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We demonstrate a light emitting material platform based on rare-earth doping of Si-rich ZnO thin

films by magnetron sputtering, and we investigate the near-infrared emission properties under both

optical and electrical injection. Er and Nd radiative transitions were simultaneously activated due

to energy transfer via the ZnO direct bandgap and its luminescent defect centers. Moreover, by

incorporating Si atoms, we demonstrate Si-mediated enhancement of photoluminescence in

Er-doped ZnO and electroluminescence. These results pave the way to novel Si-compatible light

emitters that leverage the optically transparent and electrically conductive ZnO matrix for

multiband near-IR telecom and bio-compatible applications. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4766947]

Transparent conductive oxides (TCOs) are a broad class

of organic and inorganic materials exhibiting both optical

transparency and electrical conductivity simultaneously.1

TCOs are utilized as top-contact passive layers in a number

of optoelectronic devices, including flat panel displays and

solar cells.2–4 Recently, they are also attracting considerable

attention as an active platform for a wide range of novel de-

vice applications, ranging from high-performance transistors

to optical detectors and emitters in the UV spectral range.

Among them, zinc oxide (ZnO) is the most promising candi-

date for optoelectronic integration due to its low cost, Si

compatibility, and radiation hardness. Moreover, ZnO is a

direct bandgap (Eg¼ 3.3 eV) material with a large exciton

binding energy (60 meV), featuring a wide spectrum of inter-

esting physical properties such as photoconductivity, thermal

stability, and piezoelectricity.5,6 In addition, it is a biocom-

patible material and possibly biodegradable.7,8 Finally, ZnO

has a high refractive index (n¼ 2.00), which could enable

novel optically guiding and resonant photonic structures

with significant mode confinement9 for optoelectronic device

integration on a conductive platform in the UV spectral

range.10–12 Moreover, the optical emission properties of rare

earth (RE) atoms in ZnO have been recently investigated for

the visible and near-IR spectral range.13–16

In relation to Si-based photonics, Er and Nd ions have

been primarily investigated in Si-based dielectric host matri-

ces, such as Si dioxide and Si nitride, for the engineering of

efficient near-IR emitters under optical and electrical pump-

ing.17–21 Energy sensitization through crystalline or amor-

phous Si nanoclusters has been recently demonstrated in Er

and Nd-doped Si-rich dielectrics leading to significantly

enhanced light emission.22–24 However, the insulating nature

of conventional dielectric host matrices, such as Si dioxide

and Si nitride, hampers the development of Si-based emitters

under electrical pumping.

In this paper, we propose and demonstrate a novel

approach based on the RE-doping of Si-rich ZnO conductive

thin films for multiband near-IR light emitting devices under

optical and electrical pumping. Er and Nd transitions are

observed at 920 nm, 980 nm, 1040 nm, 1350 nm, and

1540 nm under optical pumping, and their excitation mecha-

nism unveiled. Moreover, efficient energy sensitization of Er

ions in Si-rich ZnO has been demonstrated along with Er

electroluminescence (EL) at low injection current density

(40 mA/cm2) in a proof-of-concept device structure.

Er and Nd (co-)doped Si-rich ZnO thin films have been

grown on silicon and quartz substrates by magnetron co-

sputtering in a Denton Discovery 18 confocal-target system.

The base pressure was about 4� 10�7 mbar, using Ar as a

carrier gas. Samples have been grown at room temperature.

The film thickness has been fixed at 200 nm. Post annealing

processes were performed in a rapid thermal annealing fur-

nace at 900 �C for 200 s in oxygen atmosphere. The elemen-

tal composition of the grown materials has been determined

with an energy dispersive x-ray spectrometer (Oxford ISIS

mounted in a Zeiss Supra 55 Scanning Electron Microscope).

