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Amorphous IGMO/IGZO heterojunction thin-film transistors with
enhanced ultraviolet detection performance
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Amorphous InGaZnO (IGZO) is a potential candidate for integrated circuits based on thin-film transistors (TFTs)
owing to its low-temperature processability and high mobility. Amorphous InGaMgO/InGaZnO (IGMO/IGZO) hetero-
junction was deposited and TFTs based on IGMO/IGZO heterojunction were fabricated in this report. The energy band
at the IGMO/IGZO heterojunction was characterized, and the potential well at the interface of IGZO is critical to the
enhanced ultraviolet detection of the IGMO/IGZO heterojunction. Furthermore, the TFTs based on IGMO/IGZO hetero-
junction exhibited a high responsivity of 3.8x10% A/W and a large detectivity of 5.2x10'* Jones under 350-nm ultraviolet
illumination, which will also benefit for fabrication of monolithic ultraviolet sensing chip.
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1. Introduction

Metal oxides are not only the most abundant materials
in the Earth’s crust, but also possess many properties in their
magnetic and electronic behavior that originate from a variety
of crystal structure and constituent elements.!!] So, they are
important in a wide range of applications including sensors, !
memories,! flat panel displays,*) power harvesting,! and
environmental waste management./! Among them, metal—
oxide semiconductors are strikingly different from conven-
tional inorganic semiconductors such as silicon and III-V
compounds with respect to materials design concepts, elec-
tronic structure, charge transport mechanisms, defect states,
thin-film processing, and optoelectronic properties, thereby
enabling both conventional and completely new functions.
As a kind of transparent materials, metal-oxide semiconduc-
tors with wide bandgap have brought to attention as active
semiconductor components and can be tuned for applications
where high transparency and electrical conductivity.!”-8! Thin-
film transistor was fabricated by using single-crystalline thin-
film transparent oxide semiconductor, InGaO3(ZnO)s, as an
electron channel and amorphous hafnium oxide as a gate in-
sulator in 2003.1°! The device exhibits an on/off current ra-
tio of ~ 10° and a field-effect mobility of ~ 80 cm?-V~!.s~!
at room temperature. Although this result provides a step to-
ward the realization of transparent electronics. Synthesis and
fabrication of these materials, as well as processing into par-
ticular device structures to suit a specific application, such
as flexible electronics is still a challenge, owing to a trade-
off between processing temperature and device performance.
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Amorphous oxide semiconductor from the In-Ga—Zn—O sys-
tem (IGZO) was proposed in 2004.11%1 The main advantages of
amorphous IGZO-based TFTs include high resolution, lower
leakage current, less power consumption, and less noise influ-
ence for display.['! So, it has been in mass-production since
2012 for active-matrix liquid crystal display due to the huge
investment of several high-profile companies. And as a bet-
ter semiconductor platform than a-Si:H, IGZO is currently
migrating towards other applications like: photodetectors,!'?!
memories, 3! x-ray sensors,['* and biosensors.I>! Although
huge success has been achieved in IGZO platform, another
challenge is to improve the electron mobility of the complex

[16-18] Currently the mobility of

amorphous oxide materials.
about 10 cm?-V~!.s~! at room temperature is still low a bit.
The two-dimensional electron gas (2DEG) in hetero-
junctions has been proven to a successful system to im-
The AlGaAs/GaAs

and AlGaN/GaN heterojunctions have already gone com-

prove the mobility of semiconductors.

mercial for active microwave devices to well meet mobile
communication.!'”! The 2DEG system with a carrier density
of 2x 10" cm~2 at the LaAlO5/SrTiO5 interface was discov-
ered in 2004 by Ohtomo and Hwang, 2! and this 2DEG sys-
tem can be completely deplete with gate voltage smaller than a
few voltages.[>!] Although the results demonstrate substantial
progress in the creation of new functionality by controlling
materials down to the atomic level, the relatively low elec-
tron mobility of about 10 cm?-V~!.s~! at room temperature
limited its electronic devices fabrication. As an important ox-
ide semiconductor, ZnO/ZnMgO heterostructures were grown,

