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Direct Observation for Distinct Behaviors of Gamma-Ray
Irradiation-Induced Subgap Density-of-States in Amorphous
InGaZnO TFTs by Multiple-Wavelength Light Source

Jaewook Yoo, Hyeun Seung Jo, Seung-Bae Jeon, Taehwan Moon, Hongseung Lee,
Seongbin Lim, Hyeonjun Song, Binhyeong Lee, Soon Joo Yoon, Soyeon Kim, Minah Park,
Seohyeon Park, Jo Hak Jeong, Keun Heo, Yoon Kyeung Lee, Peide D. Ye, TaeWan Kim,*
and Hagyoul Bae*

The amorphous In─Ga─Zn─O (a-IGZO) thin film transistors (TFTs)
have attracted attention as a cell transistor for the next generation DRAM
architecture because of its low leakage current, high mobility, and the back-
end-of-line (BEOL) compatibility that enables monolithic 3D (M3D) integration.
IGZO-based electronic devices used in harsh environments such as radiation
exposure can be vulnerable, resulting in functional failure. Here, the behavior
of subgap density-of-states (DOS) over full subgap range according to the
impactful gamma-ray irradiation in a-IGZO TFTs is investigated by employing
DC current–voltage (I−V) data with multiple-wavelength light sources.
To understand the origins of the radiation effect, IGZO films have been also
analyzed by x-ray photoelectron spectroscopy (XPS). Considering in-depth
electrical and chemical analysis, the unexpected increase of subthreshold
leakage current caused by total ionizing dose (TID) is strongly correlated
with newly discovered deep-donor states (g𝜸

DD(E)) at the specific energy
level. In particular, oxygen vacancies caused by the gamma-ray irradiation
give rise to undesirable electrical characteristics such as hysteresis effect and
negative shift of threshold voltage (VT). Furthermore, the TCAD simulation
results based on DOS model parameters are found to exhibit good agreement
with experimental data and plausible explanation including (g𝜸

DD(E)).
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1. Introduction

Memory, logic, and processor chips in the
semiconductor industry are developed
to meet goals oriented toward PPAC
(power-performance-area-cost), with the
aim of high performance, low power con-
sumption, and reduced costs.[1] To satisfy
PPAC, silicon (Si)-based complementary
metal oxide semiconductors (CMOS)
were scaled, however, it has caused prob-
lems of increasing leakage current and
power consumption. Due to the physical
limitations of Si-based CMOS, semicon-
ductor devices have developed in several
aspects, including: 1) higher dielectric
constant (k) gate oxides; 2) new materials
other than Si used as active layers; and
3) building transistors with 3D struc-
tures such as FinFET, GAA FETs, and
multiple-stacked nanosheet FETs.[2–5]

Not only these, sequential monolithic 3D
(M3D) integrated circuits are designed
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to effectively improve the PPAC by reducing wiring length com-
pared to conventional flip chips or through-silicon via (TSV)
chips.[6,7] Meanwhile, back-end-of-line (BEOL) process has been
introduced at a low temperature (<400 °C) to maintain the per-
formance of the transistors in the pre-made lower layer during
the M3D process.[8] Thin film transistors (TFTs) based on 2D
materials and amorphous oxide semiconductors (AOSs) have
been adopted as promising substances to replace the existing
Si, which requires a high-temperature process. The 2D mate-
rial can perform high-density integration and low-power opera-
tion of high-performance devices. The 2D materials are promis-
ing as BEOL transistor channel material for M3D DRAM ap-
plication owing to the absence of dangling bonds, but unfortu-
nately, high crystal quality films are difficult to grow on Si sub-
strates at low temperatures.[6] Recently, there has been attention
toward technology that allows for stacking AOS-based high-layer
transistors with high-quality thin films that can be deposited at
low temperatures using sputtering and atomic layer deposition
(ALD).[9,10]

