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The -Ga,Oj3 films with different thicknesses are prepared by an atomic layer deposition system. The influence of
film thickness on the crystal quality is obvious, indicating that the thicker films perform better crystal quality, which is
verified from x-ray diffraction (XRD) and scanning electron microscope (SEM) results. The Ga;O3-based solar blind pho-
todetectors with different thicknesses are fabricated and studied. The experimental results show that the responsivity of
the photodetectors increases exponentially with the increase of the film thickness. The photodetectors with inter-fingered
structure based on 900 growth cycles 3-Ga, O3 active layers (corresponding film thickness of 58 nm) exhibit the best per-
formances including a low dark current of 134 fA, photo-to-dark current ratio of 1.5x 107, photoresponsivity of 1.56 A/W,
detectivity of 2.77x10'* Jones, and external quantum efficiency of 764.49% at a bias voltage of 10 V under 254-nm DUV
illumination. The photoresponse rejection ratio (Rps4/R365) is up to 1.86 x 103. In addition, we find that the photoelectric
characteristics also depend on the finger spacing of the MSM structure. As the finger spacing decreases from 50 pm to
10 um, the photoresponsivity, detectivity, and external quantum efficiency increase significantly.
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1. Introduction

Gallium oxide (GayO3) has ultra-wide band gap width
(4.6 eV-4.9 eV),
(8 MV-cm™!) and excellent chemical stability,!!! which

makes it widely used in the fields of high-power electronic
2,3

high critical electric field intensity

devices, 231 solar blind ultraviolet photodetectors,[4] and gas
sensors.>! Five crystalline forms of gallium oxide named «,
B, 7, 6, and € are found, among which B-Ga,0; is the
most stable in physical and chemical properties.!®) The B-
Gay03 has high optical transmittance in the visible region
(400 nm—800 nm) and excellent light absorption characteris-
tics in the solar blind region (200 nm—280 nm), so they are
widely used in the solar-blind photodetectors.!”8! At present,
there are many methods to prepare gallium oxide films, such
as metal—organic chemical vapor deposition (MOCVD),!
pulse laser deposition (PLD),!!%1 molecular beam epitaxy
(MBE),["!] mist-chemical vapor deposition (Mist-CVD),[!?]
and magnetron sputtering (PVD).!!3] So far, several groups
have studied the influence of the film thickness on the pho-
Li et
al. prepared solar blind photodetectors based on -Ga;0;3

toelectric performance of B-GayOs photodetectors.

thin films with various thickness (150 nm-2.7 pum), which
were grown on sapphire substrate by pulsed laser deposition
technique.['?) It was found that with the film thickness in-
creasing, the crystal quality gradually improved. When the
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film thickness was 250 nm, the $-Ga,03 ultraviolet photo-
electric detector (PD) had the highest photo-dark current ratio
(PDCR) of 6.04x10*.1141 Zhang et al.!'! fabricated UV de-
tectors based on Ga,Oj3 films of different thicknesses (90 nm—
354 nm) grown by PLD, and obtained ultra-high PDCR of 10%
and ultra-low dark current of 100 fA when the film thickness
was 298 nm. An et al.l'® prepared Ga,Os films of differ-
ent thicknesses by using radio frequency magnetron sputter-
ing technology. They found that the 3-Ga;O3 photodetector
with a thickness of 200 nm exhibited higher photoresponse,
faster rise time (1.0 s/1.4 s), and fall time (1.2 s/1.3 s). Li et
al. fabricated 3-Gap,O3 UV photodetectors with the thickness
of 210 nm-1050 nm by PVD method. They found that the de-
tection performance initially increases and then decreases with
the film thickness increasing. When the 3-Ga;O3 film thick-
ness was 840 nm, the §-Ga,Oj3 ultraviolet showed the best
photoelectric performance.!!”!

Although some researchers have investigated the effects
of Gay O3 film thickness on the microstructure and photoelec-
trical properties, the effect of ultrathin Ga;O3 film (< 80 nm)
on ultraviolet photodetector has not been studies yet. In
this work, the $-Ga;Oj3 thin films with different thicknesses
(18 nm-58 nm) grown by atomic layer deposition are char-
acterized by ultraviolet-visible spectroscopy (UV-Vis), scan-
ning electron microscope (SEM), and x-ray diffraction (XRD).
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Then, all the films were fabricated into metal-semiconductor—
metal (MSM) solar-blind photodetectors with inter-fingered
structure to investigate the photoelectric characteristics. Fi-
nally, the thickness of active layer and size effect of MSM
structure on photoelectrical properties of §-Ga; O3 solar blind
PDs are discussed.

