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Abstract
The ultraviolet (UV) detecting properties of Mg doped In2O3 (MgInO or MIO) bottom gate thin
film transistors (TFTs) were investigated. The optical measurements show that the introduction
of Mg dopants effectively widens the optical band gap of In2O3. The cutoff wavelength of MIO
films is pushed to deep UV as Mg content increases. Fabricated MIO TFTs with high Mg content
demonstrate appraisable UV detecting properties with a dark current of 10−14 A, a UV to visible
rejection ratio of 103, a responsivity of 3.2 A/W (300 nm) and a cutoff wavelength of 320 nm,
which can be put to good use in deep UV detection. The dynamic photo-response measurement
shows that the persistent photo-conductivity (PPC) effect can be alleviated by imposing a
transient positive gate pulse.

S Online supplementary data available from stacks.iop.org/SST/30/125010/mmedia
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1. Introduction

Ultraviolet (UV) photodetectors have a wide range of appli-
cations in domestic and industrial activities, such as space
communication, ozone-layer monitoring, flame detection, and
so forth [1]. In many cases, it is important to detect UV light
without being disturbed by signals generated from infrared or
visible lights, where wide band gap semiconductors find their
application due to their intrinsic ‘visible-blindness’ properties
[1]. UV detectors based on crystalline SiC, diamond and III-
nitrides have been demonstrated with excellent UV detecting
features [2–4]. However, much care has to be taken to grow
these high quality crystalline films, as dislocations and grain
boundaries in these crystalline films would lead to high
leakage currents and non-negligible responsivity to visible
light [1]. Besides, these crystalline detectors are mostly two-
terminal devices, such as p-i-n photodiodes or the photo-
conductive metal-semiconductor-metal structure, which suffer
from large dark current and an inevitable persistent photo-
conductivity (PPC) problem [5, 6]. In this regard, oxide
semiconductors, such as ZnO, MgxZn1−xO, are suitable

alternative materials for UV detection [7, 8]. Metal oxide
semiconductors themselves, such as ZnO, have already been
used as ozone detectors, whose performance are found to be
related to grain size [9]. For UV detection, metal oxide
semiconductors are adopted to construct three-terminal TFTs
or two terminal photoconductive devices. Compared with two
terminal photoconductor detectors, the TFT configuration
offers significant advantages such as small dark current and
ultra-high responsivity. Moreover, the gate controlling prop-
erties of three-terminal devices provide an effective tool for
solving the PPC problem and by integration in an active-
matrix photosensor array, TFT detectors have potential
applications in flat panel imaging displays [10].

In2O3 films fabricated by rf sputtering are usually of
polycrystalline and contain lots of sub-gap defects, resulting
in unstable states and high sensitivity to visible light. It has
been reported that Mg doped In2O3 (MIO) films are amor-
phous and have a wider optical band gap (Eopt), which makes
visible-blind possible [11, 12]. Moreover, the fabricated MIO
TFTs show a reasonable electrical characteristic [12]. How-
ever, the ultraviolet detecting properties of MIO TFTs have
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not been investigated in detail so far. In this work, we fab-
ricated bottom-gate MIO TFTs with different Mg content, and
investigated the effects of the Mg content on the optical,
electrical properties of MIO TFTs.

2. Structures and fabrication procedures

The schematic cross-section of fabricated MIO TFTs is
shown in figure 1. In experiments, a 100 nm-thick Ti was
deposited onto glass substrates by direct current (dc) sput-
tering and patterned by a lift-off technique to form the gate
electrode. Afterwards, a 200 nm-thick SiO2 gate insulator was
deposited by plasma-enhanced chemical vapor deposition
(PECVD) at 350 °C. Subsequently, a 40 nm-thick MIO film
as the active layer was deposited by radio frequency (RF)
magnetron sputtering with the power, pressure, Ar/O2 of
150W, 0.4 Pa and 48/2 at RT, respectively. To deposit MIO
films with varying Mg content, ceramic targets with
Mg0.20In0.80O, Mg0.34In0.66O, Mg0.45In0.55O were prepared,
the corresponding films are labeled as MIO-a, MIO-b, MIO-c.
The MIO active layers were patterned by wet-etching in a
diluted HCl solution. Then Ti was deposited by dc sputtering
and patterned by a lift-off technique to form the source and
drain electrodes. The channel width and length of the TFTs
measured in this work are 100 μm and 20 μm, respectively,
yielding a width-to-length ratio of 5:1. Finally, all the devices
were annealed in N2 atmosphere at 200 °C for one hr.

