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Highly oriented (201) Er3+-doped p-Ga,05 (Er:Ga,05) thin films with different doping concentrations
were grown on (0001) sapphire substrates using radio frequency magnetron sputtering. The crystal
structure, optical absorption, near-infrared luminescence, and ultraviolet photoresponse properties
of Er:Ga,0; films were systematically studied. The evolution of lattice and energy band gap with
increasing doping level confirms the chemical substitution of Er** ions into the Ga,O5 crystal lat-
tice. The down-shifting near-infrared luminescence (~1538 nm: ascribed to Ert: 4113/2—4115/2)
was observed under ultraviolet excitation. Moreover, an obvious deep ultraviolet photoresponse

was also obtained in the formed thin films. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4952618]

Recently, deep ultraviolet (DUV) photodetectors have
attracted intensive interest for the development of civil and
military surveillance applications, such as chemical/biological
analysis, missile tracking, secure communication, ozone holes
monitoring, and so on."™ One of the notable features of a
DUYV photodetector is the detection accuracy of very weak sig-
nals because of the “black background” on earth, where wave-
lengths shorter than 280 nm are absent in solar radiation and
artificial light. During the past decade, several materials—such
as AlGaN, ZnMgO, diamond, and [-Ga,O;—with a wide
bandgap (>4.4eV) have been employed to fabricate DUV
photodetectors.”” Among them, as a transparent semiconduc-
tor with a band gap of ~4.9eV, monoclinic -Ga,O5 (space
group: C2/m) with the lattice parameters of a=12.23 A,
b=3.04 A, c=15.80 IDX, and = 103.7° has been considered as
one of the ideal candidates for DUV photodetectors. Previous
studies indicate that [-Ga,O; based metal-semiconductor-
metal (MSM) and p-n junction structure photodetectors show
both easy growth and high responsivity characteristics.**"

Moreover, as a highly thermally and chemically stable
wide bandgap semiconductor, f-Ga,0j3 is also the ideal host
material for lanthanide ions, which could introduce additional
energy transitions.'""'? Great efforts have been made to inves-
tigate the luminescence from lanthanide-doped materials for a
wide range of applications, including optoelectronic devices
and biomedicine and optical waveguides, especially in the
near-infrared (NIR) region where optical communication sys-
tems operate.'*' For instance, by embedding lanthanide ions
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such as neodymium into -Ga,0O5 thin films, an enhanced UV
to NIR down-shifting luminescence is observed.'® In this
direction, it could be a promising approach to fabricate a sen-
sitive photoluminescence (PL)-detecting sensor based on
lanthanide-doped f-Ga,0s.'” Therefore, it would be very
attractive if the DUV light source could generate both electric
and luminescence signals, offering a dual-mode functional
detection.

Here, we report the fabrication of Er’" doped f-Ga,Os
films grown on sapphire substrates and the characteristics of
their NIR luminescence and ultraviolet photoresponse. The uti-
lization of a thin-film structure would be beneficial in terms of
increasing device reproducibility, owing to the available well
established thin-film fabrication technologies. Additionally,
the integration of ultraviolet photoconductive and NIR lumi-
nescence on a single wafer will be very helpful in developing
a potential hybrid system for a high performance DUV photo-
detector. Figure 1(a) shows the schematic configuration of
ultraviolet photoelectric and NIR luminescence in Er:Ga,0;
films. As a commonly used phosphor, Erbium is selected as
the dopant for investigating the near-infrared luminescence.
Particularly interesting is the 1.55 um emission of Er’ ", which
corresponds to the wavelength of minimal optical loss in
silica-based optical fibers.'>'®!° The monoclinic-structure
Er’" doped f-Ga,O5 can also possess a non-centrosymmetric
structure and inherently exhibit PL characteristics.

Er:Ga,0; films were deposited on top of (0001) oriented
single crystal AlLbO; (10mm X 10 mm x 0.5 mm) by radio
frequency magnetron sputtering. Several high purity Er,O;
strips were embedded into the Ga,Oj3 target to control the
doping concentration. The base pressure in the sputtering

Published by AIP Publishing.
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Al,Oj; substrate

FIG. 1. (a) The setup used for measuring the near-infrared luminescent and
photocurrent of Er:Ga,05 film grown on sapphire substrate under a ultravio-
let light. (b) Cross-sectional SEM image for the as-grown Er:Ga,O5 film.

chamber was 1 x 10~ *Pa. The growth temperature ranged
from 550°C to 800°C. The gas pressure (Ar:O, =2:1) was
fixed at 1Pa. The thickness of the films was about 200 nm,
confirmed by the scanning electron microscope results (as
shown in Figure 1(b)). After the deposition, in-situ post-
annealing in a 200 mbar oxygen pressure for 60 min was
used to fill oxygen vacancies formed during growth. The PL
spectra were recorded using an Edinburgh FLSP920 spectro-
photometer under the excitation of a Xeon lamp (~450 W).
NIR PL spectra were detected with a nitrogen-cooled NIR
photomultiplier tube (Hamamatsu C9940-02). The current-
voltage (I-V) and time-dependent photoresponse were meas-
ured by a Keithely 2400. An ultraviolet (UV) lamp (~7 W)
with a wavelength of 254nm was employed as the light
source for the UV response measurement. All the character-
izations were carried out at room temperature.