2. Experiment

In this work, GayOsz films were grown on sap-
phire substrates by atomic layer deposition process (8-inch
(1 inch=2.54 cm) waferscale, Veeco, PEALD system). The
trimethylgallium (TMG) and ozone (O3) were used as Ga-
precursor and oxygen source, respectively. The TMG precur-
sor was stored in a canister at room temperature. The work-
ing pressure was ~ 0.14 Torr (1 Torr=1.33322x 107 Pa). As
shown in Fig. 1(a), the typical ALD sequence consisted of four
steps: Ga-precursor exposure (0.015 s), Ar gas purge (5 s),
ozone exposure (5 s), and Ar gas purge (10 s) with the sam-
ple station temperature of 250 °C. The Ar purge flow was set
to 20 sccm. After ALD growth, these films were annealed at
900 °C for 1 h in a high temperature tube furnace in air/N,
mixture atmosphere. In order to study the influence of Ga,03
thickness on photodetectors, the number of growth cycles was
set to 300, 600, and 900, separately. The thickness of thin film
measured by spectroscopic ellipsometry was 58 nm for 900 cy-
cles, so the growth rate calculated is about 0.64 A/cycle. The
x-ray 7000 diffraction was used to analyze the crystallinity of
the prepared GayOj3 thin films. The surface morphology was
observed by scanning electron microscopy (JSM-7610F Plus,
JEOL). The transmittance and absorbance were obtained by
UV-Vis spectroscopy (UV-2300, SHIMADZU).
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Fig. 1. (a) Schematic diagram of thin film deposition by ALD process, with
one deposition cycle consisting of four steps: Ga(CH3)s vapor pulse for
0.015 s, Ar purge gas for 5 s, ozone pulse for 5 s, and Ar purge gas for
10 s. (b) Schematic diagram of fabricated MSM structured UV solar blind
photodetector.

After characterizing the structures and measuring the
light transmittances of the prepared Ga, O3 films, the metal—
semiconductor-metal (MSM) solar blind photodetectors were
fabricated. Figure 1(b) shows that Ti/Au (80 nm/50 nm) elec-
trodes are evaporated on the Ga, O3 thin films after being pro-
cessed by a standard photolithography. Finally, MSM pho-
todetectors were fabricated through a conventional lift-off pro-
cess. The current—voltage (/-V) and time-dependent charac-
teristics of the photodetectors were measured by a Keysight
B1505A semiconductor analyzer. The photocurrents were
measured under 254-nm DUV illumination with an intensity

of 1000 uW/cm?.

3. Results and discussion

3.1. Characterization of Ga,0Oj; films grown on sapphire
substrates

To analyze the crystal structure of Ga,O3 film, the XRD
spectra of the grown Ga; 03 films were obtained in grazing in-
cidence XRD (GIXRD) mode, with a grazing angle & of 0.5°
as shown in Fig. 2. There is no signal peak from substrate
in grazing incidence diffraction mode. The number of growth
cycles for sample 1, sample 2, and sample 3 are 300, 600, and
900, respectively.

As shown in Fig. 2, all the peaks but for the one peak
around 28.2° correspond to the x-ray diffraction pattern of 3-
GaO3 (PDF card No. 41-1103). The XRD diffraction peak
around 28.2° is matched with the €-Ga; O3 (PDF card No. 06-
0509), which indicates that there is a small amount of €-phase
Ga, 03 nanocrystalline forming in sample 1. However, no &-
phase nanocrystalline forms in sample 3. Therefore, the films
prepared by ALD process in our study mainly are of polycrys-
talline 3-Ga,Os3 after annealing in furnace tube at 900° for
60 min. For the three samples, the main diffraction peaks of
B-Gay 03 phase (-201) (18.9°) and (-202) (31.7°) turn stronger
and sharper with the cycle number increasing. The decrease of
the full width at half maximum (FWHM) of these peaks indi-
cates that the grain size of 3-Ga; O3 increases with the increase
of film thickness.[!®!
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Fig. 2. XRD patterns of 3-Ga,Oj films after being annealed at 900 °C
for 60 min.
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Figure 3 shows the FE-SEM images of three samples after
being ex-situ annealed at 900° for 60 min. The size of crystal
grains increase apparently with the increase of growth cycles.

(b)

Combining the SEM images with the XRD analysis, we can
conclude that the crystal quality of f-Ga,Os3 film is improved
with the increase of film thickness.

