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Abstract: The authors report the deposition of an (Al,Ga;.«)2O3 amorphous thin
film on sapphire substrates by sputter deposition. An amorphous deep ultraviolet (UV)
(Alp.12Gap s3)203 photodetector, with a cutoff wavelength at 230 nm, was also fabricated.
With —10 V applied bias, it was found the dark leakage current and the linear dynamic
range (LDR) of the fabricated photodetector were about 1.23 x 10~° A and 59.51 dB,
respectively. With the same —10 V applied bias, the UVC/UVA contrast ratio was larger
than 20. With Aijjumination = 230 nm and —5 V applied bias, it was found noise equivalent
power (NEP) and detectivity (D*) of the fabricated amorphous deep UV (Aly.12Gap.gs)203
photodetector were 9.94 x 10" W and 2.11 x 10'° cmHz"2W~", respectively. These
results suggest the fabricated amorphous deep UV (Aly.12Gag.s3)2O3 photodetector herein
indicate a cost-effective solution for developing DUV photodetector applications.

Index Terms: (Al,Ga;).03, wide-bandgap material, deep UV photodetector,
amorphous.

1. Introduction

Ultraviolet (UV) photodetectors are important devices which can be used in various applications,
such as missile warning, underwater communication, fire alarms, and chemical/biological sensing
[11-[4]. To effectively detect the UV radiation, one needs to use wide-bandgap semiconductors,
such as GaN, ZnO, SiC, and their ternary and/or quaternary compounds. Among these materials,
GaN can be epitaxially grown by metalorganic chemical vapor deposition (MOCVD) on sapphire
substrate. This makes high quality GaN samples commercially available with reasonable price.
It has been reported that GaN photodetectors can provide a larger UV responsivity [4]. For
photodetector applications, it should be noted the 3.4 eV bandgap energy of GaN corresponds
to a cutoff wavelength, A cutoff, of 360 nm. In other words, GaN can only be used as a material for
visible-blind photodetectors (i.e., 280 nm < A.utorr < 400 NM), which also detect UV light emitted
from the sun. Thus, high background and/or false detection might occur. To achieve solar-blind
photodetectors (i.e., Acutor < 280 nm), one could use AlGaN alloys with a high Al content to
serve as the active light absorption layer [5]-[8]. It was well-known the epitaxial layer quality will
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deteriorate rapidly with increased Al, due to the high Al-content might cause the residual stresses
occur in crystalline films, but still some previous study used some methods to improve the device
characteristics. R. McClintock et al. reported a lateral silicon-indium conduction co-doping layer to
achieve cracking free material and the unbiased EQE of 60% [9]. Recently, Anisha Kalra et al. first
reported the polarization graded Mg-doped layer for p-i-n detectors to eliminate band discontinuities
and reached highest responsivity value of 211mA/W at zero bias [10]. However, these methods
were relative more complicated than directly deposited Ga,O3 and its compound on single crystal
substrates which is lacking for IlI-nitrides.

Gallium oxide (Ga;O3) is an interesting material that has attracted much attention in recent
years. With good thermal stability and a wide direct bandgap energy of 4.8-4.9 eV, A.utonr Of GasO3
photodetectors occurs at around 260 nm. This make Ga,O3 photodetectors suitable for solar-blind
photodetector applications. To our knowledge, Ga;O3; photodetectors prepared by pulse laser
deposition (PLD) [11], MOCVD [12], [13], atomic layer deposition (ALD) [14], plasma-enhanced
chemical vapor deposition (PECVD) [15], molecular beam epitaxy (MBE) [16], and furnace oxida-
tion of GaN [17] have all been demonstrated.

Although it is possible to achieve true solar-blind photodetectors using Ga, O3 as the light absorp-
tion material, we still need to further push the cutoff wavelength, A.utof, t0 €even short wavelength re-
gion for applications such as space astronomy and solar research. For these applications, one can
incorporate aluminum (Al) into the Ga, O3 film. The ternary (Al,Ga;_.)2Os3 is an interesting material.
By increasing the composition ratio of Al, we could increase the bandgap energy of (Al,Ga;_,)203
from 4.9 to 8.8 eV [18]. However, only few reports regarding the fabrication of (Al,Ga;_«)203 UV
photodetectors could be found in the literature. For example, Weng et al. converted AlGaN into
the (AlcGa;_«)203 thin film by high temperature furnace oxidation and reported the fabrication
of an (Al,Gai.,)203 deep UV photodetector with a A.u0x Of 220 nm [19]. The noise equivalent
power (NEP) and detectivity (D*) of the (Al,Ga;..)2O3 deep UV photodetector fabricated by furnace
oxidation of AlGaN were also reported.