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

057104-1


https://doi.org/10.1088/1674-1056/adb8b6
https://cstr.cn/32038.14.CPB.adb8b6
mailto:xzliu@uestc.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 057104 (2025)

in which the MgZnO layer acts as a potential barrier for the
2DEQG in the adjacent ZnO layer. The electron density was

controlled in a range of 0.7x10'> cm™2 to 3.7x10'> cm~2,

and the electron mobility was in a range of 150 cm?-V~!.s~!
to 160 cm?-V~!.s~! at room temperature by tuning the magne-
sium content in the barriers and the growth polarity.>? How-
ever, single-crystal ZnO and ZnMgO thin films with elimi-
nated defects is necessary to demonstrate such high electron
mobility. So, the high processing temperature limits the fab-
rication of flexible electronic devices based on ZnO/ZnMgO
heterojunction.

Because of the compositional complexity, layered crystal
structure RAMO, compounds with R3* = In or Sc, A3* = Al
or Ga, and M?t = Cd, Mg, or Zn, lead to a wide range of
bandgap value.!*’! As a member of RAMO,, wide bandgap
semiconductor InGaZnO,4 (IGZO) is a good candidate for het-
erojunction with plenty of potential barrier choice. Here, thin-
film transistor (TFT) based on heterojunction of amorphous
InGaMgO4 (IGMO) as a potential barrier layer and IGZO as
a channel layer is reported. An improved ultraviolet detection
performance was achieved in the TFT based on IGMO/IGZO
heterojunction. The energy band alignment was studied to
show possible 2DEG system at the IGMO/IGZO interface.
The experiment results showed that amorphous IGMO/IGZO
heterojunction is critical to flexible electronics.

2. Experimental details

Bottom-gated IGMO/IGZO TFT was fabricated on SiO,
(300 nm)/Si substrates, which was ultrasonically cleaned in
acetone, alcohol, and deionized water successively and then
blown dry by pure nitrogen gas before deposition. Amor-
phous IGZO and IGMO films were deposited on the sub-
strates at room temperature by radio-frequency (RF) mag-
netron sputtering using IGZO and IGMO ceramic targets with
the working pressure of 3.8 mTorr (1 Torr=1.33322x 107 Pa)
and RF power of 80 W. The 100-nm thick IGZO layer and
100-nm thick IGMO were sputtered in order in a mixed Ar/O»
atmosphere with the ratio of the Ar and O, gas flow of
10 sccm:1.1 sccm. In addition, patterned channel layer was
defined by photolithography technique and etched by dilute
hydrochloric acid solution (dilute in a 1:10 ratio of hydrochlo-
ric acid to water). The Ti/Au electrodes deposition was carried
out in an electron-beam evaporation process after photolithog-
raphy. Then, lift-off process removed photoresist. Finally, the
samples were sent to the rapid annealing equipment for achiev-
ing a good Ohmic contact performance between the channel
and the electrodes with annealing temperature of 350 °C and
annealing time of 300 s. Additionally, the effective illumina-
tion area of the devices is 5x10™* cm?.

Tauc plot was derived from the transmission spectra mea-
sured by ultraviolet-visible spectrophotometer (PERSEE TU-

1810). XPS measurements were performed on an XSAMS800
x-ray photoelectron spectrometer using Al K (1486.6 eV) as
a monochromatic x-ray source. The binding energy was cali-
brated by C 1s at 284.8 eV. The electronic and photoelectronic
measurements were performed in a probe station (1100B-M,
Cascade) equipped with a semiconductor characterization sys-
tem (4155B, Agilent) at room temperature.