Memory devices’ ability to process high capacities of informa-
tion has become ever more critical due to the development of ar-
tificial intelligence (AI), including various computing programs
and the Internet of Things (IoT). Dynamic random-access mem-
ory (DRAM) and static RAM (SRAM), which constitute the cen-
tral processing units (CPUs) where memory devices are used
intensively, require one-transistor-one-capacitor (1T1C) and six
transistors (6T), respectively. AOS TFTs, i.e., amorphous-IGZO
(a-IGZO), have a relatively wide bandgap (>3eV) compared to
Si, which means they have a low leakage current, high mobility,
and low-temperature deposition (>400 °C), making them suit-
able for future high-performance memory solutions that reduce
single-cell size.[6,11–20] IGZO TFTs have been actively studied for
display applications, but research on them as memory transistors
has only recently begun. The low leakage current of a-IGZO TFTs
has the advantage of being able to operate at a lower power even if
the waiting time for DRAM, which is a volatile memory, to be ac-
cessed is prolonged. Z. Zhou et al. implemented ferroelectric ca-
pacitive memory cells (FCM) in which DRAM was developed into
a nonvolatile memory in a 1T1C structure by vertically stacking
the IGZO-based cell transistors and ferroelectric capacitors.[16]

1T1C cells have significantly improved latency and energy con-
sumption in large FCM arrays and demonstrated the potential
to be used as a high-density, low-power, non-volatile memory. S.-
W. Chang et al. demonstrated for the first time an SRAM circuit
constructed using six vertically stacked IGZO transistors.[17] To
implement CMOS, p-type transistors were used as poly-Si mate-
rials to verify that Si and IGZO were compatible in the same pro-
cess. The resulting CMOS was shown to reduce leakage power by
more than four times compared to NMOS logic composed of only
IGZO transistors. As previously introduced, IGZO-based mem-
ory is further being studied with the aim of applying the exist-
ing 3D memory structure, combining it with other materials, or
2T0C structure with a removed capacitor, to overcome the limi-
tations of the existing 1T1C-based Si-memory.[18–21]

The effect of gamma-ray (𝛾-ray) emitted in the form of electro-
magnetic waves as atomic nuclei produced by radioactive decay
has been investigated regarding the electrical performance and
long-term reliability of semiconductor devices used in aviation,
military, and aerospace applications.[22–27] Gamma-ray generates

defects and electron-hole pairs (ehp) in the subgap region of the
semiconductor, causing generation-recombination, carrier scat-
tering, and charge compensation.[22] The instability induced by
the irradiation of the first gamma-rays in IGZO films, they were
reported to recover to performance similar to their initial state af-
ter as few as three months and as many as six months, but they
should be considered seriously due to the potential for perma-
nent and persistent exposure to the gamma-ray environment.[26]

High doses of exposure to gamma-ray (aerospace shuttles, satel-
lites, stratospheres, high-energy particle accelerators, etc.) could
significantly reduce the system’s life span.

Through various measurements such as I–V, C–V, and opti-
cal charge pumping, the subgap density of state (DOS) of IGZO
TFTs was characterized, enabling a precise investigation of the
defects in IGZO TFTs.[28–34] The optical charge pumping tech-
nique is a method of comparing the amount of charge modula-
tion of IGZO TFTs’ dark and photon states by intentionally expos-
ing IGZO TFTs to light.[35] Compared to device characteristics in
dark state, this technique can eliminate errors in the recombi-
nation of electrons that occur during device measurement, thus
enabling much more accurate evaluation. Since light has higher
energy as the wavelength gets shorter, multiple-wavelength light
is used to analyze the distribution of oxygen vacancies (VO)
in response to the light energy within the specific subgap
state.

Although previous studies have demonstrated the changes in
the basic electrical properties of IGZO TFTs due to gamma-
ray irradiation, the understanding of its mechanism remains
incomplete.[26,27] To utilize IGZO TFTs as memory devices for
current industrial applications, the long-term instability caused
by high doses gamma-ray irradiation must be systematically
analyzed to consider the deterioration mechanism. The previ-
ously used C–V characterization techniques were not useful
due to the limitations of the measurement equipment reso-
lution in the scaled devices. In this study, we quantitatively
analyze the subgap DOS change, which is the fundamental
cause of the negative VT shift and the increased leakage current
in the IGZO TFTs under gamma-ray irradiation. Through the
photo-responsive I–V characterization with multiple-wavelength
light sources, deterioration mechanisms related to pre-existed
and newly-introduced oxygen vacancies were fully investi-
gated. The validity of the measured I−V data before and after
gamma-ray irradiation is verified by model fitting and TCAD
simulation.[36–39]