Very recently, Chen et al. reported the cost-effective sputter deposition of (Al,Ga;_«)2O3 polycrys-
talline thin film on sapphire substrate at high temperature (i.e., 600 °C) using the mixture of O, and
Ar as the sputtering gas [20]. They investigated the effects of O, concentration on the structural,
morphological, optical and compositional of the deposited (Al,Ga;_,)>O3 polycrystalline thin film.
(AlyGa;.x)203 deep UV photodetectors with a A..ionr 0f 230 nm were also fabricated [20]. They
reported the on/off current ratio and peak responsivity of the fabricated photodetectors. Although
NEP and D* are two important parameters for photodetectors, Chen et al. did not report the values
of NEP and D* of their photodetector. In this study, we report the fabrication of an (Al,Ga;_.)203
amorphous deep UV photodetector prepared at room temperature, instead of at elevated tem-
perature, by sputtering. The characteristics of the deposited (Al,Ga;.)2O3 amorphous thin films
and detailed performances of the fabricated amorphous (Al,Ga;_)2O3; deep UV photodetectors,
include NEP and D*, will also be discussed.

2. Experimental Details

The 110-nm-thick (AlyGa;_«)20O3 amorphous thin film used in this study was prepared at room
temperature by magnetron sputtering on both silicon and c-plane sapphire substrates using metallic
Al (DC power = 70 Watt) and Ga,O3 (RF power = 100 Watt) targets. During deposition, mixture
of O, and Ar was used as the sputtering gas while the chamber pressure was kept at 4 x 1073
Torr. After the growth energy-dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD)
were used to characterize physical properties of the (Al,Ga;_,)2O3 thin film deposited on silicon
substrate. On the other hand, the metal-semiconductor-metal (MSM) photodetector was fabricated
using the (Al,Ga;)203 thin film deposited on sapphire substrate. To fabricate the deep UV
photodetector, we deposited a thick Ni/Au (30/100 nm) film through an interdigitated shadow
mask onto the (Al Ga;_, )O3 surface to serve as the contact electrodes. As shown in Fig. 1, the
dimension of the interdigitated finger electrodes was 2 mm wide and 2.2 mm long, with finger width
of 0.1 mm and spacing of 0.2 mm, respectively.
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Fig. 1. Cross-sectional diagram of the fabricated (AlxGa;.x)2Os deep UV photodetector on sapphire
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Fig. 2. (a) X-ray diffraction (XRD) and (b) Energy-dispersive X-ray spectroscopy (EDS) spectrum
measured from the (Al,Ga_x)2 O3 thin film deposited on Si substrate.

Current-voltage (I-V) characteristics of the fabricated photodetector were then measured by
an Agilent B1500 semiconductor parameter analyzer at room temperature. Spectral responsivity
measurements of the photodetector were also performed by JOBIN-YVON SPEX System with a
300 W xenon arc lamp light source (PERKINELMER PE300BUV) and a standard synchronous
detection scheme. During photocurrent measurements, the monochromatic light was guided by an
optical fiber to illuminate the absorption layer of the (Al,Ga;_.)2O3 deep UV photodetector in the
wavelength range from 220 nm to 500 nm.

3. Results and Discussion

XRD was first used to investigate the quality of the (Al,Ga;.,)2O3 thin film deposited on silicon
substrate. Fig. 2(a) shows measured XRD pattern of the (Al,Ga1-x)2 O3 thin film by Cu K« source.
As shown in the left side of Fig. 2(a), however, no clear peak was observed in the XRD spectrum
between 20 range of 10° to 65°. Only silicon substrate related peaks were observed at 69.2°
and 69.4° in the right side of Fig. 2(a). Such a result indicates the room temperature deposited
(Al,Ga;.x)203 thin film was indeed amorphous. EDS was subsequently used to estimate the Al
content in the (Al Ga;_«)2O3 thin film deposited on Si substrate. As shown in Fig. 2(b), Al, Ga, and
O signals were clearly observed. The weak carbon signal was probably originated from the carbon
adhesion film, contaminated during sample preparation. It was also found from the EDS result
the Al: Ga atomic ratio was 12: 88 in the deposited (Al,Ga;.,)>Oj3 thin film. It has been reported
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Fig. 3. |-V characteristics of the fabricated photodetector measured in dark and under illumination.
PC/DC ratio as a function of the applied reverse bias was also plotted.

previously the bandgap energy of Ga,O3; and Al,O3 was 4.9 eV and 8.8 eV, respectively. It has
been shown previously that bowing parameter, b, was about 0.32 for the ternary (Al,Ga;_«)203
[21], we can thus find that bandgap energy of the deposited (Aly.12Gag ss)2O3 was around 5.32 eV,
using the Vegard’s law:

EéAlXGaH ,X)203(X) — (1 _ X)EgGazos 4 XEéNan + bX(1 — X) (1)

