi-

tions with the Cuþ state located at 390 meV above the valence band. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4978761]

The optoelectronic properties of ZnO can be enhanced

and tailored by doping it with Ga, opening up possible appli-

cations, such as tunable plasmonic devices and optically

transparent electrodes in dye-sensitized solar cells.1,2 First

principle calculations and experiments have shown that Ga

favorably occupies substitutionally the Zn site (GaZn), which

acts as a shallow donor leading to the formation of Ga-bound

excitons that produce sharp luminescence lines at low tem-

perature known as I1 and I8 lines.3,4 However, there have

been few studies to date that investigate the effect of Ga dop-

ing on the ubiquitous broad visible emission in ZnO. This

deep-level emission in ZnO is most commonly observed in

the green and widely accepted to be associated with intrinsic

defects (such as oxygen and zinc vacancies) or the internal

transition of a hole within substitutional CuZn centers.5,6

Cu is a commonly incorporated impurity up to the ppm

level in II–VI semiconductors such as ZnS, ZnO, and CdS

and is known to form acceptor states within the bandgap. A

large amount of work on Cu-doped ZnO exists concerning

various aspects of its acceptor states and their possible role

in green luminescence mechanism.7–9 Cu dopants have also

been theoretically predicted to favor spin polarization and

hole mediated ferromagnetism in ZnO-based diluted mag-

netic semiconductors.10 Room temperature ferromagnetism

of Cu-doped ZnO has been reported by different groups;11,12

conversely, the lack of ferromagnetism in some samples was

also confirmed by other workers.13 These inconsistent results

highlight the fact that the nature of Cu acceptors in ZnO and

its role in the optical and magnetic properties is highly con-

troversial. In this work, we demonstrate that the charge state

of Cu in ZnO nanorods can be selectively switched by Ga

doping. This switching behavior of the Cu charge state could

account for the often contradictory interpretations of the

luminescence and ferromagnetism properties of Cu-doped

ZnO. To elucidate and predict the carrier mediated conver-

sion of the Cu charge state in ZnO we have performed

optical measurements and simulation of the characteristic

Cu-related green luminescence (GL) band in ZnO nanorods

fabricated the vapor-liquid-solid (VLS) method. This growth

method enables the manipulation of the electronic structure

of ZnO nanorods by uniformly introducing Ga dopants sub-

stitutionally on Zn sites during the growth. The spectral sim-

ulation of the Cu-related GL enables the determination of the

zero phonon line (ZPL) and phonon coupling strength of the

Cu luminescence center in ZnO.

ZnO nanorods were grown on highly polished silicon

(100) wafers and quartz substrates by the VLS method

described in detail elsewhere.14 To grow Ga-doped ZnO

nanorods, Ga2O3 powder (Sigma Aldrich, 99.99% pure)

was added to the source material. The morphological and

elemental analyses were performed using Zeiss Supra 55VP

scanning electron microscope (SEM) attached with an

Energy Dispersive X-ray (EDX) spectrometer for qualita-

tive elemental mapping. The Ga and Cu concentrations

in the nanorods were analyzed by Laser Ablation (Teledyne

Cetac LSX-266) Inductively Coupled Plasma Mass

Spectrometry (Agilent 7500cx). Photoluminescence (PL)

measurements were performed using the 325 nm emission

line of a HeCd laser and the emitted light was dispersed by

a Spex-1404 double monochromator (spectral resolution

50 leV). Cathodoluminescence (CL) was performed using a

FEI Quanta 200 SEM equipped with a high-resolution

Hamamatsu S7011–1007 CCD image sensor.

Fig. 1(a) shows a secondary electron SEM image of

Ga-doped ZnO nanorods containing 0.15 6 0.06 at % Ga.

Nearly all the nanorods are aligned along the [0002] direction

perpendicular to the substrate (see the X-ray diffraction pat-

terns in Fig. S1 in supplementary material) and possess hexag-

onal tip facets, indicating that the nanorods are single crystal

wurtzite. The nanorods typically have diameters of �130 nm

and lengths of �450 nm. EDX elemental mapping was used

to qualitatively evaluate the spatial uniformity of distributions

of Ga and Zn in the nanorods. The EDX maps in Fig. 1(b)

show uniform distribution of Ga and Zn along the Ga-doped

ZnO nanorods. The LA-ICP-MS analysis reveals a Cu
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concentration of �30 ppm in both undoped and Ga-doped

nanorods using the NIST 610 and 612 standard reference

materials.