(c)

Fig. 3. FE-SEM images of (a) sample 1, (b) sample 2, and (c) sample 3.
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Fig. 4. (a) Optical transmission spectra and (b) absorption spectra of pre-
pared 3-Ga, O3 films with different growth cycles, with inset showing Tauc
plots of prepared Ga, O3 thin film.

Figure 4(a) shows the curves of transmittance versus
wavelength of the $-GayOs thin films grown for different
cycles, which is measured by using UV-Vis spectroscopy in
a wavelength range from 190 nm to 800 nm. All the thin
films show outstanding optical transmission (over 85% in vis-
ible light range). For the three samples, the transmittance
decreases gradually with the cycle number increasing in the
ultraviolet band from 200 nm to 400 nm. Figure 4(b) indi-
cates that 3-Ga, O3 films have obvious UV absorptions in a
solar blind range of 200 nm-280 nm. The inset of Fig. 4(b)
shows the curves of the relative absorption coefficient (othv)?
against the photon energy Av. A sharp absorption edge is ob-
served. As B-Ga,03 is a material with a direct band gap, the
value of optical bandgap E, can be estimated by extrapolating
the linear section of the plot to energy axis according to the

formulal!®]

1/2

ahv < (hv —Eg) /", €]

where « is the absorption coefficient and hv is the photon en-
ergy. The optical bandgap is 4.79 eV for sample 1, 4.81 eV
for sample 2, and 4.88 eV for sample 3, separately. The op-
tical band gaps show a slight increase as the number of de-
position cycles increases. As the film thickness increases, the
strain caused by the lattice mismatch with sapphire substrate
decreases, resulting in the slight increase of the band gap.!'”!

3.2. Photoelectric characteristic analysis

In order to study the optoelectrical properties of B-
Gay0s3 films for the three samples, metal-semiconductor—
metal (MSM) photodetectors are fabricated on these films.
The 5 pairs of Ti/Au (80 nm/50 nm) interdigitated electrodes
with 300 pum in length, 50 wm in width, and 50 um in space
were fabricated by using the standard photolithography prco-
cess and lift-off techniques. The Ti/Au metal forms a good
ohmic contact with 3-GayOj3 film. The dark current and pho-
tocurrent are linearly related to bias voltage in a linear coor-
dinate system. Figure 5 describes the I-V characteristics in
dark and under UV (254 nm) illumination for different thick-
nesses with the voltages sweeping from 0 V to 10 V in steps
of 100 mV. The dark current changes little for the three sam-
ples, while the photocurrent increases exponentially with the
increase of number of growth cycles. The ultra-low dark cur-
rents of these samples (134 fA, 363 fA, and 234 fA) at a
bias voltage of 10 V indicate that the low oxygen vacancy
concentration exists in the 3-Ga;Oj3 film grown by ALD us-
ing ozone as an oxygen source.!?"! The photocurrent Jyhoro is
5.27x10710 A of sample 1, 2.99%x1078 A of sample 2, and
2.11x107% A of sample 3 at bias of 10 V, separately. As the
thickness of the film increases, the light absorption layer thick-
ens. Thus the number of photon-generated carriers increases
greatly. It is worth noting that when the thickness increases
linearly in a range of 18 nm—58 nm, the photocurrent Iypoto
shows an almost exponential increase.
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Fig. 5. The I-V characteristic curves of 3-Ga,O3 MSM PD for samples 1,
2, and 3: (a) dark currents in linear coordinate and (b) the photocurrents
under 254-nm UV light illumination in exponential coordinate.

In order to further explore the photoelectric response per-
formance, we also calculate the photo-to-dark current ratio
(Iphoto / Idark, PDCR), light responsivity (R), external quantum
efficiency (EQE), and detectivity (D*) to compare the perfor-
mance parameters of these devices. The responsivity (R) is
related to the irradiation intensity (P) and effective radiation

area (), and given by?!l

Iphoto - Idark) )

r=
(P-S)
The external quantum efficiency (EQE) is defined as the ra-
tio of the number of electrons collected by the detector’s elec-
trodes to the number of photons received, and can be expressed
as

EQE::ﬁgg, 3

where hv represents the photo’s energy!??! and ¢ is the elec-
tron charge of 1.6x107!'° C. The specific detectivity (D*)
refers the detection rate of the device per unit device area and
1-Hz measuring band width. The higher the D*, the stronger
the ability to detect the weak signals for photodetectors. The
specific detectivity (D*) can be obtained from the following
equation:

pr=— @)

V20l /S
Figure 6 shows the key parameters of the three samples

at room temperature extracted from the /-V characteristics.