2. Result and Discussion

2.1. Structural Analysis of Gamma-Ray Irradiation in -IGZO Film

The a-IGZO film crystallized when it obtained energy that ex-
ceeded the high energy barrier. While it has been argued by C.-Y
Huang et al. that the energy of gamma-ray does not affect the crys-
tal phase because there is not enough energy beyond the kinetic
barrier, there are conflicting findings published by M. B. Zalte
et al. that show a-IGZO film was crystallized from gamma-ray of
adequate intensity.[26,27] To analyze the effect of gamma-ray on the
IGZO film directly, the IGZO-TFTs with a bottom gate electrode
to which the channel is depicted can be seen in Figure 1a. When
gamma rays were irradiated on a-IGZO film, structural analyses
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Figure 1. a) Schematic diagram of the bottom gate of the IGZO TFTs devices fabricated in this work. b) TEM images of the cross-sectional IGZO film
Before (Left) and After (Right) gamma-ray irradiation, c) FE-SEM images of IGZO TFTs surface magnified by 400 times.

were conducted to investigate the possibility of maintaining an
amorphous phase or transition to crystalline phases. Figure 1b,c
shows the transmission electron microscope (TEM) and field
emission-scanning electron microscope (FE-SEM) images of the
cross-section and surface of the IGZO before and after gamma-
ray irradiation, respectively. The IGZO film used in the analysis
was also deposited under the same conditions as above, and the
IGZO film components distribution was confirmed through the
energy dispersive spectroscopy (EDS) mapping results shown in
Figure S1 (Supporting Information). The IGZO films were inves-
tigated as to whether the amorphous state was maintained us-
ing the X-ray diffractometer (XRD) to escape the visual limit, and
Figure 2a shows that crystallization was maintained as the IGZO
peak had an intensity near 32° both before and after gamma-ray
irradiation. Figure 2b shows the changes in surface roughness
before and after the gamma-ray irradiation of the IGZO films,
with a 5 × 5 μm2 area analyzed through atomic force microscope
(AFM). The root-mean-square (RMS) values of Rq and Ra exhib-
ited a marginal increase from 0.549 to 0.563 and 0.426 to 0.437,
respectively. However, this variation is considered insignificant
and may be attributed to potential errors stemming from equip-
ment conditions or the film deposition process. Based on visual
analyses such as TEM and FE-SEM, along with physical proper-
ties assessments through XRD and AFM, it has been observed
that gamma-ray irradiation has a negligible impact on the sur-
face state of the IGZO films, specifically in terms of crystal struc-
tural deformation. Figure S2 (Supporting Information) is the re-
sult of analysis based on the atomic distribution depth of In,
Ga, Zn, O, H, N, and Si in the IGZO film through time-of-flight
secondary ion mass spectrometry (ToF-SIMS). Thus, gamma-ray
caused negligible structural variation, in the surface or depth di-
rection of the IGZO film.

2.2. Subgap DOS Model and Operation Mechanism in IGZO
TFTs

The instability of AOS has been ascribed to carrier traps existing
in gate insulators, interfaces, and channel layers in general. For
IGZO TFTs, these traps are often considered to be primarily gen-
erated by oxygen and hydrogen deficiencies within the channel
layer.[35,40,41] When the oxygen atoms of the IGZO film combined
by metal–oxide (M–O) bonding diffuse to the outside, they cre-
ated VO located in the deep donor state gDD(E) in the middle gap
area or near the valence band (VB).[42] Electrons in the VB were
easily captured by VO and produced ehp, increasing the conduc-
tivity. It was the ionized vacancies (V2+

O ) via a VO ionization mech-
anism such as VO → V2+

O + 2e−, that resulted in one VO emitting
two free electrons, leading to a large negative VT shift and an in-
creased conductivity. V2+