The near-band-edge (NBE) PL spectra of the ZnO nano-

rods show free exciton (FX) and bound exciton (DoX) emis-

sions at 3.381 and 3.365 eV, respectively, together with their

corresponding longitudinal optical (LO) phonon replicas

[Fig. 2(a)]. The inset shows high-resolution PL spectra with

well-resolved bound exciton lines I4 (due to H impurities)

and I6 (due to Al).3 For the Ga-doped nanorods, the NBE

emission is dominated by the I8 line at 3.364 eV attributed to

excitons bound to neutral Ga donors,4 while I1 has been

assigned to ionized-Ga donor bound excitons.15 These well-

resolved free and bound excitonic lines suggest that the Ga-

doped nanorods remain non-degenerate. Additionally, the

strong I8 line indicates that Ga dopant atoms are incorporated

in the nanorods by predominantly substituting Zn. The deep-

level PL spectra of the undoped and Ga-doped ZnO nanorods

at 6 K are depicted in Fig. 2(b). Comparison of the nanorods

PL spectra before and after the Ga doping reveals the follow-

ing: (i) the fine structured doublets emerges, with an energy

spacing equal to the longitudinal optical phonon energy

ELO¼ 72 6 3 meV, and (ii) the GL peak is red shifted by

�50 meV. The symmetrical, unstructured GL band centered

at 2.45 eV in undoped ZnO is attributable to zinc vacancies

(VZn) in earlier work.5,16 It is noteworthy that the optical

quality of the nanorods improves significantly upon the Ga

doping as Ga atoms occupies VZn sites in the as-grown nano-

rods as evidenced by the increase in the Ehigh
2 mode in

Raman spectra (see the Raman spectra in Fig. S3, supple-

mentary material). The Ga-doped ZnO nanorods exhibit a

sharp ZPL peak at 2.874 eV and a series of doublets whose

energy positions match, within the experimental error of

620 meV, those reported in the literature for bulk Cu-doped

ZnO17 (see Table S1 in supplementary material), indicating

that the Ga doping activates Cu luminescence centers. The

slight variations in the exact peak positions could also be due

to tensile strain in the ZnO nanorods.18

The most plausible explanation for the activation of Cu

luminescence centers is the conversion of the Cu acceptor

charge state from Cu2þ to Cuþ as the Fermi level is raised

above the 0/- (Cu2þ/Cuþ) charge transfer level (located at

180 meV below the conduction band minimum).19 In the

Ga-doped ZnO nanorods, the activated Cuþ centers provide

the dominant recombination pathway, while the VZn-related

GL emission is quenched as a result of Ga occupation at VZn

sites. It is worth noting that the carrier concentration in these

ZnO nanorods is several orders of magnitude lower than that

in degenerate Ga-doped ZnO films (n> 1020 cm�3);20 thus,

the self-compensation effect by lowering the formation

energy of VZn would be less pronounced in this case. For

non-degenerate ZnO nanorods, which are large enough to

avoid quantum size effects, the carrier concentration can be

estimated by21

n � 2ðmekT=2p�h2Þ3=2
exp ðEf � EcÞ=kT
� �

; (1)

where me is the electron effective mass, and Ef and Ec are the

Fermi energy and conduction band minimum, respectively.

The other symbols have their usual meaning. In order to acti-

vate the Cuþ luminescence center, the Fermi level must rise

above the Cu2þ(Ao)/Cuþ(A–) (0/-) charge transfer level

FIG. 1. (a) A typical secondary electron SEM image of 0.15% Ga-doped

ZnO nanorods showing vertically aligned nanorods with hexagonal well-

faceted cross-section (b) SEM image of an isolated NW which has been

extracted from the substrate and its corresponding EDX elemental maps

showing a generally uniform spatial distribution of Ga along the nanowire

length.

FIG. 2. (a) Near band edge PL emission spectra of the undoped and Ga-

doped ZnO nanorods at 6 K showing Ga donor bound exciton lines I1 and I8.

(b) Deep level emission of PL spectra for the nanorods. The doublet fine

structures with 72 6 3 meV periodicity emerge after the Ga doping. The

spacing of the doublet features is 30 6 3 meV. The inset shows the sharp

zero phonon lines at 2.874 and 2.840 eV.
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(CTL). The Fermi level shift due to the Ga doping is con-

firmed by valence-band X-ray photoemission spectroscopy,

which reveals that the energetic gap (EV – EF) between the

valence band maximum and Fermi level is 3.05 and 3.24 eV

for the undoped and Ga-doped nanorods, respectively (Fig.

