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This paper presents the effect of thermal annealing on
b-Ga2O3 thin film solar-blind (SB) photodetector (PD)
synthesized on c-plane sapphire substrates by a low pressure
chemical vapor deposition (LPCVD). The thin films were
synthesized using high purity gallium (Ga) and oxygen (O2) as
source precursors. The annealing was performed ex situ the
under the oxygen atmosphere, which helped to reduce oxygen
or oxygen-related vacancies in the thin film. Metal/

semiconductor/metal (MSM) type photodetectors were fabri-
cated using both the as-grown and annealed films. The PDs
fabricated on the annealed films had lower dark current, higher
photoresponse and improved rejection ratio (R250/R370 and
R250/R405) compared to the ones fabricated on the as-grown
films. These improved PD performances are due to the
significant reduction of the photo-generated carriers trapped
by oxygen or oxygen-related vacancies.
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1 Introduction Deep-ultraviolet (DUV) solar-blind
(cut-off wavelength <280 nm) photodetectors (PDs) have
received considerable research attention due to their
applications in both military and civil surveillance such as
missile tracking, secure communication, ozone hole moni-
toring, flame detection, and chemical/biological analysis [1].
Conventional Si and GaAs based DUV PDs require
additional visible light blocking filters which are fragile,
bulky, costly, and are operational only under large bias
conditions [2]. As a result, solid state PDs based on ultrawide
bandgap semiconductors such as AlGaN [3], ZnMgO [4],
and diamond [5] are regarded as promising candidates for
DUV detection. However, challenges still exist for these
materials to be applicable for DUV PDs, such as high defects
in AlGaN with high Al-content to achieve a large bandgap
[6], a phase segregation between the wurtzite ZnO and the
rock salt MgO under Mg rich conditions [7], and for
diamond, it is costly and its detection range is constrained to
below 225 nm due to a fixed bandgap of �5.5 eV [8].

Monoclinic b-Ga2O3 is a promising candidate for DUV
PD because of its desirable properties such as a bandgap of

�4.9 eV and an excellent chemical, mechanical and thermal
stability [9]. Due to their intrinsic solar-blindness, PDs
based on b-Ga2O3 do not require any supplementary filter.
They can also avoid the alloying thus, simplifying the
material growth process. Many studies of Ga2O3 based
solar-blind PDs have appeared in recent years. Ga2O3

nanomaterials [10–13], thin films [14–18], and single
crystals [19–21] have been used as the active layers for such
PDs. Methods to synthesize b-Ga2O3 thin films include the
molecular beam epitaxy (MBE) [22], the metal organic
vapor phase epitaxy (MOVPE) [23], the halide vapor phase
epitaxy (HVPE) [24], and the low pressure chemical vapor
deposition (LPCVD) [25–27]. Various types of PDs such as
schottky [28, 29], metal/semiconductor/metal (MSM)
[30–32], and p-n heterojunction [33–35] have been reported
so far.

In this article, b-Ga2O3 thin films were synthesized on a
c-plane sapphire substrate by LPCVD. The details of the
growth process were reported elsewhere [25–27]. The thin
films were annealed ex situ in oxygen at 1000 8C for 1 hr.
TheMSMPDs were fabricated on both the as-grown and the
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annealed b-Ga2O3 thin films using standard photolithogra-
phy and lift-off processes. Ti/Au (80 nm/120 nm) interdi-
gital electrodes were deposited by thermal evaporation to
form an ohmic contact [1]. The electrodes were 1500mm
long, 100mm wide, and had a100mm spacing gap. Both the
crystal qualities and the device performances of the
fabricated MSM PDs were comparatively studied based
on the as-grown and annealed b-Ga2O3 thin films. Our
findings demonstrated that the performance of the PD
fabricated on the annealed thin film is superior to the one on
the as-grown thin film.

2 Material characterization The surface morphol-
ogy, the crystal quality and optical properties of the
heteroepitaxial b-Ga2O3 thin films were characterized by
using scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), and photoluminescence (PL) spectroscopy.
The SEM images were taken with Tescan Vega-3 SBH.
XRD spectra were collected on a Bruker Discover D8 X-
Ray Diffractometer with Cu Ka radiation (1.54 Å). PL
spectra were measured using a Jobin Yvon-spex-Fluorog-
3-Spectrofluorimeter. X-ray photoelectron spectroscopy
(XPS) was collected on a Phi versaprobe 5000 scanning
XPS spectrometer. The current-voltage (I–V) character-
istics and the time-dependent photoresponse of the b-
Ga2O3 thin films based MSM PDs were measured by
Keithley 4200 SCS. The photoresponse measurement was
performed with a 0.1mW excitation power UV light
emitting diode (LED) of 250 nm wavelength as the light
source. All the measurements were performed in air at room
temperature.