The composition of the prepared films was analyzed
using an x-ray photoelectron spectroscopy (XPS) (ESCALAB
250Xi). The crystallinity of the MIO thin films was char-
acterized by x-ray diffraction (XRD) spectroscopy (D/MAX-
2500/PC). The surface morphologies were characterized by
the atomic force microscope (AFM) method. The optical
transmission properties were measured by a UV-vis spectro-
photometer (UV-2600). The light detection properties of our
fabricated MIO TFTs were investigated using a semi-
conductor parameter analyzer (B1500, Agilent Technologies)
and an additional light source. Lights were provided by a
750W Xenon arc lamp and a 300 mm focal length mono-
chromator that covers a wavelength range of 200–1500 nm.
The incident optical power was measured by a high sensitivity
power meter (LE-LPM-10AP). The temperature (RT) and
humidity (RH=50%) within the chamber were well con-
trolled during the measurement.

3. Results and discussion

To quantitatively analyze the composition in MIO films, XPS
analysis was performed. Figure 2 shows the XPS spectra of In
3d, Mg 1s, C 1s, O 1s, core levels with respect to MIO-a,
MIO-b, MIO-c, respectively. From the XPS results, the
atomic percentages of Mg, In, O, N atoms are derived and
shown in table 1.

Figure 3 shows the XRD of MIO films with different Mg
content. The inset shows the amplification of the area with 2θ
(angle of diffraction) between 30° to 40° and the diffraction
peaks of spinal MgIn2O4 (3 1 1) at 2θ=32.5° are not
observed [13]. The films become amorphortized as Mg con-
tent increases, as shown in the inset of figure 3.

The optical transmittance spectra of the MIO films with
varying Mg content is shown in figure 4. While all the MIO
films show high optical transmittance (>80%) in the visible
region, the edge of the absorption region is slightly blue-
shifted as Mg content increases, indicating that Eopt is
widened. To further examine the Eopt of these films, a Tauc
plot method is applied, shown in the inset of figure 4. The
optical absorption coefficient (α) and the Eopt are related by
the following equation [14]:

hv hv EA , 12
opt( )( ) ( )*a = -

where A* is a constant, h Planck’s constant, ν the frequency
of the incident photon, and α the optical coefficient. The Eopt

of the MIO films is estimated by extrapolating the linear
absorption edge to intercept the energy axis. The Eopt of MIO
films are estimated to be 3.6 eV, 3.7 eV, 3.9 eV, correspond-
ing to MIO-a, MIO-b, MIO-c films.

Figure 5 shows the surface morphologies of the MIO thin
films on SiO2 substrates with varying Mg content. The
scanning area was 1 μm×1 μm. All MIO films show a
smooth surface and as Mg increases, the surface roughness
decreases.

The transfer characteristics of MIO TFTs under dark and
monochromatic light illumination at Vds=10 V with MIO-a,
MIO-b, MIO-c active layer are shown in figures 6(a)–(c),
respectively. The corresponding electrical parameters under
dark are summarized in table 2. As the Mg content increases,
the mobility decreases, which could be ascribed to the
widening of Eopt and the reduction of carrier generation.
Oxygen vacancies (act as donors) decrease as Mg content
increases due to a higher oxygen vacancy formation energies
of MgO (9.8 eV) than that of In2O3 (3.1 eV) [15–17]. The
deterioration of subthreshold slope (SS) as Mg content
increases indicates that Mg addition may cause the formation
of non-conducting MgO clusters, which may act as carrier
traps and scattering sites [18–20].