The RE content in the samples has been varied by changing

the sputtering cathode power, resulting in a Er concentration

varying in the range 3.5� 1019 cm�3–3.0� 1020 cm�3, and

Nd concentration in the range 1.2� 1019 cm�3–3.5� 1020

cm�3. Moreover, RE-doped Si-rich ZnO samples have been

fabricated with Si content in the range 2.7� 1019 cm�3–

3.1� 1020 cm�3. Transmission measurements of films depos-

ited on quartz substrates were performed between 200 nm

and 1600 nm using a UV/VIS/NIR double beam spectropho-

tometer (Varian/Agilent Cary 5000). Additionally, the sam-

ples were analyzed using variable-angle spectroscopic

ellipsometry (J. A. Woollam Co.). Room-temperature photo-

luminescence (PL) experiments have been performed using a

mode-locked high-power ultrafast (150 fs) Ti:sapphire laser

(MaiTai HP SpectraPhysics, 82 MHz repetition rate) pump-

ing a second harmonic crystal cavity. Photoluminescence

excitation spectroscopy (PLE) has been performed using a
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tunable (340 nm–2200 nm) optical parametric oscillator

(SpectraPhysics Inspire) pumped by the Ti:sapphire laser.

The PL and PLE signal have been collected through a stand-

ard telescoping lens arrangement, dispersed into an f/4

monochromator (Cornerstone 260), and detected using a

lock-in amplifier (Oriel Merlin) coupled to a visible-

sensitive (Oriel Instrumentation 77348) or an IR-sensitive

(Hamamatsu R5509-73) photomultiplier tube. Emission rise-

time and lifetime measurements have been conducted pump-

ing the samples with a continuous wavelength Ar ion laser

(SpectraPhysics 177-602) modulated by a mechanical chop-

per and coupling the detector output to an oscilloscope.

Current-voltage characteristics of electroluminescent devices

were measured using a Keithley 2400-LV SourceMeter. The

EL signal was collected through a 5�microscope objective

and detected through an optical fiber coupled to an IR-

sensitive Ocean Optics spectrometer.

Representative PL spectra of RE-doped ZnO thin films

on quartz substrates are shown in Fig. 1. The excitation

wavelength was 350 nm, shorter than the ZnO band-gap. In

particular, Fig. 1(a) displays the three characteristic PL lines

of the Nd-doped ZnO sample, centered at 920 nm, 1080 nm,

and 1350 nm, corresponding to transitions originating from

the 4F3/2 energy level to the 4I9/2, 4I11/2, and 4I13/2 levels,

respectively. Panel (b) shows the emission of the Er-doped

ZnO sample, with Er-related emission lines clearly distin-

guishable (the 4I13/2 and 4I11/2-4I15/2 transition corresponding

to 1540 and 980 nm, respectively). Moreover, multiband

emission is clearly observed in Fig. 1(c), which shows the

emission of the co-doped sample and demonstrates the abil-

ity to co-activate multiple RE in the same ZnO matrix.

In order to understand the RE excitation mechanisms in

ZnO, we have investigated in more detail the optical proper-

ties of the fabricated samples. Figure 2(a) shows the trans-

mission spectrum of the reference (i.e., un-doped) ZnO,

which features high optical transparency (larger than 80%)

extending from the energy band-gap down to the IR. Similar

transparency is achieved in the doped materials after the

thermal treatment. In the inset, we report the absorption coef-

ficient for the reference and RE-doped ZnO in a Tauc plot,

from which we estimate the material optical band-gap by fit-

ting the linear regime of the curves.24,25 The optical band

gaps are calculated from the Tauc’s plot using the relation

ah�¼ const x (h�-ETauc)
1/2. The absorption coefficients a(k)

of the samples are estimated from the transmission and ellip-

sometric data, according to the procedure detailed in Ref. 26.

