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Efficient pure green emission from Er-doped

Zhengwei Chen, Katsuhiko Saito, Tooru Tanaka and Qixin Guo (D}

This study briefly reviews effect of the doping content on the structure, surface morphology, and optical
properties of Er-doped Ga,Os films on sapphire and Si substrates grown via pulsed laser deposition. Tem-
perature insensitive pure green luminescence has been demonstrated from these films. We succeeded in

fabricating light-emitting devices (LEDs) based on Ga,Os:Er/Si heterojunctions. Bright pure green emission
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can be observed by the naked eye from the LEDs. The driven voltage of these LEDs is 6.2 V, which is lower
than those of ZnO:Er/Si and GaN:Er/Si devices. In addition, we determined the values of the valence band
offset and conduction band offset of the Ga,Oz/Si heterojunctions. The results obtained in this study shall

provide a useful guideline for the development of Si-based green LEDs using Ga,Os as the host materials

rsc.li/crystengcomm for Er* ions.

1. Introduction

Pure green emission (~550 nm) devices play an important
role in full-color display technology and in the development
of white light-emitting devices (LEDs)." Nakamura et al. have
demonstrated green emission with InGaN alloys and quan-
tum well structures. However, this configuration is expensive
and the device architectures are highly complicated, thus lim-
iting their applications.” Recently, Er-doped wide bandgap
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semiconductor devices have received extensive attention be-
cause of their low-cost, simple production, and temperature
insensitive pure green emission.®* Wu et al. have investigated
the structural and optical characteristics of a Er-doped GaN
powder and observed green emission from it.* Birkhahn and
Steckl have observed green emission at 537 and 558 nm from
Er-doped GaN films grown on Si.> Er-doped III-N double
heterostructure LEDs and their electroluminescence (EL)
properties have been reported by Zavada et al.® In addition,
Harako et al. have fabricated a n-ZnO:Er/p-Si LED and
obtained intense green emission from it at room tempera-
ture.” All these semiconductors exhibit strong and sharp
green emission due to intra-4f-shell transitions in the Er ion
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cores and have potential applications in color displays and
luminescence devices.*”® Favennec et al. have demonstrated
that the luminescence efficiency of dopant emission can be
highly improved using a wide bandgap host.’ Furthermore,
Steckl et al. have reported that wide bandgap semiconductors
exhibit high thermal and chemical stabilities that make them
ideal hosts for RE ions.'® Monoclinic Ga,0; is a potential
candidate due to its direct and wide bandgap (~4.9 eV) and
physical and chemical stabilities."* " In this study, we briefly
reviewed the effect of the doping content on the structure,
surface morphology, and optical properties of Er-doped
Ga,0; films on sapphire and Si substrates as well as bright
green LEDs based on Ga,Os:Er/Si heterojunctions.'>'® We
also analyzed the transfer energy process by investigating the
band offset of the heterojunction interface."”

2. Er-doped Ga,Os3 films on sapphire

Sapphire is a material with a unique combination of physical,
chemical, and optical properties that makes it resistant to
high temperature, thermal shock, water and sand erosion,
and scratching. It is a superior window material for the
growth of III-V and II-VI compounds, such as GaN, for blue
LEDs and laser diodes.'® First, we epitaxially grew Ga,O,
films on the sapphire substrate with different Er contents.
The Er-doped Ga,O; films were grown on (0001) sapphire
substrates by a pulsed laser deposition (PLD) method using a
KrF excimer laser source. Bulk (diameter of 20 mm) samples
with different Er contents (x,) were used as targets. High pu-
rity oxygen gas (99.9999%) was introduced through mass flow
controllers after the pressure of the chamber was evacuated
to below 5 x 107° Pa. The oxygen pressure was set at 1 x 10"
Pa, whereas the substrate temperature was set at 500 °C.
X-ray photoelectron spectroscopy (XPS) measurements were
performed using an Al Ko X-ray source. Structural properties
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of the films were evaluated via conventional 6-26 scan X-ray
diffraction (XRD) using the Ko emission line of copper. The
surface morphology and roughness of the films were studied
using an atomic force microscope (AFM) on 2 x 2 pum areas.
Photoluminescence (PL) measurements were performed
using an Ar laser operating at a wavelength of 488 nm as the
excitation source.