3 Results and discussion To illustrate the effect of
thermal annealing on the surface topography of b-Ga2O3

thin films, Fig. 1 shows the top view SEM images of both
as-grown and annealed b-Ga2O3 thin films synthesized on
c-plane sapphire substrates at 900 8C. The as-grown thin
film is composed of small pseudo hexagonal rotational
domains. The well-defined grain boundaries are clearly
visible in the SEM image of Fig. 1(a). However, the
annealed film has a smoother surface morphology and a
relatively larger feature size. To further corroborate our
conclusion from SEM, AFM measurements were con-
ducted on both as-grown and annealed b-Ga2O3 thin films.
Figure 1(c and d) show the AFM images of a 5� 5mm scan
for the as-grown and annealed thin films, respectively. The
surface RMS roughnesses for the as-grown and annealed
thin films were 10.1 and 6.87 nm, respectively. This
demonstrates that the small grain islands have been merged
into large crystalline grains due to the supply of sufficient
thermal energy.

The influence of thermal annealing on the crystal quality
of the b-Ga2O3 thin films was characterized by XRD and a
rocking curve measurement. FromXRD u–2u scan spectrum
of the as-grown b-Ga2O3 thin film (not shown), besides the
(0006) diffraction peak of the substrate, only reflections
from (�201) family of the planes of b-Ga2O3 are present in
the spectrum. This indicates that the as-synthesized thin film
has (�201) as the preferred growth orientation [36]. Figure 2
shows the XRD rocking curves of the (�201) diffraction
peaks of the as-grown and annealed b-Ga2O3 thin films. The
full widths at half maximum (FWHM) of the rocking curves
are measured as 1.8838 (as-grown) and 1.8538 (annealed),

Figure 1 Top view SEM images of (a) as-grown
and (b) thermal annealed b-Ga2O3 thin films grown
on a c-plane sapphire substrate. Surface AFM
images (5� 5mm) of (c) as-grown and (d) thermal
annealed b-Ga2O3 thin films.
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respectively. The narrowing of the FWHM value indicates
that annealing did not degrade the crystal quality of the
b-Ga2O3 thin films.

MSM PDs were fabricated on both the as-grown and the
annealedb-Ga2O3 thin films to study the UV photoresponse.
Figure 3(a) shows the schematic illustration of the fabricated
PD. Figure 3(b and c) shows the I–V characteristics of both
types of PDs under the dark and the illumination with 250,
370, 405, and 465 nm wavelengths. Under a 250 nm

illumination, the current increased from 0.33 to 1160 nA
at a bias voltage of 1V for the PD fabricated on the as-grown
b-Ga2O3 thin film. In contrast, the currents were 8.1, 2.4,
and 2.9 nA under the 370, 405, and 465 nm illumination,
respectively. The defect levels within the bandgap were
responsible for the PD response to the sub-bandgap
illuminations. For the PD fabricated on annealed b-
Ga2O3 thin film, the dark current was below the instrument
measurement limit and the current under a 250 nm
illumination was 1415 nA at 1V bias voltage. The currents
corresponding to the sub-bandgap illumination was also
reduced significantly after annealing. The performances of
the PDs calculated at 1V bias voltage are summarized in
Table 1. The PD fabricated on the annealed b-Ga2O3 thin
film exhibited superior performance compared to the one
fabricated on as-grown b-Ga2O3 thin film which is due to

Figure 2 XRD rocking curves of (�201) peak reflection of as-
grown and thermal annealed b-Ga2O3 thin films.

Figure 3 (a) Schematic diagram of the Ga2O3 thin film MSM type photodetector. (b) I–V characteristics curves of (b) as-grown and (c)
thermal annealed b-Ga2O3 thin film photodetectors in the dark, and under l¼ 250 nm, 370, 405, and 465 illumination.

Table 1 Device characteristics of the PDs fabricated on as-grown
and annealed b-Ga2O3 thin films.

I250/Idark R250

(A/W)
rejection ratio
(R250/R370)

rejection ratio
(R250/R405)

as-grown 3.5� 103 0.11 1.47� 102 4.47� 102

annealed 1.44� 106 0.14 8.4� 104 4.4� 105
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the improved material quality after annealing. Thermal
annealing reduced the sub-bandgap defects and made the PD
more sensitive to the 250 nm illumination than to the 370
and 405 nm illumination.