We determine a value for the energy gap of 3.23 eV in the

ZnO reference sample. On the other hand, the incorporation

of RE dopants widens the band-gap up to 3.34 eV for the

sample with Nd content of 6.7� 1019 cm�3. Identical trends

are observed for both Er and Nd dopants. It is known in liter-

ature that an increase of O-related vacancies in the matrix

widens the ZnO band-gap.27 The effect observed in the

RE-doped ZnO is also attributed to an increase of the

O-vacancies in the matrix, since RE preferentially bond to

oxygen atoms,28,29 thus increasing the concentration of

O-vacancies in the matrix. More interestingly, the incorpora-

tion of RE dopants changes dramatically the optical emission

properties of the ZnO. In fact, we show in Fig. 2(b) the PL

spectra (logarithmic scale) of reference and RE-doped ZnO

FIG. 1. PL spectra of Er-doped (a), Nd-doped, (b) and Er and Nd co-doped

ZnO thin film at an excitation wavelength of 350 nm.

FIG. 2. (a) Transmission spectrum of reference (un-doped) ZnO thin film.

(Inset) Tauc plot of the reference and RE-doped ZnO samples. (b) Visible and

(c) and (d) near-IR PL spectra of the reference (black line) and RE-doped ZnO

thin films at an excitation wavelength of 350 nm. Nd concentration is between

1.2� 1019 cm�3 (green line) and 6.7� 1019 cm�3 (blue line); Er concentration

is between 3.5� 1019 cm�3 (green line) and 1.8� 1020 cm�3 (blue line).
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samples pumped at 350 nm. The black line refers to the refer-

ence sample. The ZnO direct gap emission occurs around at

385 nm. However, two broader emission bands, centered at

520 and 750 nm, are also observed and are attributed to

structural defects, such as oxygen and zinc vacancies or

interstitials.30 In addition, we notice that the visible light in-

tensity from the ZnO decreases, and eventually disappears

completely, as the RE concentration is increased. On the

other hand, under these conditions, we observed a significant

increase of the IR light emission from Nd (panel (b)) and Er

(panel (c)) ions. The anti-correlation behavior between ZnO-

related emission bands and the RE emission indicates that

the excitation energy is transferred from the ZnO emitting

states (i.e., direct gap and defect bands) to RE centers.

In order to enhance the efficiency of this energy transfer

process under optical and electrical pumping, we have fabri-

cated RE-doped Si-rich ZnO thin films. We report in Fig.

3(a) the PL enhancement of the Er and Nd emission, with

respect to RE-doped ZnO sample without Si, as a function of

the Si content. We notice that the presence of Si is strongly

beneficial to the measured Er emission in ZnO, which is

enhanced up to one order of magnitude (for the sample with

a Si concentration of 1.4� 1020 cm�3). Moreover, we show

in Fig. 3(b) the measured Er emission lifetime values for the

samples with varying Si content. We notice that the Er life-

time in the sample without Si is 1.8 ms, which is a signifi-

cantly long decay time for the ZnO matrix at room

temperature.13,14 Moreover, we found that the lifetime of Er

decreases as the Si content is increased, and it drops to

500 ls in the sample with the highest Si content. We believe

that the incorporation of Si additionally introduces a mani-

fold of structural defects in the matrix, which act as non-

radiative centers for the optically excited Er ions.24,31 This

affects the overall photoluminescence efficiency, which in

fact decreases at the highest Si concentration, requiring engi-

neering trade-offs between emission sensitization and non-

radiative de-excitation. On the other hand, we discovered

that increasing the Si concentration in the matrix is always

detrimental for the Nd emission, as shown in Fig. 3(a)). To

better understand the role of Si atoms in the RE emission, we

performed PLE spectroscopy for both Er (detection wave-

length fixed at 1540 nm) and Nd-doped (detected at

1080 nm) ZnO samples, as shown in Figs. 3(c) and 3(d),

respectively. The PLE data are shown in logarithmic scale.