Fig. 1(a) reveals the high resolution XPS spectra of the Er
4p peak centered at 321.6 eV. The intensity of the Er peak in-
creases with the increasing Er content. The Er content in
Ga,0; films has been obtained from the XPS spectra after ap-
plying an atomic sensitivity factor and is shown in Fig. 1(b)
as a function of the Er content of the targets. We found that
the Er content in the films increased almost linearly with the
increasing Er content of the targets. This suggests that the Er
contents in the Ga,O; films can be controlled by adjusting
the Er content in the targets.

Fig. 2 shows the XRD patterns of the Ga,O; films with dif-
ferent Er contents. Herein, three peaks were clearly observed
at 18°, 38°, and 58°, which could be assigned to the (-201),
(-402), and (-603) planes of Ga,Oj3, respectively, by compar-
ing the measured diffraction data with the known diffraction
peaks listed in the International Center for Diffraction Data
catalog.”® These results indicated an epitaxial relationship
where the (-201) plane of Ga,O; is parallel to the (0001) plane
of the sapphire substrate. We found that with the increasing
Er content, the peaks slightly shifted to lower diffraction an-
gles, as exemplified by the (-402) peak in Fig. 2(b); this indi-
cates an increase in the lattice constant, which is due to the
fact that the ion radius of Er** (0.88 A) is larger than that of
Ga®" (0.62 A). The incorporation of Er into Ga,O; in a way
that Er’" substitutes Ga®" increases the lattice constants of
Ga,03; as a result, the diffraction peaks shift to lower an-
gles."® Note that the (004) peak of Ga,0; appears for the Er-
doped Ga,O; samples. This is ascribed to the significant
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Fig. 1 (a) Er 4p core level spectra of Ga,O3 films with different Er
contents in the targets. (b) Er contents in the films as a function of the
Er contents of the targets.®®

difference between the ionic radii of Er and Ga. The incorpo-
ration of Er into the Ga,O; film leads to the degradation of
crystal quality.?

Fig. 3 shows the 2 x 2 um AFM images for Ga,O; thin
films with different Er doping contents. It is clear that the
morphology changes with different Er doping contents. For
the pure Ga,O; film, island-like structures appear. As the Er
content increases, the resulting morphology transforms from
island structures to splitting slim needle-like structures. The
root-mean-square (RMS) roughness provides an idea about
the quality of the surface under investigation. It is known
that thicker films often result in rougher surfaces.>® In this
study, the thickness of all the samples was determined to be
about 500-550 nm. The RMS roughness of the films with 0.0,
2.3, 4.6, and 7.0 at% Er content was found to be 3.4, 5.3, 7.4,
and 8.9 nm, respectively. It is clear that the surface RMS
roughness increases with the increasing Er-doping content;
this suggests that the roughness difference in the present ex-
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periments is caused by Er doping into the Ga,O; films. The
maximum roughness of the films is below 9 nm, indicating
that the films have a smooth surface.

Fig. 4 shows the PL spectra of the Ga,0; thin films with
different Er contents acquired at room temperature. The PL
spectra for the Er-doped Ga,0O; films demonstrate character-
istic Er ion emission with the strongest peak at 550 nm
caused by the *S;), to “I5/, transition.'>"'> The intensity of the
pure green emission line observed at 550 nm remarkably in-
creases with the increasing Er-doping content in the Ga,0;
films. The 550 nm emission peak with a shoulder at longer
wavelength is ascribed to Stark splitting due to the spin-orbit
splitting of the energy level.'"® Other PL peaks observed at
524, 655, 850, and 975 nm can be assigned to the transitions
from 2H11/2 to 4115/2; 4F9/2 to 4115/2; 419/2 to 4115/27 and 4111/2 to
1,5/, respectively.”® In our study, the excitation energy of in-
cident light used for the measurement is lower than the
bandgap of Ga,0;. However, the electrons can be excited
from the valence band to the donor band (oxygen vacancy) by
this light source. The related energy due to the recombina-
tion of electrons in the defect state with the photogenerated
holes can transfer to a resonant excitation of Er’* ions with a
488 nm excitation wavelength, owing to “I;s,, to “F,, transi-
tion.>** Similar observations have been reported in Er-
doped GaN films and Er-doped Ga,O; bulk.***