The crystal structure characterization was performed
ex-situ with a Bruker D8 Advance X-ray diffractometer
(using Cu K-a; radiation, A = 1.5406 A). Figure 2(a) displays
the 0-260 scans of the Ga,Os thin films deposited at various
substrate temperatures. When the growth temperature is
below 600 °C, no peaks appear except for Al,Os-related dif-
fraction peaks, implying that there might not be enough ki-
netic energy for the formation of f-Ga,0O; films. When the
substrate temperature is between 650 °C and 750 °C, three
peaks located at 18.83°, 38.17°, and 58.86° corresponding to
B-Ga,05 (201), (402), and (603) are observed, in addition to
the diffraction peak of the substrate. When the substrate tem-
perature is up to 800°C, extra diffraction peaks of (110),
(313), and (113) of Ga,Os phase appear. Moreover, the
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FIG. 2. (a) XRD patterns of the Ga,O; thin films deposited at various sub-
strate temperatures. (b) 0-20 spectrum in a narrow range of the Er:Ga,O3
films with different doping concentration level (0%, 0.2 mol. %, 0.4 mol. %,
0.6 mol. %, and 0.8 mol. %).

intensity of the peak corresponding to the Ga,05 (201) phase
decreases, indicating a polycrystalline nature. As a result,
optimal deposition conditions were found to be at a substrate
temperature of 750 °C.

Using the optimized parameter, undoped [-Ga,O; and
Er:Ga,O; epitaxial thin films were fabricated. For both the
Ga,0; and Er:Ga,O; films, only the (201) peak and higher
order peaks of the monoclinic 5 phase are present, which indi-
cates that the films are grown with a preferred (201) plane
orientation [Figure 2(b)]. The Er doping concentrations were
determined as 0.2mol. %, 0.4mol. %, 0.6mol. %, and
0.8mol. % by the X-ray photoelectron spectroscopy (XPS),
respectively. As clearly seen from the XRD patterns, a remark-
able structural modification is induced by the Er doping. For
the Er:Ga,O5 thin films, the positions of the (402) peaks gradu-
ally shift to lower 20 compared to the undoped Ga,Os thin
film. The shift in the 20 values indicates an increase of the lat-
tice constants, which can be attributed to the ionic radii differ-
ence (~30%) between Er’" and Ga’" (Er3+: 0.89 A, Ga’™:
0.62 A for octahedral coordination and 0.47 A for tetrahedral
coordination, respectively).”’ Moreover, a comparison of the
XRD patterns with various Er’™ doping shows broader and
lower intensity diffraction peaks for samples with higher Er*"
doping concentrations, which suggests that higher concentra-
tions may lead to the worse crystallinity.



211903-3 Wu et al.

Figure 3(a) gives the ultraviolet-visible (UV-Vis) ab-
sorbance spectrum of Er:Ga,Os; and pure Ga,O5; at room
temperature. The spectra of the measured samples exhibit a
sharp absorption edge at wavelengths between 250 nm and
270 nm. It indicates that the obtained Er:Ga,Os5 thin films are
highly transparent to light with wavelengths above 280 nm,
confirming a suitable candidate for a solar-blind photodetec-
tor. The band gap is fitted by extrapolating the linear region
of the plot (ahv)* versus hv, as shown in the inset of Figure
3(a), where & is Planck’s constant, « is the linear absorption
coefficient, and v is the transition frequency of incident pho-
ton. For 0.2 mol. % doped Er:Ga,0s3, the band gap decreased
slightly from 4.95eV to 4.82¢eV. Such a band gap reduction
phenomenon could be due to unoccupied in-gap states in
Ga,0; by Er’" ions substitution. However, as the doping
concentration increases further, the gap is then gradually
increased to 5eV. The observed broadening of the band gap
can be attributed to the reduced crystalline quality, which is
consistent with the XRD results.

Figure 3(b) shows the NIR region PL spectra of
Er:Ga,05 with excitation at 254 nm by Xeon lamp. The typi-
cal one band NIR PL emission located at 1538 nm is attributed
to the erbium transition 4113/2 — 411 5p- As seen, the emission
intensity can be remarkably enhanced with increasing Er’"
doping concentration. The most probable site for the Er’"
ions substitution is at the distorted octahedral sites of the
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FIG. 3. (a) Absorption spectra of Er:Ga,0j3 thin films compared with that of
pure -Ga,O; thin film and the plot of (ahv)? versus hv in inset. (b) NIR
Photoluminescence spectra of Er:Ga,05 films with different concentrations.