For sample 3, the photo-to-dark current ratio (PDCR) at 10 V
reaches 1.57x107, while only 2.25x10° for sample 1. The
high light—dark current ratio indicates that the device has high
sensitivity and great application potentials in photoelectric de-
tectors. In addition, with the number of growth cycles increas-
ing, the responsivity increases from 3.90x 10~* A/W for sam-
ple 1, to 1.56 A/W for sample 3. The EQE increases from
0.19% to 764.49%. Meanwhile, the detectivity (D*) increases
from 5.24x10'° Jones to 2.44x10'* Jones. As the thickness
of the film increases, the light absorption capacity of the film
gradually increases. So the parameters relating to photocurrent

increase significantly with film thickness as shown in Fig. 6.
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Fig. 6. Dependence of (a) PDCR and responsivity (b) detctivity and external
quantum efficiency on the number of grown cycles, with y-coordinate being
exponential.

In addition, the time-dependent light response character-
istics under 254-nm DUV illumination are studied by switch-
ing the UV light source. After several photo switch cycles, the
MSM PD still exhibits almost the same photocurrent as shown
in Figs. 7(a)-7(c). The time-response curves of single on/off
cycle for three samples are shown in Figs. 7(d)-7(f). The ris-
ing section and falling section of a single cycle response curve
can be fitted by double exponential equation and described as
follows:

I=1Iy+Ae "/ 4+ Be /", 5)

where I is stable state photocurrent, A and B are the fit-
ting constants, and 7] and T, represent two time constants
(fast response time and slow response time).!'®! The fast re-
sponse times are related to the direct band-to-band transition,
while the slow response times may be related to the carrier
trapping/de-trapping mechanism. The 7, and 7 are the rising
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and decay edges of the time constants, respectively. Time re-
laxation constants under 254-nm exposure are 0.40 s (7;1) and
1.94 s (12) for sample 1, 0.48 s (7;1) and 2.43 s (712) for sam-
ple 2, while the same values of 7,1 and 7 (T;] = T = 0.25'5)
are obtained for sample 3 by fitting the experimental data us-
ing Eq. (5). So only the fast response component exists when

the 254-nm UV light is switched on, which indicates a low trap
density for sample 3. When the UV light is switched off, the
current falls very rapidly. The two components (7q; and Tqp)
have the same value 74 obtained by fitting the experiment data
by Eq. (5). The decay time constant 74 is 0.08 s for sample 1,
0.069 s for sample 2, and 0.045 s for sample 3.
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Fig. 7. Photoresponse of MSM PDs of (a) sample 1, (b) sample 2, and (c) sample 3. Partial enlargement of the transient response curves under 254-nm
light and the fitting curve of the double exponential relaxation equation of (d) sample 1, (e) sample 2, and (f) sample 3.
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Fig. 8. Schematic illustration of energy band relating to carrier generation
mechanism and recombination mechanism for -Ga; 03 photodetectors.[25J

In order to fully understand the mechanism of the rise
and decay process, it can be explained in terms of the mecha-

n,[23-23] a5 shown

nism of carrier generation and recombinatio
in Fig. 8. Generally, because the photon energy of 254-nm
UV light is 4.88 eV, which is nearly equal to the band gap
of B-Ga;03. The electrons in the valence band will be ex-
cited by the photon, transforming into photocarriers as shown
in process a of Fig. 8. But some of these excited electrons
may be captured by traps, and then the electron-hole pair will
be generated by the transition from the trap level to the con-
duction band again as shown in process b. Thus, the trap-
ping process caused will lead to an increase of the rise time

of Ga,O3 photoelectric detector. In our work, the polycrys-

talline B-Ga, O3 films for the three samples exhibit more grain
boundaries, which leads to an increased probability of carrier
being captured by the trap levels.[?®! With the decrease of gal-
lium oxide thickness, the density of trap centers caused by
grain boundary becomes more obvious, which can be inferred
from SEM images. As a result, the rise time for the sample 1
and sample 2 are both more longer than that of sample 3.
When the UV light is turned off, the non-equilibrium car-
riers recombine with the holes in the valence band to com-
plete the inter-band annihilation process as shown in process
c. Also, the some of these non-equilibrium electrons will re-
combine with the holes through the bulk or surface recombi-
nation centers, as shown in process d. From Fig. 7, we can
find that the thinner the Ga;O3 film, the shorter the decay
time is. We can attribute the decrease of decay time to strong
surface recombination effect when the thickness of thin film
decreases.[27-291 At the surface of semiconductor materials,
there is also composite mechanism that reduces the lifetime
of photogenerated carrier. The surface states are located in the
band gap and usually act as a recombination center. Owing
to the surface-to-volume ratio increasing with the thickness of
film decreasing, surface recombination effect turns stronger.