O was located in the shallow donor-like
state gSD(E) near the CB, and helped excite the free electrons to
CB. Hydrogen in the IGZO film had states of H0, H+, and H− de-
pending on the presence or absence of bound electrons. H− was
bonded to a vacant position where oxygen atoms were located
during the M-O bond by external diffusion, forming a metal-
hydrogen (M─H) bond. H+ reacted with the externally diffused
oxygen atom O2 − in a bonding formula of H+ + O2 − → OH− +
e−. Hydrogen-related defects, like VO, contributed in part to re-
ducing the VT, the negative movement of curves, and improving
the photoconductivity by donating a single free electron located
in the gDD(E).[35,40,41]

Figure 3a shows the schematic of the weakly bonded M-O and
electron transport when operating as a subgap DOS of the IGZO
TFTs. The gCB(E) in the subgap of the IGZO TFTs, an n-type semi-
conductor, consisted of a tail acceptor state gTA(E), gSD(E), and a
deep acceptor state gDA(E); with gVB(E) being distributed as the tail

Before γ-ray After γ-ray

Figure 2. a) XRD spectra of the IGZO film Before/After gamma-ray irradiation. b) AFM topological images and RMS values.
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Figure 3. a) Schematic diagram illustrating the ionization of Vo and behav-
ior of electrons across the full energy spectrum. b) Schematic representa-
tion of the ionization of Vo and electron excitation processes induced by
interactions with an incident multi-wavelength light source.

donor state gTD(E) and gDD(E). In AOS, VO was located in gDD(E)
and V2+

O was known to be gSD(E) and gDA(E). Therefore, the sub-
gap DOS in Figure 3a was modeled using the following equation:

gCB (E) = gTA (E) + gSD (E) + gDA (E)

= NTA exp
(
−

EC − E
kTTA

)
+ NSD exp

(
−
(

EC − ESD − E
kTSD

)2
)

+NDA exp

(
−
(

EC − EDA − E
kTDA

)2
)

(cm−3eV−1) (1)

gVB (E) = gTD (E) + gDD (E)

= NTD exp
(
− E−EV

kTTD

)
+ NDD exp

(
−
(

E−EDD−EO

kTDD

)2
)

(cm−3eV−1)
(2)

The parameters used in the equation were later used to fit the
subgap DOS that was changed from the gamma-ray irradiation.
Figure 3b presents a schematic diagram illustrating the potential
electron behaviors within the subgap DOS of IGZO when illu-
minated by a light source. Figure 3b is predominantly utilized to
observe the subgap DOS across the full-range energy band dia-
gram. If light has enough energy to reach the VO level, the elec-
trons of VO are excited to CB or ionized to gSD(E), contributing to
an improve in the conductivity.

2.3. Electrical Characteristic of Gamma-Ray Irradiation in IGZO
TFTs

To evaluate the effect of the gamma-ray irradiation on the IGZO
TFTs, we measured the transfer (Idark), IG, and output charac-
teristics of the IGZO TFTs stabilized in the dark state, which
corresponded to Figure 4a,b. From Figure 4a, showing the re-
sults after gamma-ray irradiation, a gSD(E) had been created on
the IGZO film, demonstrated by the appearance of a hump.[43,44]

Figure 4c,d,e showed the changes in VT, field effect mobility (μFE),
and SS of the ten IGZO TFTs from gamma-ray irradiation, re-
spectively. VT tended to shift negatively, and μFE had not changed

significantly in most devices due to transconductance. SS ap-
peared to be improved by the gamma-ray, such as the transfer
characteristics shown in Figure 4a. The IGZO TFTs’ hysteresis is
related to the difference in the charging and discharging cycles of
the structural defects under the gate voltage (VG). The increase in
the VT shift from before and after the gamma-ray hysteresis con-
trasted with the change in SS.