Fig. 3 shows I-V characteristics of the fabricated (Al 12Gag.s5)203 deep UV photodetector mea-
sured in the dark and under illumination. During photocurrent (PC) measurements, we illuminated
the (Al,Ga;.«)2O photodetector with 230 nm UV light. With —10 V applied bias, it can be seen
the measured dark current (DC) was only around 1.23 x 102 A. In contrast, PC was as high as
1.16 x 10~® A, when measured with the same —10 V applied bias. Fig. 3 also shows the PC/DC
ratio as a function of the applied reverse bias. As we increased the applied reverse bias, the high
electric field applied on the device could result in a reduced probability of photo-generated carriers
trapped by the localized states. Thus, the PC/DC ratio increased monotonically with the applied
reverse bias. The linear dynamic range (LDR), defined as LDR = 20 log (PC/DC) [22]-[24], is an
important figure-of-merit for the photodetector. From the data shown in Fig. 3, it was found the
LDR under 230 nm irradiation was about 32.54 dB, 55.25 dB and 59.51 dB when the fabricated
photodetector was biased at —1 V, —5 V and —10 V, respectively.

Fig. 4(a) shows measured spectral responses of the fabricated amorphous (Aly.12Gap.gs)203
photodetector with various applied reverse bias voltages. Here, the responsivity is defined as
R(x) = (PC—DC)/P(1), where PC is the photocurrent, DC is the dark current and P(%) is the
illumination power [25]. It was found the measured spectral response peaked at 230 nm, which
corresponds to the bandgap energy of the deposited amorphous (Aly.12Gag.gg)2O3 thin film. As we
increased the wavelength of illumination light, it can be seen the measured responsivity decreased
rapidly. In this study, we defined the ultraviolet C (UVC)/ultraviolet A (UVA) and the ultraviolet C
(UVC)/visible contrast ratio as the responsivity measured at 230 nm to the responsivity measured
at 380 nm of the UVA and at 450 nm of the visible illumination light, respectively. With these
definitions, it could find the significant difference between two contrast ratios was small due to
the defect or impurity state was rare in the amorphous (Aly.12Gag.gg)2O3 thin film. As shown in the
inset of Fig. 4(a), it can be seen the UVC/UVA contrast ratio was larger than 20 with a —10 V applied
bias. Fig. 4(b) shows responsivity, R(1), and the corresponding external quantum efficiency, EQE,
measured from the fabricated amorphous (Aly.12Gag.s3)20O3 deep UV photodetector under various
applied reverse bias voltages. During these measurements, we illuminated the photodetector with
UVC light (i.e., Aiumination = 230 nm). It should be noted the EQE can be determined using the
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Fig. 4. (a) Spectral responsivity measured from the fabricated photodetector. The inset plotted the
UVC/UVA contrast ratio. (b) The responsivity and external quantum efficiency of the fabricated pho-
todetector under different reverse bias voltages.
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Fig. 5. Noise power density spectrum of the fabricated (Aly.12Gag.ss)203 deep UV photodetector.

following formula [17], [26]:

EQE = R(1) x % )

where h is the Planck’s constant, ¢ is the speed of light in the vacuum, ¢ is the elementary
electron charge, and  is the wavelength of the incident light. As we increased the applied reverse
bias from —0.2 V to -5V, it was found the peak photo response and thus the EQE increased
rapidly. As we further increased the reverse bias, it can be seen the peak photo response and
EQE kept increasing, however, with a slower speed. With —10 V applied bias and an incident light
wavelength of 230 nm, it was found the responsivity of the fabricated amorphous (Aly.12Gag.ss)203
photodetector was about 1.36 x 10~! A/W, corresponds to an EQE about 73.26%.

In this study, the noise performance caused by the electric potential fluctuation in the deep UV
photodetector was also measured by using the low noise current preamplifier (SR570) to measure
the noise current. The noise power density spectrum of the SR570 amplified and extracted with the
fast Fourier transform spectrum analyzer (Agilent 35670 dynamic signal analyzer) was shown in
Fig. 5. It could be found the noise power density increased with the increasing applied reverse bias.
In the frequency domain, the noise spectrum comprised various noise sources, including Johnson—
Nyquist (thermal) noise (S, thermal), Shot noise (S snot) and flicker noise (S sicker)- The current noise
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power density (S) as a function of frequency could be expressed as the following equation:

4KT 4
Si = Sithermal + Sishot + Siflicker = 5 +2qly + Sof% (3)

where k is the Boltzmann constant, T is the absolute temperature, R is the resistance, q is the
elementary electron charge, S, is the amplitude of the flicker noise, fis the frequency, « and g are
two fitting parameters, and I, is the dark current.