Therefore, as the film thickness decreases, the decay time de-
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creases.

For contrast, the photoresponse of MSM PDs with a 58-
nm-thick 3-GayO3 film is measured under 365-nm UV il-
lumination, and the results are shown in Fig. 9. The pho-
tocurrent is 2.28x1071? A at 10 V. The Iphoto/Iaark is about
17.9 under 365-nm UV light illumination with an intensity of
1120 uW/cm?, corresponding to 8.3x107® A/W of photo re-
sponsivity. According to the responsivity of 254 nm/365 nm,
the photoresponse rejection ratio (Rps4/R36s5) reaches up to
1.86x10°.
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Fig. 9. Three I-V curves of -Ga,O3 MSM PD with 58-nm-thick Ga, 03
film in the dark, under 365-nm and 254-nm UV light illuminations, respec-
tively.
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3.3. Dependence of innerfinger spacing on photoelectric
performance

In order to study the influence of size on the performance
of photodetector, we fabricate MSM photodetectors with dif-
ferent interfinger spacings (50 pm, 40 um, 30 pum, 20 wm, and
10 pum) in sample 3 (corresponding to a 3-Ga; 03 film thick-
ness of 58 nm). The number of fingers and the finger widths
are fixed at 5 wm and 300 pm, respectively. The -V character-
istics of GapO3 MSM PD in the dark and 254-nm illumination
are shown in Figs. 10(a) and 10(b).

As shown in Fig. 10 and Table 1, both the photo current
and dark current increase gradually with the decrease of the
interfinger spacing, which can be attributed to the reduction of
carrier transport time from source electrode to drain electrode.
All the parameters (photoresponsivity, detectivity, and exter-
nal quantum efficiency) increase with the decrease of interfin-
ger spacing, while there is no regular change for the PDCR.
The photocurrent of 5.4 pA, photo-to-dark current ratio of
4.90% 10°, photoresponsivity of 20 A/W, specific detectivity of
5.54x10'* Jones, and external quantum efficiency of 9780%
are all obtained for the MSM PD with 10-pm spacing under
254-nm UV light illumination.
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Fig. 10. Current—voltage (I-V) characteristics curves of GaO3 MSM PD (a) in dark and (b) under 254-nm illumination; (c) time-dependent
photoresponse of MSM PD with 20-pum-innerfinger spacing under 254-nm illumination, and (d) dependence of photo current and dark current

on interfinger spacing at bias voltage of 10 V.

Table 1. Key parameters extracted from /-V characteristics for five devices.

Finger spacing 50 um 40 um 30 pm 20 um 10 um
Tgark (A) 1.34x10~13 2.72x10713 4.06x10~13 4.17x10°13 1.10x10~12
Light (A) 2.11x10°° 2.30%x10°¢ 2.90%10~¢ 3.94x107° 5.40%x10°¢
PDCR 1.57x107 7.50%x10° 7.10x10° 9.4x10° 4.90x10°
R (A/W) 1.56 2.13 3.58 7.29 20.00
D* (Jones) 2.77x10M 2.37x10'" 2.83x10' 4.64x10" 5.54x10
EQE (%) 7.64%10? 1.04x103 1.75%103 3.57x103 9.78x 103
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4. Conclusions

In this work, the solar-blind UV photodetectors with high
PDCR and ultra-low dark current are fabricated on §-Ga;03
films by ozone-based ALD process. The effects of thin film
thickness on the performances of 3-Ga,; O3 photodetectors are
investigated. Except for the dark current, the detection per-
formances (light—dark current ratio, responsivity, specific de-
tectivity, external quantum efficiency) of the solar blind pho-
todetector almost increase exponentially with the increase of
the film thickness. The B-GayO3; UV photodetector with a
thickness of 58-nm exhibits a very low dark current of 134 fA
and a high light—dark current ratio of 1.57x 107 at a 10-V bias
voltage. The photoresponse rejection ratio (Rps4/R3gs) is up
to 1.86x10° for the photodetectors with a finger spacing of
50 um. The relationship between finger spacing and photo-
electric parameters is also studied. All of the photoelectrical
parameters but for PDCR increase with the decrease of in-
terfinger spacing. The responsivity uner 254-nm light illumi-
nation is 20 A/W for the MSM device with 10-pum finger spac-
ing. Therefore, both the film thickness and innerfinger spac-
ing are sensitive parameters affecting the performance of solar
blind photoelectric detector. This study provides an effective
and simple method for improving photoelectric performance
of Ga,O3-based MSM PDs.
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