The energy bandgap (EBDG) was calculated using a Tauc-plot
based on a spectroscopic ellipsometer (SE).[45] The obvious dif-
ference before and after gamma-ray irradiation on the ultraviolet
photoelectron spectroscopy (UPS) spectrum, can be observed in
Figure 4g,h. From the UPS spectrum, the offset (EFV) between the
Fermi Energy Level (EF) and the valence band maximum (VBM)
energy level rises from 2.67 to 2.79eV, indicating a significant
change in the bandgap energy (EBDG).[45] In Figure 4i, the EBDG of
the IGZO film before and after gamma-ray irradiation, through
the same deposition process, was 3.22 and 3.20 eV, showing no
significant change.[46] The relationship between the EBDG and EFV
was deduced by the band offset (ECF) between the conduction
band minimum (CBM) energy level and EF. The calculated EF
showed that after gamma-ray irradiation, the EF reduced energy
level difference between the CB, indicating that electrons can be
excited to the CB with only low energy, increasing the electron
concentration.

2.4. Observation of DOS Formation in IGZO TFTs from
Gamma-Ray Irradiation

As mentioned above, the VO caused various instabilities and was
estimated to be the subgap DOS of IGZO TFTs through I−V,
C-V characterization, and optical charge pumping technology.
A recent on-chip spectroscopy technique for obtaining the sub-
gap DOS was introduced using ultrabroadband photoconduction
(UBPC) microscopy. The UBPC used a self-made electrical probe
to detect noise at each illumination wavelength using the current
pre-amplifier and lock-in amplifier and monitored the subgap
DOS by finding the photoconductivity (PC).[47] Based on a high
accuracy assumption compared to existing methods, it was possi-
ble to cover all energy ranges, but it was difficult to use universally
because they required special installations. To compensate, the
characterization of the IGZO subgap DOS was proposed in this
study by combining the previously known I−V based DOS extrac-
tion methods and multiple-wavelengths to propose a unified ob-
servation method. The irradiated multiple-wavelengths had en-
ergy in the subgap and the optical power of each wavelength was
confirmed in Table S1 (Supporting Information). The irradiated
multiple-wavelengths from 900 to 460 nm corresponded to 1.4 to
2.7 eV. The shorter the wavelength, the closer the photon-affected
states are to the valence band stated gVB(E). The VO located close
to gVB(E) was inferred as a response to the multiple-wavelength of
the optical illumination states gop(E). Since the formation energy
of VO in the IGZO films was estimated to be ≈4 eV, according
to thermodynamic calculations, VO was significantly less likely
to be formed from light irradiation.[43,48] Figure 5a,b shows the
transfer (Iopt) characteristics of responding to a single IGZO TFTs
before and after gamma-ray irradiation for various light wave-
lengths. The shorter the irradiated wavelength, the more ehp
generation was promoted. As a result, the electrons were excited
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Figure 4. Electrical characteristics of the IGZO TFTs before and after gamma-ray irradiation (indigo/yellow): a) the transfer and gate leakage character-
istics (inset), b) the output characteristics, c) shifted VT, d) μFE, e) SS, and f) the shifted VT in the hysteresis data. Extracted valence band edge analysis
by UPS results g) before and h) after the gamma-ray irradiation. i) Tauc plot results by the SE spectra of the IGZO film before and after gamma-ray
irradiation. j) Corresponding band alignment of the IGZO film before and after gamma-ray irradiation.
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Figure 5. Transfer characteristics of the IGZO TFT in the dark and after being illuminated with multiple-wavelengths, a) before and b) after gamma-ray
irradiation. c) Photosensitivity versus VG under gamma-ray irradiation. d) Plot photosensitivity ratio under gamma-ray irradiation.

to the CB, increased photoconductivity, and the holes were ac-
cumulated at the interface under negative voltage, causing VT
to shift negatively. Figure 5c is the photosensitivity (Iopt/Idark)
graph before and after gamma-ray irradiation of the IGZO TFTs.
Photosensitivity refers to the result of photons, previously cap-
tured electrons, and electrons generated when VO was ionized
were excited as CB in the subgap DOS. Figure 5d is the result
of plotting the peak in Figure 5c. Before and after gamma-ray ir-
radiation, the area of photosensitivity that varies as VG changes
is shown in Figure S3 (Supporting Information). The peak was
modeled for each wavelength, and the photosensitivity ratio in-
creases as the wavelength decreases. In the dark state, no large
reaction occurs up to a wavelength of 700 nm. Previously known
photocurrent of IGZO TFT is studied to increase rapidly at the
550 to 650nm wavelength.[37,43,45,53] Although the ratio decreases
partially at 500 nm wavelength, it still means an increase in VO
induced by gamma-ray irradiation and is similar to the distribu-
tion of VO along the Gaussian function. This trend was caused by
photons reacting to the subgap DOS, and by estimating the elec-
trons excited to CB, where the subgap DOS distribution of the
IGZO TFTs modulated by gamma-ray irradiation can be seen.[49]