Appl. Phys. Lett. 108, 211903 (2016)

Ga,0;5 lattice with an inversion center, which implies the
selection rules forbidding all 4f—4f electric dipole (ED) transi-
tions. When the dopant concentration increases, the elonga-
tion of the d spacing of (201) plane promotes the structure
asymmetry of the Ga,O3 host, approaching lower symmetry
around Er’" ions. In principle, the lower symmetry means
that the more uneven crystal-field components can mix
opposite-parity into 4f levels and subsequently increase the
ED transition probabilities of the dopant ions, resulting in the
enhancement of NIR PL emission. The above-mentioned
results demonstrate the existence of efficient energy transfer
(ET) from the electron-hole pairs created in the Ga,O5 host to
the Er’" ions. In this process, the Ga,O3 will act as an effec-
tive light harvester to absorb UV photons and subsequently
transfer energy to Er’" ion, thereby resulting in the typical
NIR luminescence.

To evaluate the UV photoconductance, interdigital Ti/Au
electrodes were deposited on top of the Er:Ga,O5 thin films
using a shadow mask to construct a MSM structure prototype
device. The electrode fingers were 100 um wide, 2800 um
long, and 100 um spacing gap. The effective irradiated area
was ~0.021 cm?. Figure 4(a) shows the I-V characteristic
curves of the 0.8 mol. % Er:Ga,Oj5 thin film based MSM pho-
todetectors under the light sources with the wavelengths of
365nm and 254nm. It can be seen clearly that the current
increases linearly as the applied bias increases both in dark
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FIG. 4. (a) The I-V curves of the 0.8 mol. % Er:Ga,03 photodetector in dark
and under the light sources with the wavelength of 254nm and 365nm.
(b) Time-dependent photoresponse of the 0.8 mol. % Er:Ga,Oj; thin films to
254 nm illumination (up), enlarged view of the rise/decay edges and the cor-
responding exponential fitting for the devices (down).
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and under different illumination. The fresh dark current is
about 0.8nA at a voltage of 20V. The I-V curve under
365 nm light does not show significant increase as compared
with the I-V curve in dark, which suggests the Er:Ga,0O5 thin
films are not sensitive to 365 nm light. When the photodetec-
tors are exposed to the 254 nm light, the slopes of I-V curves
show a sharp increase. The sensitivity of the photodetector,
defined as (/;-1,)/,; in percent (I; is the current of the device
when illuminated with a light source and I, is the dark cur-
rent), is approximately as high as 2.5, suggesting a good appli-
cation in ultraviolet photodetectors.”! Another important
parameter for a UV photodetector is response time. Figure
4(b) (top) shows the time-dependent photoresponse of the de-
tector to 254 nm illumination by on/off switching under an
applied bias of 15V. For the time-dependent photoresponse,
the device still exhibits a nearly identical response after multi-
ple illumination cycles, indicating the high robustness and
good reproducibility of the photodetectors. The quantitative
analysis of the current rise and decay process involves the fit-
ting of the photoresponse curve with a bi-exponential relaxa-
tion equation of the following type: I = I+ Aet + Bew,
where [ is the steady state photocurrent, ¢ is time, A and B
are constants, and 7; and 7, are two relaxation time con-
stants.*” The response (rise) edges and recovery (decay) edges
usually consist of two components with a fast-response com-
ponent and a slow-response component. Generally, the fast-
response component can be attributed to the rapid change of
carrier concentration as soon as the light is turned on/off,
while the slow-response component is caused by the carrier
trapping/releasing owing to the existence of defects in the thin
films. For Er:Ga,O; thin films, the rise time constant and
decay time constant of Er:Ga,O; 0.8% are estimated to be
1.74/16.29 s and 0.16s/1.32 s, respectively [as shown in Fig.
4(b) bottom]. Compared to our previous works, the obtained
sensitivity is slightly smaller with a comparable response
speed. There might be two possible reasons for this: first, with
the Er’ " doping concentration increasing, the worse crystallin-
ity could generate more trapping states, which could capture
the photogenerated carriers; second, part of the released energy
due to the recombination of electrons with the photogenerated
holes is transferred to the excited states of the Er’ " ions.

In summary, we have demonstrated DUV illumination
with both NIR down-shifting PL. and photoconductive in
Er’" doped f-Ga,Os5 thin films. Erbium doping was verified
by XRD and UV-Vis absorbance spectrum results. The
enhanced NIR luminescence observation was associated
with the lattice distortion and crystal field variation in

Appl. Phys. Lett. 108, 211903 (2016)

Er:Ga,0;. The detailed photoelectrical characteristics of an
MSM structured photodetector were also investigated. Our
results may offer great potential in developing a dual-modal
DUYV photodetector combining photoconductive and NIR lu-
minescence for a variety of applications.
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