3. Result and discussion

Figure 1(a) shows the fabrication process of the
IGMO/IGZO TFT. Figure 1(b) shows the cross-section SEM
image of IGMO/IGZO heterojunction deposited on SiO,/Si
substrate. We can observe obvious layers, from top to bot-
tom, IGMO, IGZO, and SiO; in order. Figure 2(a) shows the
Tauc plot of IGZO and IGMO films. The ultraviolet-visible
transmission spectra of the IGZO and IGMO were measured
and the energy bandgaps of the samples were determined by
the Tauc method, that is, extrapolating the linear region of the
incident photon energy (hv) versus (othv)'/2 to the horizontal
axis. The corresponding absorption coefficient (¢) was ob-

tained from the following equation:>*!

o= 1In(1/7) (1)

where ¢ and T are the thicknesses of the sample and trans-
mission, respectively. Consequently, the energy bandgaps
(Eg) of IGZO and IGMO are determined to be 3.0 eV and
3.9 eV, respectively. Larger bandgap in IGMO film is at-
tributed to the strength of the Mg—O bonds compared to
Zn—O bonds.
of the IGMO layer would dominantly be in the ultravio-

We speculated that intense photo-absorption

let region due to its large Eg, while the contribution of the
existing IGZO layer to the ultraviolet absorption is not ex-
pected to be significant due to the narrow Eg, relatively.
The x-ray diffraction (XRD) patterns demonstrate that there
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Si0, 1GZO
— —
—
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—
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—
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Fig. 1. (a) The fabrication process of the IGMO/IGZO TFT. (b) The cross-
section scanning electron microscope (SEM) image of IGMO/IGZO hetero-
junction deposited on SiO,/Si substrate.
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are no obvious diffraction peaks except for the two strong
Si peaks related to the substrates, which indicates annealing
IGZO and IGMO films are amorphous states, as shown in
Fig. 1(b). In addition, IGMO/IGZO heterojunction also ex-
hibits typical amorphous state, as shown in Fig. S1 in support-
ing materials.

(b) si (400)" I |

. IGMO

"WMW%

Yl Wb
1GZO

Intensity (arb. units)

(ahv)'/2 (arb. units)

0 1 2 3 4 5 6 10 20 30 40 50 60 70 80

20 ()

Fig. 2. (a) Tauc plot, (athv) 1/2 a5 a function of photon energy hv, where V is
the photon frequency, indicating the energy bandgap of IGZO (3.0 eV) and
IGMO (3.9 eV). (b) The XRD pattern.

To better understand the IGMO/IGZO heterojunction in-
terface, x-ray photoelectron spectroscopy (XPS) studies were
carried out for IGZO bulk, IGMO bulk, and IGMO/IGZO het-
erojunction. The XPS analysis revealed the constituent ele-
ments in IGMO and IGZO bulk. The Zn 2p;3/, peak was ob-
served at 1021.63 eV in IGZO bulk, and Ev is 2.49 eV calcu-
lated by linear epitaxy method, as shown in Fig. 3(a). Simi-
larly, Mg 2p peak was identified at 50.22 eV for IGMO bulk
and with an Ey of 3.61 eV, as shown in Fig. 3(b). The Zn 2p3»
peak and Mg 2p peak at the IGMO/IGZO heterojunction inter-
face are shown in Fig. 3(c). The Zn 2p;/; peak is located at
1021.87 eV, with a 0.24-eV higher binding energy for IGZO
bulk, indicating that the energy band bends downwards from

the IGZO bulk to the interface. In contrast, the Mg 2p peak
centered at 49.49 eV, where a clear shift of 0.73 eV to a lower
binding energy was also observed for IGMO bulk, resulting in
the upward bending of energy band at the interface. There-
fore, the binding energy distinction between Zn 2p3/, peak
and Mg 2p peak at heterojunction interface was calculated to
be 972.38 eV. Equation (2) is used to calculate AEy,>! which
is 0.15eV.