The distribution of the subgap DOS modulated by gamma-
ray was characterized through I–V based extraction techniques.
The I−V based extraction techniques can be controversial in
specifying flat-band voltage (VFB) to extract the subgap DOS.
Therefore, the VFB was extracted based on the Shockley-read-
Hall (SRH) IG − R theory.[30,50] VFB and VT were extracted as -

0.3/6.5V before gamma-ray irradiation and -3.2/5.5V after irra-
diation. When the IGZO TFTs were irradiated with gamma-ray,
both VT and VFB shifted negatively. The VFB was extracted via
generation-recombination current (IG − R) results, measurement
methods, and mechanisms were introduced in detail in Figure
S4 (Supporting Information). The gA(E) of the IGZO TFTs ex-
tracted in the dark condition was plotted as the scatter (Black)
in Figure 6a,b. In the dark condition, the m-factor representing
the effect of controlling the surface potential by the gate volt-
age was used. The coupling model consisted of a substrate ca-
pacitance (CFree) that existed in the form of a free electron of CB
and a localized capacitance (CLOC) that included an interface and
a bulk trap. After gamma-ray irradiation, extracted with such a
model, gA(E) increased compared to before the gamma-ray ir-
radiation, meaning that the gamma-ray irradiation affected the
conductivity of the IGZO TFTs. When the light was illuminated
onto the IGZO TFTs, in addition to the pre-existing electrons,
it composed a parasitic capacitance (CLOC,ph) that reacted to the
illumination. The shorter the wavelength to be illuminated the
more the reactive defects increased, and the m-factor in the sub-
threshold region derived from the generated free electrons also
increased proportionally. The gop(E) reacted according to the illu-
minated wavelength corresponding to the sum of the energy of
the multiple-wavelength and the energy of the surface potential,
as shown in Figure 6a,b. Intuitive observations were expressed
as scatters with the unique color of the wavelength. The gop(E)
was modeled using the same voltage range as the dark electricity
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Figure 6. Distribution of subgap DOS in IGZO TFTs as observed with
multiple-wavelength light a) before and b) after gamma-ray irradiation. c)
Schematic illustration of the increased Vo, gSD(E), and gDA(E) originating
from gamma-ray irradiation in IGZO TFTs.

condition, and the m-factor that reacted from a shorter wave-
length was eliminated with the m-factor that reacted from a
longer wavelength, deviating from the effects of the previously
generated free electrons and localized subgap DOS. The sub-
gap DOS before and after gamma-ray irradiation character-
ized by I−V was estimated as a dotted line, which was sim-
ilar to the IGZO films subgap DOS demonstrated in other
studies.[51] Comparing the modeled subgap DOS before and af-
ter gamma-ray irradiation in Figure 6c, it was estimated that
the VO concentration in the IGZO TFTs significantly increased
by gamma-ray irradiation. In addition, when the gamma-ray
was irradiated to the IGZO TFTs, a deep-donor state induced
from gamma-ray g𝛾DD(E) that had not been seen before was ad-
ditionally formed. The conductivity and switching properties
of the IGZO TFTs appeared to be improved by the gamma-
ray, as shown in Figure 4a,e, as the ionization of the increased
VO boosted the gSD(E) and gDA(E), and promoted the produc-
tion of ehp before illumination. As the estimated subgap DOS
shows in Figure 4f, the gamma-ray increased the instability
of the IGZO TFTs, which was considered a cause of serious
deterioration.