Fig. 5(a)-(c) shows the temperature-dependent (TD) PL
spectra of the Ga,O; films with different Er contents
obtained in the temperature range from 77 to 450 K. It is
clear that no peak shifts at 550 nm in the PL spectrum for
all the samples; however, the intensity of these emission
lines at 550 nm monotonically decreases with the increasing
temperature from 77 to 450 K, whereas the intensity of the
524 nm emission line appears and increases with the in-
crease in temperature above 150 K. The most likely explana-
tion for the opposite temperature dependence between two
closely spaced electronic states is that electrons are ther-
mally equilibrated between two levels.> Moreover, it is inter-
esting to compare the results obtained in this study with
those obtained by Steckl et al. for Er-doped GaN films. It
was found that the behavior of Er in GaN and Ga,0; films
was substantially similar.®> However, Fig. 5(d) summaries the
normalized intensity as a function of temperature ranging
from 77 to 450 K together with the reported data for the Er-
doped GaN for comparison. The normalized intensity of the
green emission at 550 nm decreases with the increasing
temperature. Herein, note that the normalized intensity of
the Er-doped Ga,O; films is less affected by temperature as
compared to that of Er doped GaN films. Favennec et al’
and Neuhalfen et al®>* have demonstrated that the thermal
quenching of the emission intensity is more severe for
smaller bandgap materials, and wide bandgap compounds
exhibit the least temperature dependence. This is because
of the formation of defects and shrinkage of the distance
between Er ions, or ion-defect cross relaxation that can
cause photoluminescence quenching.* Thermal quenching
of the intra-4f Er luminescence efficiency can be reduced by

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) XRD patterns of the Ga,Os3 thin films with different Er doping contents in the film (x). (b) The corresponding XRD profiles of the near
(-402) peaks.*®

Fig. 3 AFM images of the Ga,Os films with different Er doping contents in the films: (a) 0.0, (b) 2.3, (c) 4.6, and (d) 7.0 at%.*®

choosing wide bandgap materials, in which the isoelec- ing the possibility of applications of pure green lumines-
tronic trap levels are deep.”® These results indicate that cence devices based on Ga,0; using Er as a dopant in a wide
Ga,0; is a better host material for Er than GaN, thus open-  temperature range.

This journal is © The Royal Society of Chemistry 2017 CrysttngComm, 2017, 19, 4448-4458 | 4451
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Fig. 4 PL spectra of the Ga,Os thin films with different Er doping
contents in the film.*®
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3. LEDs based on Ga,Os3:Er/Si
heterojunctions

Since sapphire is not conductive, it is not possible to fabri-
cate optical devices operating between the films and the sub-
strates. Moreover, Ga,O3:Er/Si heterojunctions are especially
attractive due to the well-known advantage of the Si substrate
and their prominent application in Si-based optoelectronic
integrated circuits.***” Herein, the deposited Er-doped Ga,05;
film on a Si substrate was characterized using XPS to illus-
trate the chemical composition and chemical state. From
Fig. 6(a), it is clear that two symmetrical peaks of Ga 2p;/,
and Ga 2p;/, are located at 1146 eV and 1119 eV, respectively.
The separation energy between these two peaks is about 27
eV, which is in good agreement with the reported value for
the Ga,0; bulk.?® Since the surface of the film was etched,
the O 1s peak at 532 eV could be assigned to oxygen in the
Ga,0; lattice, as shown in Fig. 6(b). Fig. 6(c) reveals the XPS
spectrum of the Er 4p core level and exhibits a peak centered
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Fig. 5 Temperature-dependent PL spectra in the range from 77 to 450 K of (a) 2.3, (b) 4.6, and (c) 7.0 at% Er-doped Ga,Os films. (d) Dependence
of the normalized intensity of the *Sz/, to *I15,» (550 nm) emission on temperature.'®
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Fig. 7 XRD patterns of the Ga,Os film on the Si substrate.?”

at 321 eV. The Er content in the Ga,O; film has been found
to be 2.7 at% from the XPS spectra after applying an atomic
sensitivity factor, which is almost the same as that of the tar-
get. These results confirm that Er atoms have been effectively
incorporated into the oxide matrix.