IGMO

VBM ) —AEcL, (2)

where Egﬁzo and E{,%Zl&[) represent the characteristic peak and
the valence-band maximum in the IGZO bulk, respectively,
while ESSMO and EISNO represent the characteristic peak and
valence-band maximum of IGMO bulk, respectively. AEcr
represents the distinction of binding energy of the character-
istic peak at the IGMO/IGZO heterojunction interface, which
can be defined as AEcy, = E(I:GLZO — Eé(]iMO. Furthermore, Ga
2p3/; peak and In 3ds/, peak are also used as characteristic
peaks to calculate the AEy at the heterojunction interface in
the same way. The calculated average value of AEy at the
IGMO/IGZO heterojunction interface is 0.09 eV. The AE¢ at
the IGMO/IGZO heterojunction interface can be calculated by
the following equation:

IGMO 1GZO
AEc = —ES70 _ ARy,

— =G

3

where EIGGMO and EéGZO are energy bandgaps of IGMO and
IGZO, respectively. Finally, the value of AEc was determined
to be 0.83 eV. Based on those data, band diagram of IGZO and
IGMO before heterojunction formation is shown in Fig. S2.
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Fig. 3. XPS results: (a) valence band of InGaZnO bulk and Zn 2p; ; peak at 1021.63 eV, (b) valence band for InGaMgO bulk and Mg 2p peak at 50.22 eV,
(c) Zn 2p;3, peak at 1021.87 eV and Mg 2p peak at 49.49 eV in the IGMO/IGZO heterojunction.

The schematic energy band alignment with band bend-
ing at the IGMO/IGZO heterojunction interface is shown in
Fig. 4(a). The IGMO/IGZO heterojunction is the type I (strad-
dling gap) heterojunction.!?®! The energy band bends down-
wards from the IGZO bulk to the heterojunction interface,
forming a potential well of 0.24 eV. While the energy band
bends upwards from the IGMO bulk to the heterojunction in-
terface, forming a potential barrier of 0.83 eV. Considering
that both IGZO and IGMO are n-type semiconductors, the

electrons in the conduction band are easily accumulated at the
IGMO/IGZO heterojunction interface. In order to keep ther-
mal equilibrium, electrons will transfer from IGMO to IGZO
at the interface. Then electrons were confined to the potential
well after reaching the IGZO layer. This energy band structure
at the interface is beneficial to bound electrons. In addition,
the schematic energy band alignment, which does not take in
the factor of band bending, is shown in Fig. 4(b). Here, the
AEy is directly determined by the difference Ey between the

057104-3


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adb8b6
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adb8b6
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adb8b6

Chin. Phys. B 34, 057104 (2025)

two materials. It can be found that the energy band structure at
the IGMO/IGZO interface changes from the type-I heterojunc-
tion to the type-II (staggered gap) heterojunction, While the
AEvy increases to 1.12 eV, and the AE¢ decreases to —0.2 eV.
Obviously, this negative AEc may make it impossible for het-
erojunction to bound electrons. When the type-I heterojunc-
tion forms, electrons cross the potential barrier on the side of
IGMO and enter into the potential well on the side of IGZO.
Due to the existence of the potential barrier, electrons in IGZO
layer can only move in the potential well at the heterojunction
interface, not vertically between layers. Therefore, it is the
fact that the mobility of the device increases greatly when the
energy band structure is formed at the IGMO/IGZO hetero-
junction interface. In addition, based on such an energy band
alignment, it is suggested that the electrons are confined in the
potential well to probably generate 2DEG.[?7-28]

a-IGZO 1L

(a) AEc=0.83 eV

a-IGMO

Ec =
EC 1 Yeowmmwag—Ec
F
E,=3.02¢eV| 249 ¢V . Z
Ey = ol |3
°l=
AEy=0.09 eV of |7
o I
®
&
(Ecr,—Ev)bux IGZO - t—— Fv
F o (Ecr—Ev)pux IGMO
AEqy p EcL
—0.24 eV
(b) a-IGZO IL a-IGMO
Bogm—— 4 _
E“ 03 o F———a— EC
F
E,=3.02eV| [2.49 eV o |7
=S
By g |
rizev|™ |1
S

(EcL,—Ev)pux 1GZO

Ev
J (EcL,—Ev)puk IGMO
¢AEcL

Fig. 4. The schematic energy band alignment of the IGMO/IGZO hetero-
junction based on the Tauc plots and XPS analysis: (a) with band bending
and (b) without band bending.