To investigate the mechanism of the lower dark current
for the PDs fabricated on annealed b-Ga2O3 thin films, XPS
was conducted. Figure 4 shows the XPS spectra of O 1 s
peaks of both as-grown and annealed b-Ga2O3 thin films.
The peak can be divided into two components (I and II).
Peak II is usually associated with oxygen or oxygen-related
vacancies [37–39]. The area of peak II was reduced from
19.18 to 15.3% after oxygen annealing, assuming the total
area under the curve of O 1 s 100%. This indicates that
annealing decreased the oxygen or oxygen-related vacan-
cies concentration and other defect states, which in turn
lowered the dark current of the MSM PD fabricated on
annealed b-Ga2O3 thin film.

A photoluminescence studywas conducted to understand
the origin of sub-band response of b-Ga2O3 thin films PDs.
Figure 5 shows the PL spectra of as-grown and annealed
b-Ga2O3 thin films measured at 77K at an excitation

wavelength of lexcitation¼ 270nm. Five distinct emission
peaks appearing at 372, 391, 415, 440, and 475 nm were
visible in both spectra. The UV emissions (372 and 391 nm)
are intrinsic emissions of b-Ga2O3 and are attributed to the
recombination of the self-trapped excitons [40–42].
Self-trapped excitons are created when an electron at the
donor level (being formed by oxygen vacancies) is captured
by a hole at the acceptor level (being formed by gallium
vacancy (VGa)), or apair ofgalliumandoxygenvacancies (VO,
VGa).Theblue emission (415, 440, and490 nm)mayoriginate
from the recombination of a donor–acceptor pair (DAP)
through tunneling, as suggestedby theoretical studies [41,42].
It has been reported previously that both the UV and blue
emission depend on the concentration of oxygen vacan-
cies [43]. The intensities of all the peaks are reduced for the
annealed thin film as compared to those of the as-grown one.
Such reduction in intensity after annealing can be attributed to
the decrease in the concentration of oxygen or oxygen-related
vacancies.Annealing under oxygen atmosphere promoted the
annihilation of oxygen and oxygen-related vacancies which
led to the reduction of the processes responsible for UV and
blue emission.

Time-dependent photoresponse of the PDs fabricated on
as-grown and thermally annealed b-Ga2O3 thin films to a
250 nm UV illumination by on/off switching was evaluated
under an applied bias of 1V, as shown in Fig. 6. The devices
exhibited an identical response (not shown) to UV light even
after multiple cycles of illumination. This indicates the good
reproducibility and robustness of the fabricated PD. The rise
and decay edges of a PD usually consist of two components, a
fast response component anda slow responsecomponent. The
quantitative analysis of the process of the current rise and
decay involves fitting of the photoresponse curve with a bi-
exponential relaxation equation of the following type [32]:

I ¼ Io þ Ae
�t
t1 þ Be

�t
t2 ð1Þ

where Io is the steady state photocurrent, t is the time, A andB
are constants, and t1 and t2 are two relaxation time constants.

Figure 4 O 1s XPS spectra of the as-grown and thermal annealed b-Ga2O3 thin films.

Figure 5 PL spectra of as-grown and thermal annealed b-Ga2O3

thin films measured at 77K.
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The photoresponse processes are well fitted as shown in
Fig. 6(a and b), tr and td are the time constants for the rise
and decay edges, respectively. The fast-response component
is generally attributed to the rapid change of the carrier
concentration as soon as the UV light is turned on or off,
while the slow-response component is caused by the carrier
trapping/releasing due to the existence of defects in b-Ga2O3

thin films. For both types of devices, we did not observe any
persistent photoconductivity (PPC) effects. The current
decreased rapidly, close to the dark current value when the
UV light source was turned off. The PD fabricated on a
thermally annealed thin film exhibited a faster response to a
250 nm light than that of the as-grown one, which can be
attributed to the reduction of oxygen and oxygen-related
vacancies concentration in the b-Ga2O3 thin films. We
observed that both the responsivity and a time-dependent
photoresponse of PDs improved after thermal annealing.
This might be due to the increase of depletion layer thickness
resulting from the decrease of oxygen and oxygen-related
vacancies. Such phenomena have been observed previously
for b-Ga2O3 thin film based PDs deposited by laser MBE
technology [1, 16].

4 Conclusions In summary, solar-blind PDs based on
as-grown and annealed b-Ga2O3 thin films synthesized on

c-plane sapphire by LPCVD were demonstrated. Annealing
in an oxygen atmosphere significantly suppressed the
oxygen-related defects of the b-Ga2O3 thin films leading
to an enhanced device performance. The PD fabricated on an
annealed b-Ga2O3 thin film exhibited a lower dark current
and a higher out of band rejection ratio as compared to the
one fabricated on an as-grown b-Ga2O3 thin film. The results
indicate that annealing is an effective approach to fabricate
high performance b-Ga2O3 thin film solar-blind PD.

Acknowledgement Part of the material characterization
was performed at the Swagelok Center for Surface Analysis of
Materials (SCSAM) at CWRU.
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