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A 4x4 beta-phase gallium oxide (8-GapO3) deep-ultraviolet (DUV) rectangular 10-fingers interdigital metal-
semiconductor-metal (MSM) photodetector array of high photo responsivity is introduced. The Ga,Oj3 thin film is prepared
through the metalorganic chemical vapor deposition technique, then used to construct the photodetector array via pho-
tolithography, lift-off, and ion beam sputtering methods. The one photodetector cell shows dark current of 1.94 pA, photo-
to-dark current ratio of 6x107, photo responsivity of 634.15 A-W—1, specific detectivity of 5.93x 101! cm-Hz!/2.w—!
(Jones), external quantum efficiency of 310000%, and linear dynamic region of 108.94 dB, indicating high performances
for DUV photo detection. Furthermore, the 16-cell photodetector array displays uniform performances with decent devia-

tion of 19.6% for photo responsivity.

Keywords: Ga,03, array photodetector, MOCVD, deep UV detection

PACS: 85.60.Gz, 29.40.Wk, 95.55.Aq

1. Introduction

Wide and ultra-wide bandgap (Eg) semiconductor ultra-
violet (UV) photodetectors, owing to their preferable natural
properties,!-?! cater for the desired demands of optical com-
munications, short-distance communications, medical imag-
ing, safety monitoring, environmental protection, and life sci-
ences, etc.3-8) Among the various wide Eg semiconductors,
gallium oxide (GaxO3) has the E; of around 4.8 €V, 9,101 ex-
actly translating to the precise deep-ultraviolet (UV) photo
detection,!'=13) along with low false alarming rate. As far
as it goes, the GayO3-based deep-UV photodetectors are con-
structed in the forms of metal-semiconductor-metal (MSM)
structures,'®181 p_n junctions,['°?!1 organic—inorganic hy-
brid heterojunctions, >4 Schottky photodiodes,”>~%"! field-

[30-331 and nanorod/nanowire array

effect phototransistors,
heterojunction,*¥ etc. Such devices have shown excellent op-
toelectronic performances and provided a promised potential
for further developing Ga,;O3-based deep-UV photodetectors.
While, these photodetectors are mainly focused on the study
of the cell device, in spite of great breakthroughs. For actual
applications in imagers, the uniformly high-performance pho-
todetector array is seriously desired.?3-37]

In this respect, Peng er al.*®! reported the 32x32, 16x 16,
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8x8, and 4x4 photodetector arrays with sputtering Ga;O3
films, in which the 4 x4 Ga; O3 photodetector array displayed
a photo responsivity (R) of 0.89 A-W~! and an external quan-
tum efficiency (EQE) of 444% at 250 nm UV light irradiation,
along with a deviation of 12.1% for R. Pratiyush et al.3%
displayed a floze-zone grown Ga; O3 1x8 photodetector array
of 4 AW~ at 40 V, while it had a large deviation of 62%
for dark current (Iga). In addition, Zhi et al.1*" published a
work that a Ga,O3 16x4 linear array has shown a high R of
139.56 A-W~! with a deviation of 10%. What’s more, Chen
et al.'*!1 and Qin ez al.'*’! inhabited the deep-UV imaging ap-
plication by right of Ga; O3 photodetector array. The further
development is urgently desired for high R and decent devi-
ations. Therefore, a high-performance photodetector array is
fabricated and discussed in this paper.

2. Experimental details

In this work, we use the metalorganic chemical vapor
deposition (MOCVD) to deposit the Ga;Os3 thin film, and
then construct the photodetector array through photolithogra-
phy, lift-off, and ion beam sputtering techniques. The Ga;O3
thin film are characterized by x-ray diffraction (XRD) and
atomic force microscope (AFM). The electrical and optoelec-
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trical properties including current—voltage (/-V) and time-
dependent current (/-¢) are measured by a Keithley 4200 semi-
conductor analysis meter in air at the room temperature. The
UV light source is a UV lamp that could emit 254 nm and
365 nm UV light, and the light intensity could be tuned by
changing the distance between the photodetector and lamp.
Concretely, the Ga;O3 thin film was grew on the sap-
phire substrate by using MOCVD at temperature of 735 °C
and chamber pressure of 25 Torr with the [O/Ga] molar ra-
tio of about 1650.11%! Triethylgallium (TEGa) and oxygen are
used as the Ga and O sources, and TEGa is kept at temperature
of 35 °C and chamber pressure of 760 Torr. Further detailed
growth could be seen in Ref. [43]. XRD and AFM are used
to characterize the crystal quality of the prepared film, such as
the diffraction peaks and root mean square (RMS) roughness.
By photolithography, lift-off, and ion beam sputtering, a
Gay03 photodetector array is fabricated as shown in Fig. 1.
The symmetrical Ti/Au interdigital metal electrodes are pat-
terned on the surface of the Ga,O3 thin film. The fabricated
photodetector array is annealed in Ny at 200 °C for 60 s, for
achieving good Ohmic contacts, in which the electrical and
optoelectrical properties is like a photo sensitive conductor.
Every photodetector cell is 10 fingers metal-semiconductor-
metal (MSM) structure. As shown in Fig. 1, the device scale
is 5 um wide, 190 um long, and 5 um spacing distance. As
calculated, the effective illuminated area (S) of one photode-
tector cell is 18450 um?. At last, the current—voltage (/-V)
and time-dependent current (/-t) performances are measured
by employing the Keithley 4200, in order to exam the opto-
electrical performances of the prepared photodetector array.