S4(a), supplementary material). Since the bandgap is the

same for the undoped and Ga-doped nanorods (Fig. S4(b),

supplementary material), the increase in the (EV – EF) gap

indicates that the Fermi level is raised towards the conduc-

tion band after the Ga doping. Considering the optical

bandgap of 3.29 eV, this result suggests flat bands or slight

upward band bending in the near-surface region.22 Knowing

the position of the Fermi level and me ¼ 0:29mo (mo is the

rest mass),23 the carrier concentration can be estimated using

equation (1), which yields n� 6.2� 1017 cm�3 for the Ga-

doped nanorods at 300 K. This estimated electron concentra-

tion in the Ga-doped nanorods is significantly lower than the

value expected for ZnO doped with 0.15% Ga, likely

because of formation of acceptor-like defects as a result of

self-compensation.20 Additionally, a significant proportion

of Ga donors could be in the neutral state, as evidenced by

the fact that the PL spectrum of the Ga-doped nanorods at

6 K (Fig 2(a)) is dominated by the neutral-Ga donor bound I8

rather than ionized-Ga donor bound I1. This result provides a

physical picture of the structured GL in the Ga-doped nano-

rods: the Cuþ state is stabilized by the rise in the Fermi level

and can readily trap free holes from neighboring oxygen

atoms by the potential created by the additional electron in

the ionized acceptor Cuþ(3d10) state,24 which gives rise to

the structured GL. The doublets in the Cu-related structured

GL (with an energy spacing of 30 6 2 meV, see Table S1,

supplementary material) are due to the two kinds of energeti-

cally different holes that are transferred from the orbitals sur-

rounding the oxygen atom to the 3d shell of copper.17 The

change in the chemical origin of the GL from VZn to Cu cen-

ters also accounts for the observed red shift in the GL after

the Ga doping. Further support for these attributions comes

from the temperature dependence of the energetic positions

for the structured and structureless GL bands (Fig. S3, sup-

plementary material). The ZPLs and their phonon replicas of

the structured GL remain unchanged in position with

increasing temperature, characteristic of an internal transi-

tion within Cu centers.

To investigate the nature of the Cu luminescence centres

responsible for the structured GL, the emission band was

simulated using multimode Brownian oscillator (MBO)

model,25 in which the electronic transitions between the Cu

ground and excited states was examined. The variables used

in the MBO model are the Huang–Rhys factor (S) that

reflects the phonon coupling strength and the coefficient ðcjÞ
that reflects the full width at half maxima of the LO-phonon

side band. At T ! 0, the PL intensity according to the MBO

model can be expressed as25

IPL xð Þ ¼
X1

n¼0

Sn exp �Sð Þ
n!

�
cZPL þ ncjð Þ=2p

�hx� �hxeg þ n�hxLOð Þ þ cZPL þ ncjð Þ=2
; (2)

where cZPL is the width of the ZPL, n the number of pho-

nons, �hx the energy of the emission band, and �hxeg the

separation energy between the ground and excited states.

To simulate the GL spectra, we adopted a simplified

MBO model in which only the LO phonon oscillator (�hxLO

¼ 72 meV) was considered. The simulated spectra, displayed

as solid curves in Fig. 3, demonstrate the best fits with

the following parameters: (i) �hxeg1 ¼ 2874 meV, �hxeg2

¼ 2844 meV, cj ¼ 7:460:3 meV, and S ¼ 6:5560:04 for the

Ga-doped ZnO nanorods; and (ii) �hxeg ¼ 2910 meV,

cj ¼ 8:760:3 meV, and S ¼ 6:7560:04 for the structureless

ZnO GL. The simulated �hxeg1 and �hxeg2 values are

consistent with the energetic positions of the ZPLs for the

Ga-doped nanorods shown in Table S1 (supplementary mate-

rial). The Huang–Rhys factor of 6.55 for the Ga-doped ZnO

GL is consistent with the literature value of Cu-doped

ZnO.26 Taking the ground state energy of Cu2þ at 180 meV

below the conduction band maximum,9 the activation energy

of the excited state (Cuþ, h) state in the Ga-doped ZnO nano-

rods can be determined to be 390 meV from the simulated

�hxeg values. Fig. 4 depicts the electronic transitions involved

in the Cu ground and excited states of the Ga-doped ZnO

nanorods. With the Fermi level raised by the Ga doping, Cu

is in its Cuþ state and acts as negatively charged ionized

acceptor. This Cuþ state captures holes from the neighboring

oxygen, placing it in an excited state (Cuþ, h), and the hole

is then transferred to the 3d shell to form Cu2þ (3d9). This

charge transfer results in the structured GL emission in the

Ga-doped ZnO nanorods.

In conclusion, we report the carrier-mediated switching

behavior of Cu acceptors in ZnO nanorods by Ga doping.

Using the vapor-liquid-solid growth, Ga is in-situ incorpo-

rated substitutionally at Zn lattice sites in nanorods without

compromising the crystal quality, producing Ga donor-

bound exciton signatures in ZnO. The Ga donor doping

increases the carrier density which pushes the Fermi-level

above the Cuþ/2þ charge transfer level, producing doublet

FIG. 3. Theoretically generated GL bands (solid curves) for the undoped

and Ga-doped ZnO nanorods using the MBO model. The open circles repre-

sent the measured spectra at 6 K. The best fit to the doublet fine structures in

the Ga-doped nanorods is obtained using Eq. (2) with �hxeg1 ¼ 2874 meV,

�hxeg2 ¼ 2844 meV, and S ¼ 6:55.
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fine structures in the green band. This luminescence band is

attributed to hole transition to the negatively charged Cuþ

state located at 390 meV above the valence band.

See supplementary material for detailed characterization

of the Ga-doped ZnO nanorods and Cu acceptors.
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