Fig. 7 shows the XRD pattern of the Er-doped Ga,O; film.
In addition to the substrate diffraction peaks at 28° and 59°,
two peaks can be clearly observed at 31° and 45°, which can
be assigned to the (-401) and (-601) planes of Ga,Os,
respectively.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Schematic of the Ga,Os3:Er/Si LEDs.

Fig. 8 shows the schematic of the Ga,0;:Er/Si LEDs. To
form electrical contacts, ~200 nm thick indium tin oxide
layer was deposited onto the Er-doped Ga,O; film by direct
current sputtering. Herein, ~250 nm Au films were formed
on the backside of the Si substrate using an electron beam
evaporated technique. The current-voltage (I-V) characteris-
tics of the EL spectra were measured by an Advantest DC volt-
age current source (R6364), and the EL spectra were obtained
in the visible region using a high sensitivity spectra
multichannel photo detector (MCPD-7000).

Fig. 9 shows the I-V characteristic of the Ga,O;:Er/Si LEDs.
Note that an excellent rectification character was obtained,
indicating that the devices were a p-n heterojunction.
Herein, the devices were electroluminescent only under the
forward bias; this demonstrated that the simultaneous injec-
tion of electrons and holes was necessary for EL.>® Strikingly,
the current rapidly increases when the forward bias voltage is
above 6.2 V, and it is strongly blocked under the reverse bias.
It was validated that green emission originated from Er ions
incorporated into Ga,O; could be activated with a voltage as
low as 6.2 V. From the inset of Fig. 9, a leakage current of 2.0
mA can be determined at —6.2 V, whereas the current reaches
60 mA at 6.2 V. Moreover, note that the bright green emission
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<20} .
10} g
0 ]
6 -4 -2 0 2 4 6 8
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Fig. 9 The I-V characteristic of the Ga,O5:Er/Si LEDs. Inset shows the
same characteristic with log scale and the EL image of this device in
dark at 60 mA.*®
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can be observed by the naked eye at the forward bias of
6.2 V.

To investigate the origin of EL emission of Er ions, the PL
spectrum of Er-doped Ga,O; films excited by 488 nm light is
shown in Fig. 10(a). The strongest green emission band cen-
tered at 548 nm can be observed in the PL spectrum, which
is caused by the ?S;, to “I;5), transition. Other PL peaks ob-
served at 524, 660, 850, and 975 nm can be assigned to the
transitions from 2Hyq;, t0 *Iis/, *Fon t0 *Lisp, “Ton to *Iis,
and “I3,), to *I;5), respectively.®'> We have deconvoluted the
green emission bands in this spectrum with four Gaussian
curves at the wavelengths positioned at 524, 533, 548, and
559 nm. Herein, two weak peaks at 533 and 559 nm were as-
cribed to Stark splitting due to the spin-orbit splitting of the
energy level."® Fig. 10(b) shows the EL spectra of the
fabricated Ga,0;:Er/Si LEDs under different forward bias volt-
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Fig. 11 (a) Forward bias voltage dependence of the EL intensities of
the Ga,Os:Er/Si LEDs. (b) EL intensity as a function of the injection
current for the green emission at 524 and 548 nm.%®

ages. It is clear that the EL intensity increases with the for-
ward bias, and no peak shift in the EL spectrum is observed
with the injection current ranging from 3 to 60 mA. More-
over, the EL spectra has two narrow, strong green emission
bands centered at 524 and 548 nm, which are consistent with
the PL results.