As shown in Fig. 5, the noise power density (NPD) spectrum measured at 300K can
be decomposed into different components. At room temperature, the Johnson—Nyquist (thermal)
noise should be negligibly small. On the other hand, the shot noise is independent of frequency
while the flicker noise is inversely proportional to frequency. Thus, the flicker noise became
dominate in the low frequency region. In the frequency range of 1 Hz to 100 Hz, the spectra
measured in Fig. 5 can be well fitted by the Hooge-type equation. The value of « was found to
be around 1, indicated the low frequency noise was dominated by flicker noise (1/f-type noise).
In addition, the value of g was determined to be around 1.71 by the relationship of S; ficker and y.
Thus, we found the value of S, was around 4.13 x 10~° for the fabricated photodetector. On the
other hand, the mean square flicker noise current could be determined by integrated S; iicker- Thus,
the total mean square noise current including the part of the shot noise and the flicker noise can
be calculated by integrating the noise power density spectra:

<i>2= [T (f)df
= 1 Si(1)df + [ Si(f)of = So[In(B) + 1]
Here, we assume Si(f) = S(1Hz)forf < 1Hz and B is the bandwidth. With an applied reverse
bias of —1 V, —3 V and —5 V, the mean square noise current < i, >2 over the bandwidth of 1k Hz

was 7.8 x 10724 A, 1.60 x 10722 A, and 3.29 x 10~2% A, respectively. Using the data shown in
Fig. 5 we can determine the NEP of our photodetector by using the equation [28], [29]:

. i2 i2
NEP V< Iﬁ > \/< In,shot >+ < In,flicker >

R(G) R()

(4)

()

where R(1) is the responsivity.
We can also determine D* of the fabricated photodetector by substituting the NEP into the
following equation [24], [25]:

o VAVB
~ NEP

where A is the illumination area, and B is the bandwidth.

Fig. 6(a) and 6(b) show NEP and D* of the fabricated amorphous (Aly.12Gag.ss)203 deep UV
photodetector calculated using these equations measured with various applied reverse biases and
various incident light wavelength, respectively. As shown in Fig. 6(a), the corresponding NEP under
Allumination at 230 nmwas 8.15 x 107'° W, 1.57 x 10~ W, and 9.94 x 10~!" W under the applied
biases of —1 V, —3 V and -5V, respectively. Thus, the corresponding calculated D* at the same
reverse bias voltage was 2.57 x 10° cmHz"2W~1, 1.33 x 10'° cmHz"2W~', and 2.11 x 100
cmHz?W-1, respectively. It was worth noted the NEP decreased as the applied reverse bias
increased. In contrast, D* increased as we increased the applied reverse bias voltage.

Fig. 6(b) shows NEP and D* measured at —5 V applied bias with various wavelength. It can
be seen the peak D* occurred at the wavelength of 230 nm, and decreased with the increase
of the illumination light wavelength. On the other hand, NEP increased as we increased the
illumination light wavelength from 220 nm to 350 nm. It should be noted the peak D* was around
2.11 x 10'% cmHz"2W~"and occurred when Ajjiumination = 230 nm with —5 V applied bias. Such
a large D* indicates the amorphous (Aly.12Gag.s3)2O3 photodetector is suitable for the detection
of deep UV light. Using the same room temperature deposition conditions, we should be able

(6)
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Fig. 6. (a) NEP and D* of the fabricated photodetector under different applied reverse bias voltages. (b)
The NEP and D* calculated under the reverse bias of —5 V at various incident light wavelength.

to deposit the amorphous (Al 12Gag ss)203 thin film on glass substrate and fabricate the deep
UV (Aly.12Gag.s)203 photodetectors with the same performances. This could result in significant
reduction of the production cost of the deep UV photodetectors.

4. Conclusion

In conclusion, we report the deposition of an (Al,Ga;_«)2O3 amorphous thin film on sapphire
substrates by room temperature sputter deposition. An amorphous deep UV (Aly.12Gag.ss)203
photodetector, with a cutoff wavelength at 230 nm, was also fabricated. With —10 V applied bias,
it was found the dark leakage current and the LDR of the fabricated photodetector were about
1.23 x 1072 A and 59.51 dB, respectively. With the same —10 V applied bias, it was found the
UVC/UVA contrast ratio was larger than 20. Furthermore, it was found the NEP and D* of the fabri-
cated amorphous deep UV (Aly 12Gay s5)2O3 photodetector were 9.94 x 10" W and 2.11 x 100
cmHz"2W~-", respectively, when the device was illuminated at 230 nm and biased at —5 V. These
great characteristics of the fabricated amorphous deep UV (Aly.12Gag s3)2O3 photodetector herein
indicate a cost-effective solution for developing DUV photodetector applications.
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