@)

Fig. 1. (a) The schematic diagram of the photodetector array, (b) and (c)
the images of the enlarged portion of the photodetector array by optical
microscope.

3. Results and discussion

As shown in Fig. 2(a), the XRD pattern of the MOCVD-
grown Ga, O3 thin film is provided, indicating the (201), (402),
and (603) diffraction peaks for 3-Ga,O3 existence. In addi-

tion, the other peaks in the XRD pattern are from the sapphire

we used for Ga;O3 deposition. In Fig. 2(b), the AFM image
of the MOCVD-grown (201)-oriented 3-Ga,Os thin film is
shown, suggesting RMS roughness of 6.21 nm, and the AFM

scanning area is 10x 10 pum?.

(a)
—MOCVD-grown
Ga203
w
S
e
60

(201)

Sapphire (0006)

Intensity

Fig. 2. (a) The XRD pattern, and (b) AFM image of the MOCVD-grown
Gay O3 thin film.

With the aforementioned Ga, O3 thin film characterized
in Fig. 2, the photodetector array is fabricated. The energy-
band diagram of one photodetector cell is shown in Fig. 3.
Corresponding to the electron affinity of Ga;O3 [ (GayO3)~
4.0 eV] and work function of Ti [@(Ti)~ 4.33 eV], the in-
terfacial barrier at Ti-Ga;O3 interface (AQri_Ga,0,) is about
0.33 eV. Such a small barrier could guarantee the nearly-
Ohmic contact in this device.

Vacuum level

&(Ti)~4.33 eV
(T1) ¢ X(B-Gaz05)~4.00 eV

e"’e g’\\\

APTi-p-Gay0; [18) &) Ec @©
H
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%000
Ev 0\
® Hole @© Electron

Fig. 3. The energy-band diagram of the photodetector cell.
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Correspondingly, in Fig. 4(a), for one photodetector cell,
the I-V curves in the dark and under illuminations are ex-
pressed, all suggesting sub-Ohmic contacts, on account of the
small metal-semiconductor interfacial barrier of Ti—GayO3
according to the Schottky—Mott rule.[*4%1 The dark cur-
rent (Igax) is about 1.94 x 107!2 A at bias of 10 V, and
the photocurrent (Ipnoto) is 6.43x107> A, 7.59x107° A,
8.23x1075 A, 1.02x107* A, 1.17x107* A, 1.54x107* A,
and 1.74x10~* A under illuminations with light intensity of
400 uW-cm~2, 500 pW-cm~2, 600 uW-cm™2, 800 uW-cm 2,
1000 uW-cm’z, 1500 uW-cm’z, and 2000 uW~cm’2, re-
spectively. Correspondingly, the photo-to-dark current ra-
tio (PDCR) is 3.31x107, 3.91x107, 4.24x107, 5.25x107,
6.0x107, 7.94x107, and 8.97x 107, indicating high photo re-
sponse to 254 nm UV light irradiation. For a photodetector,
the R, specific detectivity (D*), EQE, and linear dynamic re-
gion (LDR) are always used to characterize the photodetector

performances. They are expressed as follows:[4"~4%]
R= (Iphoto - Idark)/PS, (1)
D" = R/\/ Zeldark/S, 2)
EQE = heR /e, 3)
LDR = 2Olog(lphoto/ldark)» “)

with P as the light intensity, S as the effective irradiated
area of the photodetector, e as the electron charge, h as the
Planck’s constant, ¢ as the light speed, and A as the wave-
length (254 nm).