Under monochromatic light illumination, as shown in
figures 6(a)–(c), it is obvious that the IUV/Idark and IUV/Ivis
ratio of MIO TFTs are much higher in the depletion state than
the accumulation state. In the accumulation state the dark
current is rather large so that photo current only accounts for a
small part of it, while in the depletion state the dark current is
several orders smaller than the photo current due to the low

Figure 1. Cross-sectional schematic diagram of fabricated
MIO TFTs.
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carrier generation and low mobility of holes in the channel.
The IUV(270 nm)/Idark, IUV(270 nm)/Ivis(500 nm) and IUV(270 nm)/
IUV(370 nm) ratios are shown in table 3, which suggests that the
depletion state of MIO TFTs can be put to better use in UV
light detection than the accumulation state and MIO TFTs
with high Mg content have a high IUV(270 nm)/IUV(370 nm)

rejection ratio. In the depletion state, photo current is sig-
nificantly higher when the device is exposed to short wave-
length than long wavelength, as a result of strong absorption

Figure 2. The XPS spectra of MIO films.

Figure 3. X-ray diffraction patterns of MIO thin films with varying
Mg content.

Figure 4. The optical transmittance spectra of MIO films with
varying Mg content. The inset shows the plots of (αhν)2 versus hν
extracted from figure 4.

Table 1. Summary of elemental cmpositions in MIO films with
different Mg content (at.%).

MIO Mg In O C

MIO-a 2.16% 17.24% 38.84% 41.76%
MIO-b 2.65% 6.84% 39.16% 51.35%
MIO-c 9.87% 14.43% 51.65% 24.05%
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above the bandgap of MIO thin films and the generation of
more electron-hole pairs. Furthermore, as Mg content
increases, the photo current decreases due to the widening of
the band gap and the deterioration of the mobility.

To further compare the device performance with dif-
ferent Mg content, the spectral response of MIO-TFTs

under Vgs=−20 V, Vds=10 V is plotted and presented in
figure 6(d). As the Mg content increases, the responsivity
decreases sharply. MIO-a TFTs show responsivity exceed-
ing 104 A/W while that of MIO-c TFTs is only 3.2 A/W
under λ=300 nm. Nonetheless, as the Mg content
increases, the cutoff wavelength is pushed to the deep UV
region, which corresponds to their Eopt. The cutoff wave-
lengths of MIO TFTs with MIO-a, MIO-b, MIO-c active
layer are estimated to be 400 nm, 380 nm, 320 nm, respec-
tively, which suggests that MIO TFTs with high Mg content
can be used as deep UV detectors which are insensitive to
near UV light.

To understand the photo current mechanism in the
depletion state, we take the transfer characteristic of MIO-a
TFTs under light with λ=400 nm for example, which is
shown in figure 7(a). The three-dimensional band diagram of

Figure 5. AFM images of the MIO films with (a) MIO-a (b) MIO-b (c) MIO-c.

Figure 6. (a), (b), (c) The transfer characteristics of MIO TFTs with varying Mg content under dark and exposure to 500, 400, 370, 330,
270 nm light with a power density of ∼50 μWcm−2 at Vds=10 V, respectively. (d) Spectral response measured from MIO-a TFTs, MIO-b
TFTs, MIO-c TFTs under Vgs=−20 V, Vds=10 V.

Table 2. Comparison of the electrical characteristics, including μFE,
Ion/Ioff ratio, Von, SS under Vds=10 V with varying Mg content.

μFE Ion/Ioff SS Von

MIO (cm2V−1s−1) ratio (V/decade) (V)

MIO-a 0.96 109 0.71 −4.7
MIO-b 0.32 108 1.92 −6.5
MIO-c 0.02 107 2.08 4.6
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potential modulation under Vgs=−20 V is depicted in
figure 7(b). Band-to-band absorption and the ionization of the
deep, neutral Vo states to shallow donor states (Vo

2+) induce
electron-hole pairs. Holes accumulate at the source region
under the positive Vds, which causes the source-to-channel
potential barrier lowering (SBL) by ,lightfD whereas electrons
drift to the drain under Vds [21, 22]. In zone I, due to the large
negative gate bias, the barrier is so high that electrons from
the source cannot inject into the active layer, thus the photo
current only comes from light-induced electrons, which drift
to ′drain under the drain-source electric field. The photo
current, existing in the whole bulk, is described by
equation (2) [23]:

q nE WDI I , 2nillum bulk ( ) ( )m= =

where μn is the electron mobility, n is the electron
concentration, E is the electric field in the channel, W is the
gate width, and D is the depth of absorption region. In zone II,
on one hand, the photo-induced electrons drift to the drain
under the drain-source electric field. On the other hand,

lightfD and barrier lowering by the gate voltage allow
electrons to be injected into the active layer from the source,
which mainly happens at the back channel as the potential
barrier there is lower than the front channel. The electron
injection creates the relatively high Ioff compared to that of the
dark condition, as shown in figure 7(b). The photon current is

described by equation (3) [21–24]:

I I I q nnE WD I

q

kT
exp ,

3

V

illum bulk back channel ds0

light back channel back channelsg( )
( )

( )

⎡

⎣
⎢⎢

⎤

⎦
⎥⎥

m

b
f f

= + = +

´
D + D

-

- -

where Ids0 is a reference value without barrier lowering, kT is
the thermal energy, light back channelfD - is the SBL by light at
the back channel, V back channelgs

fD - is the barrier lowering by
gate voltage at the back channel, and β is a constant. The Ibulk
is negligible compared to Ichannel (Ibulk=Ichannel). In zone III,
the photo current from source to drain mainly flows at the
front channel. So the photo current can be described as:

I I I q nnE WD I

q

kT
exp , 4

V

illum bulk front channel ds0

light front channel gs front channel( )
( )

( )
⎡

⎣
⎢⎢

⎤

⎦
⎥⎥

m

b
f f

= + = +

´
D + D

-

- -

where Vgs front channel
fD

-
is the source barrier lowering by the gate

voltage at the front channel.
Figure 8 shows the dynamic photo response behavior of

MIO-a TFTs illuminated under a 320 nm light with power
density of 34 μW cm−2. After illumination, it takes a few
hours for the devices to return to the initial state. Under
illumination, photogenerated holes are trapped by the Vo sites

Figure 7. (a) The transfer characteristic of MIO-a TFTs under dark and light with λ=400 nm (with power density of 50 μWcm−2). (b)
Three-dimensional band diagram under Vgs=−20V (Eillum>Eopt).

Table 3. Comparison of the IUV(270 nm)/Idark, IUV(270 nm)/Ivis and IUV(270 nm)/IUV(370 nm) ratios in the depletion state and the accumulation
state.

IUV(270 nm)/Idark IUV(270 nm)/Ivis IUV(270 nm)/IUV(370 nm)

MIO Vg=−20 V Vg=40 V Vg=−20 V Vg=40 V Vg=−20 V Vg=40 V

MIO-a 108 1.2 108 1.0 103 1.0
MIO-b 108 1.5 107 1.4 103 1.3
MIO-c 104 1.7 104 1.6 104 1.5

5

Semicond. Sci. Technol. 30 (2015) 125010 H Lu et al



(Vo+2h+=Vo
2+), mainly at the front channel while pho-

togenerated electrons flow at the back channel. The negative
gate bias confines the electrons to the back channel and
inhibits the recombination process even after the illumination,
resulting in long recovery time [25]. The Fermi level can be
raised to induce electron accumulation near the front channel
by imposing a positive gate bias, which accelerates the
reaction,Vo

2++2e−=Vo [26, 27]. As shown in figure 8, the
Ids drops quickly to the ground state with a short positive gate
pulse (0.1 ms).

4. Conclusions

In summary, UV-detecting properties based on MIO TFTs
were demonstrated. Low dark current (10 fA) and ultra-high
responsivity (104 A/W) were achieved by MIO TFTs. A
much higher IUV/Ivis and IUV/Idark contrast ratio can be
achieved in the depletion state rather than the accumulation
state. The large photo current in the depletion state is due to
the barrier lowering by holes accumulated at the source
region, which makes a great number of electrons inject
into the channel from the source. The PPC effect, which is
believed to be caused by oxygen vacancies, is attenuated by
a short positive Vgs pulse as positive Vgs can accelerate the
recombination process. As Mg content increases, the cutoff
wavelength is pushed to the deep UV area. MIO-c TFTs
show a responsivity of 3.2 A/W to 300 nm, a cutoff
wavelength of 320 nm and an I270 nm/I370 nm ratio exceed-
ing 104. We can speculate that if Mg content increases
continuously, MIO TFTs may be promising solar-blind UV
detecting devices.
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