Fig. 11(a) shows the plots of the EL intensity of green
emission at 524 and 548 nm with forward bias voltage. The
EL intensity of 548 nm becomes consistently stronger than
that of the 524 nm emission with the increasing injection
current. The most likely explanation is that the intensity from
the upper *Hyy, (524 nm) level is reduced as it increasingly
feeds electrons to the lower *S;, (548 nm) level due to two
closely spaced electronic states.” Note that the EL intensity
rapidly increases when the forward bias voltage is above 6.2
V, which confirms that the driven voltage for the onset green
emission is ~6.2 V. In Fig. 11(b), we present the light inten-
sity of green emissions at 524 and 548 nm and the injection
current (L-I) characteristics of this device. In agreement with
the spectral evolution, the results can be fitted by the power
law:

L~TI"
where m accounts for the influence of the defects on the

characteristics of the light emission. The two curves indicate

This journal is © The Royal Society of Chemistry 2017
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superlinear dependence at low current levels with the slopes
of 1.7 and 1.3 and become almost linear (m = 0.9, 0.8) at
higher current levels (>35 mA). The superlinear zone is di-
rectly related to the presence of non-radiative centers that
provide a shunt path to the current.*® However, small devia-
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Fig. 13 Ga 2psz/2, Ga 3p12. Ga 3pse, and As 3d core levels spectra
observed from (a) the Ga,Os thick film, (b) Ga,Os/Si interface, and (c)
near Si substrate obtained by changing the Ar* ion sputtering time.'”

This journal is © The Royal Society of Chemistry 2017

tions from the linear relation at high current levels are possi-
bly related to the limitation of the electrical-to-optical conver-
sion efficiency caused by Auger recombination or by heating
effect and series resistances at high current levels.>**

4. Band offset of the Ga,O3/Si
heterojunction interface

As is known, band offset is one of the most important
electronic parameters of the semiconductor heterojunction
because it determines the energy barriers for electron and
hole transport that are essential for the operation of the de-
vices. The valence band offset (VBO) (AE,) of the Ga,0/Si
heterojunction can be calculated using Kraut's method.****
In this study, we used a thick Ga,O; film (550 nm) as the
bulk-like sample. First, we determined the valence band max-
ima (VBM) energies and core levels (CLs) positions for the
thick Ga,Oj; film and Si substrate. Fig. 12(a) and (b) show Si
2p CL and the valence band for Si substrate. Using the fitting
methods described in the experimental section, it was found
that the binding energy for Si 2p was located at 100.2 eV. The
VBM is determined to be 0.3 eV. Similar values for the Si sub-
strate have been obtained by You et al.>® Fig. 12(c) and (d) re-
veal Ga 2p;/, CL and valence band of the thick Ga,O; film, re-
spectively. Using the same method as that use for the Si
substrate, the binding energy for Ga 2p;,, has been found to
be 1119.4 eV, whereas the VBM value has been determined to

CrysttngComm, 2017, 19, 4448-4458 | 4455
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Fig. 14 Schematic for the energy band structure and transfer energy
process of the Ga,Os:Er/Si LEDs (a) at thermal equilibrium and (b)
under forward bias.*®%”

be 3.7 eV. As reported in the literature, Jia et al.*® have inves-

tigated the VBM value of Ga,0; to be 3.69 eV, which is consis-
tent with the value determined in this study.