Ect,

Figures 5(a) and 5(b) show representative photoelectronic
characteristics of TFTs with and without IGMO layer under il-
lumination with a fixed light power density of 66.7 uW-cm ™2
at different wavelengths (250 nm, 300 nm, 350 nm, 400 nm,
450 nm, 500 nm, 550 nm, and 600 nm). At V\ps =5V
and Vgs = 0 V, IGMO/IGZO TFT shows a high photocur-
rent (Iphoto) Of ~ 10~* A, leading to a large photo-to-dark cur-
rent ratio (Jphoto/laark) @s high as 1.6 x 10*, which is much
improved compared with that of the IGZO TFT ([ypoto of
~ 1070 A and Iohoto/ Idark of ~ 6.2 x 10%) under illumination
at 350 nm. It is noted that there is an evident increase of
the dark current in IGMO/IGZO TFT in comparison to IGZO

TFT, which is attributed to potential well at the heterojunction
interface binding the channel electrons. The band alignment
reveals that electrons are easily confined in the potential well
at the interface, which makes it more difficult to deplete the
electrons in the channel than the single thin films, resulting in
a larger dark current. In addition, IGZO shows a higher field
effect mobility than IGMO in the dark, as shown in Fig. S4,
which also implies that IGZO exhibits stronger electron mo-
bility ability in conductive channel compared with IGMO. To
evaluate the light sensitivity of IGZO and IGMO/IGZO TFTs,
two key parameters, namely, responsivity (R) and detectivity
(D*) were extracted, which R and D* can be described using

the following equations: [>°]

o Iphoto — Igark

R="pxs «@
1/2
pr= )
(2qldark) /

where Iphoto is the current when illuminated, Iy, is the current
without illumination, P is the light power density, S is the ef-
fective illumination area of the channel, and ¢ is the electron
charge. Figures 5(c) and 5(d) present the calculated respon-
sivity and detectivity of TFTs as a function of wavelength at
Vps =5 V and Vgs =0 V. It can be seen that the photoresponse
peak of the IGZO TFT is located at 400 nm, where R and D*
of the device are 38 A/W and 3.5x10'? Jones, respectively.
The IGMO/IGZO TFT obtains dramatic improvements in D*,
specifically in R, reaching 5.2x10'* Jones and 3.8 x10° A/W
under illumination at 350 nm, respectively. The selective re-
sponse to the wavelength is determined by the energy bandgap
of the films, and the results also correspond to the Tauc plot.
Before light illumination, the TFTs work in the depletion
region with a low off current since neither conductive chan-
nel nor photogenerated carriers form in this case. When pho-
tons with high energy equivalent to the bandgap illuminate the
TFTs, electrons are excited from the valence band into the con-
duction band causing the creation of free electron—hole pairs
and the neutral oxygen vacancy (Vo) are ionized, generating
shallow donors (Vé*) and releasing electrons, %321 both of
which make significant contributions to the Ips. At negative
gate bias, negative charges on the gate are compensated by
ionized oxygen vacancies Vé+ with positive charges, causing
some electrons to be confined to this region, forming an un-
depleted channel. Therefore, Ips under light illumination in-
creases distinctly compared with that in the dark. The higher
performance of IGMO/IGZO TFT makes it essential to illus-
trate the roles of IGZO and IGMO layers in photo response
processes. The differences in photoresponse behaviors be-
tween IGMO/IGZO TFT and IGZO TFT confirmed that the