At bias of 10 V and illuminated intensity of
1000 uW~cm_2, the R is calculated to be 634.15 A-W1, sug-
gesting high photo response of the fabricated photodetector,
and lots of electron-hole pairs are photoexcited owing to the
highly reaction between the incident photons and the Ga;0O3
matter.5%5!11 The D* is 5.93x10'" cm-Hz!/2-W~! (Jones),
leading to a decent signal/noise performance, where the Iy,
is considered as the main noise.[*3! The EQE is as high as
310000%, and the photodetector cell is well-coupled to the
incident 254 nm deep-UV light. In addition, the LDR is
108.94 dB. Without using the constraint of carriers in hetero-
junctions and Schottky junctions,?>2426-28] the MSM pho-
todetector here is superior to the most similar devices.[!!-1%]
On account of two issues: 1) the uniformity of semiconduc-
tor and 2) the potential difference caused by electrodes, the
charge density and the band diagram are associated with a
negatively charged semiconductor surface both in the dark
and under illuminations. The presence of a high density of
surface bound states for electrons (majority carrier in Ga;O3)
is lying inside the bandgap, and is closing to Fermi level (i.e.,
the Fermi pinning effect). Therefore, the time evolution of
the surface space charge region could be assumed as Schottky
diode, as though under open-circuit conditions.>°! The gain
(G), defined as the increase of collected carriers per absorbed
photon, for this photoconductor is mainly from the so-called

metal-semiconductor diode, as shown in Fig. 3. The photo-
conductive G can be expressed as

_Al/q
P/hv’

where Al is the measured current difference between the con-

&)

ditions of both in the dark and under illuminations, and Av
is the incident photon energy. So, the G can be obtained as
41.01 dB.

(a) 200 —=— 400 yW-cm—2 —*— 500 pW-cm~?2
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Fig. 4. For the photodetector cell. (a) The current—voltage curves un-
der illuminations with different light intensities from 400 uW-cm™2
to 2000 uW-cm~2 at bias from —10 V to 10 V. (b) The time-
dependent current under illuminations with different light intensities
from 400 uW-cm~2 to 2000 uW-cm™2 at bias of 10 V.
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Fig. 5. The light intensity-dependent photocurrent of the photodetector cell.

In Fig. 4(b), the I—¢ performances of the photodetec-
tor cell under illuminations with different light intensities are
shown. Higher light intensity contributes to higher Ihoto. Un-
der various light intensity irradiations, the photodetector cell
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displays stable and repeatable cycling opto-switching behav-
iors. As shown in Fig. 5, the Iypoo displays good linear rela-
tionship with the light intensity, indicating that the photode-
tector may well operate in a linear dynamic region.

Figure 6 displays the Iynoto and R of the 16 photodetector
cells. The deviation of R is estimated to be 19.6% on account
of a relationship of [(Rmax — Rave)/Rave],>% With Riay as the
maximum R, and R, as the average R for the 16 photode-
tector cells. It is worthy to be noted that the deviation of R
is relatively large. It may well be due to the large RMS of
the Ga,O3 film used for fabricating photodetector array. The
photodetectors with films of different thicknesses have differ-
ent performances,>?! leading to the high R deviation of pho-
todetector array. In addition, the difference of electrode line
configuration in all the cells could be another cause for hav-
ing large deviation. What’s more, the /ynoo and R seem a
regular evolution, and we found that the photodetector cells
around the photodetector array have higher oo and R, while
the photodetector cells in the center area have relatively low
Iohoto and R. The photodetector cells in the center area always
have long pathway for carrier transports, in which a relatively
high resistance leads to a low output ypoto, thus a low R. To
some degree, it also decreases the uniform performance of the
photodetector array. In all, beyond the study on the cell pho-
todetector, photodetector array is urgently desired for high per-
formances and better uniformity.

200 1500

2 /\/\//\//\ ] g
= ~
= i y <
= 120 11100
o Bias: 10 V; 254 nm ] =
=1 i i Sty 2 -z
2 gol UV light intensity: 1000 ptW /cm 1900 7
< . g
5 NN N 2
A 40} - < N {700 &
A _n/n\‘\ ] ~
O 1 1 1 1 1 1 1 1 1 1 1 :)()()

1 3 5 7 9 11 13 15
Cell number

Fig. 6. Photocurrents and photo responsivities of the 16 Ga,O3 deep-
UV photodetectors at 10 V bias and under illumination with intensity
of 1000 uW/cm?.

4. Conclusion

In summary, a 4x4 rectangular photodetector array is
introduced based on MOCVD-grown f-Ga;0O3 thin film.
The photodetector cell displays R of 634.15 A-W~!, D* of
5.93x10'! Jones, EQE of 310000%, and LDR of 108.94 dB
at bias of 10 V and under illumination with light inten-
sity of 1000 uW-cm~2, indicating high optoelectronic perfor-
mances of the fabricated device. And the photoconductive G is
41.01 dB. For the photodetector array with 16 cells, the devia-
tion of R is 19.6%. The good performances of the photodetec-
tor described here is owing to the high-quality -Ga;O3 thin

film and the successful construction of the array. This work
may well provide a promised route for developing the deep-
UV photodetection by using Ga,0s3.
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