We have reported that the measurements for CL separa-
tion of the Ga,O3/Si interface are very important to ensure
the veracity of the measured VBO value. Moreover, the
overlayer of a heterojunction must be sufficiently thin to al-
low CLs from the underlying material to be probed due to
the finite escape depth of the photoelectron.®® Therefore, we
fabricated the interface of Ga,O3/Si by etching a 30 nm thick
film by repeating Ar" ion sputtering until both Ga 2p;,, and
Si 2p photoelectron peaks were observed in the spectra.
Fig. 13 shows a series of Ga 2p;/,, Ga 3p12, Ga 3pz., and Si
2p photoemission spectra observed from (a) Ga,O; thick film,
(b) Ga,05/Si interface, and (c) near Si substrate. We found
that the Si 2p peak appeared and its intensity increased with
the increasing Ar" ion sputtering time. Conversely, the inten-
sity of the Ga 2p;/,, Ga 3py/,, and Ga 3p;z, peaks decreased
with the increasing sputtering time. From Fig. 13(c), it can be
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observed that the CL spectrum of Ga 2p;, peak consists of
two components: one is attributed to the Ga-O bond,
whereas the other may be attributed to the Ga-Ga bond in
the initial stages of growth of the film on the Si substrate.’”
Herein, it is worth noting that whether an ultrathin SiO, layer
is formed at the Ga,Os/Si interface during the growth of the
Ga,0; film. In this study, the peaks corresponding to the
Si-O bond were not observed at the Ga,O;/Si interface, as
shown in Fig. 13(b); this indicated that the effect of interfa-
cial state as well as the ultrathin SiO, layer should be
neglected.”***3° We calculated the VBO value of the Ga,0,/Si
heterojunction to be 3.5 eV. On the other hand, the conduc-
tion band offset (CBO) can be determined to be 0.2 eV; this
means that the conduction band level of Si is lower than that
of Ga,0;. In the literature, Guo et al.*® have calculated the
VBO and CBO values of the Ga,05/Si structure to be 2.63 and
1.10 eV, respectively. These values are substantially different
from the experimental data obtained in this study. When a
voltage bias is applied on the Ga,O3/Si heterojunction, the
electrons flow from the conduction band of Ga,O; to the Si
conduction band, and the holes can be injected from the va-
lence band of Si to that of Ga,O; under a certain bias.>>*!
Based on these results, a type I schematic band alignment of
the Ga,05/Si heterojunctions is shown in Fig. 14(a). As shown
in Fig. 14(b), when a forward bias is applied on the hetero-
junction, a number of electrons in the ITO electrode can be
thermally activated to tunnel into the trap states near the
interface.*” The electrons flow from the conduction band of
Ga,0; to that of Si. The holes can be injected from the va-
lance band of the Si substrate to that of Ga,O; under a cer-
tain bias, despite the possibility that the device may be
electron flow dominated.> In this context, under the afore-
mentioned forward bias voltage, a part of electrons in the
conduction band of Ga,0; will directly recombine with the
holes in the valence band. However, since Ga,0; is a direct
bandgap semiconductor,”*** transfer of energy released from
the direct electron-hole recombination to Er ions is negligi-
ble due to the short lifetime.® On the other hand, other
electrons will first transit to the defect-related energy levels
(Epefect) and then recombine with holes in the valance band
of Ga,0j;. The indirect recombination of carriers in the Ga,0;
host could transfer energy to the incorporated Er** ions near
the defects. Similar energy transfer mechanisms have been
demonstrated in ZnO:Er/Si devices.® Heikenfeld et al.*® ob-
served a driven voltage of ~8.5 V when the thickness of the
GaN:Er layer was 600 nm. Zavada et al.® reported Er-doped
III-N diodes that exhibited green luminescence under the for-
ward bias voltage ranging from 10 to 15 V. Harako et al.”
have demonstrated green EL from ZnO:Er/Si diodes with a
driven voltage of ~10 V. Based on the abovementioned exper-
imental results, it is obvious that the driven voltage of green
emission from Ga,0;:Er/Si LEDs in this study is lower than
that of ZnO:Er/Si and GaN:Er/Si devices. It has been demon-
strated that the wide bandgap of Ga,O; contains more defect-
related levels.*®™*® Thus, we believe that the low driven volt-
age from Ga,O3:Er/Si LEDs is ascribed to the wide bandgap of
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Ga,0; that will enhance the effects of radiative recombina-
tion between electrons in the defect-related level and holes in
the valence band; this would result in the improvement of
energy transfer.*’

5. Summary

We have briefly reviewed the effect of the doping content on
the structure, surface morphology, and optical properties of
the Er-doped Ga,O; films on sapphire and Si substrates. Pure
green luminescence at 550 nm has been observed from all
the samples. LEDs based on the Ga,Os:Er/Si heterojunctions
have been successfully fabricated. Bright pure green emission
can be observed by the naked eye from the LEDs. Moreover,
the wide bandgap of Ga,O; contains more defect-related
levels, which will enhance the effects of recombination be-
tween electrons in the defect-related level and the holes in
the valence band, thus resulting in the improvement of en-
ergy transfer to Er ions. The driven voltage of this LED is 6.2
V, which is lower than those of ZnO:Er/Si and GaN:Er/Si de-
vices. To analyze the transfer energy process, we also investi-
gated the band offsets of the Ga,0;/Si heterojunction inter-
face. The valence band offset and conduction band offset
have been determined to be 3.5 eV and 0.2 eV, respectively.
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