IGMO acts as an ultraviolet absorption layer due to its larger
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bandgap (3.9 eV). IGMO layer enables to enhance the absorp-
tion of ultraviolet to generate electrons, which derived from
the generation of electron-hole pairs and ionization of V.
IGZO is responsible for the electrons transfer in the hetero-
junction due to its excellent electron mobility. Moreover, an
electron bound structure forms at the heterojunction interface,
as mentioned above. When the IGMO/IGZO TFT is illumi-
nated by light with sufficient energy, a large number of elec-
trons generated in the IGMO layer will cross the potential bar-
rier and be injected into the IGZO layer due to the band bend-
ing at the heterojunction interface, with the result that elec-
trons can be confined at the interface, only moving in the po-
tential well.[33] The electrons in the channel layer are extracted
to the Ti/Au electrodes rapidly because of the high mobility

10~4
(a) IGZO TFT
107°
—~ 1 —6
” )
~ 7 — 600 nm
A 10 — 550 nm
~ — 500 nm
10—8 450 nm
it 22
_ — nm
1079 — 300 nm
10 — 250 nm
W= 2 4 6 8 10
Vas (V)
1014
() IGZO TFT _
Responsivity [1013 §
—=— Detectivity §
1012 j
1011 5
o
\ 3
\.\_\. 1010 QO
]UU

250 300 350 400 450 500 550 600
Wavelength (nm)

and make a great contribution to the photocurrent gain, which
is conducive to achieving a high responsivity and a high detec-
tivity. Overall, the high mobility of IGZO film, the excellent
light absorption of IGMO film and the specific electron trans-
fer mechanism in the heterojunction are of great significance
to improve the photoelectronic performance of the device. To
comprehensively assess the performance of our IGMO/IGZO
TFT in ultraviolet response, the comparison of photoelectronic
characteristics between IGMO/IGZO TFT and IGZO-based
TFTs described from previous reports is shown in Table 1. Un-
doubtedly, this amorphous IGMO/IGZO heterojunction TFT
demonstrates enormous potential in ultraviolet detection and
flexible electronic device due to its high performance and low
processing temperature.

102
(b) IGZO/IGMO TFT
1073t~ Vps=5V
104} ﬁ
= . — Dark
$ 107°p — 600 nm
0 ) — 550 nm
& 1076¢ — 500 nm
450 nm
10—t 400 nm
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Fig. 5. TFTs illuminate by light with a power of ~ 66.7 uW-cm~2 at Vpg = 5 V. (a) Transfer characteristics of IGZO TFT. (b) Transfer
characteristics of IGMO/IGZO TFT. The calculated responsivity and detectivity in various wavelengths at Vgs = 0 V: (c¢) IGZO TFT,

(d) IGMO/IGZO TFT.
Table 1. The photoelectronic performance of reported TFT based on IGZO.
IGZO TFT Wavelength (nm) Vgs (V)  Vps (V)  Responsivity (A/W)  Detectivity (Jones) Ref.
IGZO with CsPbBr3 quantum dots 350 -3 30 9.72 2.96x10'2 [33]
CH3NH;3Pb/3/IGZO heterojunction 532 -1 10.1 61 9.42x10'° [8]
Ga,03/IGZO heterojunction 254 -5 10 8.35x10° 2.59x10"7 [34]
IGZO TFT with DM gate 365 0 -1 126.1 6.8x10"3 [35]
IGZO decorated with Ag NPs and DM gate 365 0 1 1.2x103 6.7x10' [35]
IGZO only 350 0 5 324 3x10"3 this work
IGMO/IGZO heterojunction 350 0 5 3.8x10° 5.2x10" this work

4. Conclusion

In summary, the IGMO/IGZO TFT shows the enhanced
photoelectronic characteristics, including a high responsivity
of 3.8x10° A/W, and a high detectivity of 5.2x10'* Jones
under ultraviolet illumination (350 nm, 66.7 uW~cm’2) at
Vs =0V and Vpg =5V, relative to IGZO TFT. Energy band

alignment of the IGMO/IGZO heterojunction reveals the exis-
tence of potential well at the interface. Electrons are confined
in potential well and only move at the interface, leading to
an outstanding photoelectronic performance of IGMO/IGZO
TFT. It is no doubt that amorphous IGMO/IGZO heterojunc-

tion TFT is quite promising for a new generation of ultraviolet
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