In both cases, red circles refer to the samples without Si, and

blue squares to Si-rich samples. We notice that, in the case

of the samples without Si, Er and Nd ions can be excited ei-

ther on resonance with their electronic transitions (labeled in

the panel) or via the photo-generated carriers above the ZnO

gap at wavelengths shorter than 390 nm. On the other hand,

the incorporation of Si in Er-doped ZnO substantially broad-

ens the Er excitation spectrum demonstrating off-resonance

Er excitation due to energy-transfer. Contrarily, we do not

observe off-resonance excitation in Nd-doped Si-rich

FIG. 3. (a) PL enhancement of the Er and Nd emissions as a function of the Si content in the ZnO samples. The excitation wavelength was 350 nm. (b) Measured

Er emission lifetime as a function of the Si content. Pump power was 20 mW. (Inset) Inverse of the Er emission risetime as a function of the pumping photon

flux (UP) measured in Er-doped ZnO sample without Si (red circles, right hand scale) and Si-rich (blue squares, left hand scale). Si content was 1.4� 1020 cm�3;

Er content was 1.8� 1020 cm�3. Emission risetime and lifetime traces were measured at the excitation wavelength of 488 nm. (c) PLE spectroscopy for Er-doped

(detection wavelength: 1540 nm) and (d) Nd-doped (detection wavelength: 1080 nm) ZnO thin films with and without Si. red circles refer to the samples without

Si and blue squares to the Si-rich samples. All the PLE spectra have been normalized to their values at 350 nm to facilitate comparison.
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samples, due to the absence of Nd-related (acceptor) transi-

tions overlapping with the manifold of Si-related donor cen-

ters in the matrix.32 However, the non-radiative energy

channels introduced with the Si excess reduce the Nd PL ef-

ficiency, as shown in Fig. 3(a). In general, we expect that the

Nd emission can be sensitized by the luminescent centers

associated to interstitial oxygen (Oi) and zinc vacancies

(VZn).30 However, in the Si-rich Nd-doped sample, we do

not detect any Nd PL sensitization when pumping at around

500 nm. This is consistent with the formation of Si-O bonds

that quenches the density of Oi, inhibiting the transfer of

energy to the Nd ions.

In order to quantify the matrix-mediated energy transfer

to Er ions, we have measured the effective excitation cross

section of Er from the linear dependence of the Er PL rise-

time versus the pumping photon flux,23,24,33 as shown in the

inset of Fig. 3(b). The experimentally measured cross section

for the Si-rich sample is 1.9� 10�18 cm�2, while for Er-

doped ZnO without Si is 7.6� 10�20 cm�2. The Er decay

time extracted from the intercept in the plot is approximately

1.9 ms for the sample without Si and 846 ls for the Si-rich

ZnO sample, in agreement with the directly measured Er

lifetime values. The data shown in the inset of Fig. 3(b)

clearly demonstrate energy transfer to Er via Si-related donor

centers in ZnO with almost 25 times enhanced excitation

cross section.

Finally, we demonstrate the potential of the Er-doped

Si-rich ZnO platform by fabricating a proof-of-concept elec-

troluminescent device. The device structure is shown in the

inset of Fig. 4(a). We used the optimized material (with a Si

content of 1.4� 1020 cm�3 and Er content of 1.8� 1020 Er/

cm3) as active layer on a pþ-type Si substrate, and we evapo-

rated a thin (60 nm) Au layer as back-contact and as a front

pad. The current density plotted as a function of the applied

voltage is shown in Fig. 4(a). The device shows a rectifying

behavior with low turn-on voltage (1.5 V). In Fig. 4(b), we

show the EL spectra collected at different current densities

in the range between 40 mA/cm2 and 80 mA/cm2. It should

be noted that the injected current densities are low compared

to the state-of the art in Si-based light emitters.34,35

In conclusion, we have demonstrated that ZnO can be

effectively utilized as an active layer for RE light emission

in the IR on a Si platform. We have investigated the RE exci-

tation mechanism, which is driven by energy transfer from

the ZnO band-gap under optical emission. Moreover, we

introduce Si in the matrix and demonstrate efficient Si-

mediated energy sensitization of Er emission. Furthermore,

we demonstrate electroluminescence in Er-doped Si-rich

ZnO under low injection current density. These findings

pave the way for a novel Si-compatible material platform for

on-chip bio-compatible IR light emitting devices.
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