As shown in Figure 7a,b, to identify the oxygen-related defects
in a 50 nm thick IGZO film modulated by gamma-ray, the O 1s
peak of the IGZO film was intensively examined through the X-
ray photoelectron spectrometer (XPS) depth profile after gamma-
ray irradiation. The O 1s spectra of the IGZO films for each sam-
ple were extracted by deconvolution to Gaussian peaks for M-O,
VO, and O─H, with centers at 530.2, 531.2, and 532.3 eV. For C
1s with 284.8 eV, the reference peak was used to correct the bind-
ing energy peak position of the peak, so that the O 1s peak was
not overestimated. The area ratios of the individual peaks were

compared before and after gamma-ray irradiation, with the M-
O bonds decreasing from 51.8 to 31.2% and the VO increasing
from 34.5 to 52.4%. This demonstrated that gamma-ray was re-
sponsible for breaking the M-O bonds, generating VO, and that
the electrons were actively excited into the CB within the IGZO
film from the further ionized VO. These electrons increased the
O-H bond slightly from 13.7 to 16.4%, and, because the generated
O─H bond was located in a state close to the VBM, the increase
and distribution of the VBM state expanded and the gDD(E) asso-
ciated with the hydrogen bonding increased, contributing to the
increase in the conductivity of the film. The components of the
IGZO film with oxygen can be seen in Figure S5 (Supporting In-
formation). A slight shift to low binding energy was observed in
the spectra of all constituents, which is known to be related to the
crystallographic structure and oxygen binding of metal atoms In
Figure 7 and Figure S5 (Supporting Information), the shift oc-
curred at all peaks to a low binding energy of 0.3 to 0.4 eV, indi-
cating the reduction of metal ions. However, the rise in EF derived
from the UPS analysis implies the result of binding energy shift-
ing to high. As a result, gamma-ray irradiation on IGZO films
means that VO formation and ionization proceed simultaneously
and is consistent with the results observed in Figure 6.

The gCB(E) before and after gamma-ray irradiation was quan-
titatively modeled by Equation (1) as shown in Figure 8a. All
states constituted gCB(E) increased compared to before irradi-
ation, which was especially increased for gSD(E), which was
known to contribute to conductivity. The subgap DOS extracted
through the multiple-wavelength was quantitatively investigated
through TCAD simulation and confirmed in Figure 8b. The
gCB(E) extracted from the model were used as the parameters of
the simulation, and the interface trap density was fixed at 5 ×
1012 cm−2eV−1. The Gaussian function used to fit the gDD(E) was
used, and the simulation results showed that the peak and vari-
ance of the Gaussian distribution increased. Furthermore, the
g𝛾DD(E) induced from gamma-ray irradiation in Figure 6b was fur-
ther modeled as a Gaussian function and reflected in TCAD sim-
ulation, and the parameters used for the model and TCAD fit-
ting were summarized in Table S2 (Supporting Information).[52]

Compared to the previously distributed VO, the VO generated
from the gamma-ray was ionized by less energy, increasing the
trapping/de-trapping of electrons. The results of the TCAD sim-
ulation were consistent with the results of the subgap DOS ex-
tracted through the previously extracted multiple-wavelength,
which implied that the corresponding extraction method was
valid.

3. Conclusion

We investigated IGZO TFTs using in-depth chemical and electri-
cal analysis of the deterioration mechanism induced by gamma-
ray irradiation. The gamma-ray-induced subgap DOS in IGZO
TFTs was analyzed using the individual I−V characteristics re-
sponding to multiple-wavelength light sources. The gamma-
ray significantly affect the increased of subgap DOS associ-
ated with Vo in IGZO TFTs in the full subgap range from
CBM to VBM including the additionally discovered g𝛾DD(E)
that has never been reported. The gamma-ray-induced Vo was
readily ionized by photons with less energy than before the
irradiation and actively involved in the trapping/de-trapping

Adv. Electron. Mater. 2024, 2300906 2300906 (7 of 10) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 7. XPS results show the O 1s spectra in the IGZO film a) before and b) after gamma-ray irradiation.

mechanism of electrons. The subgap DOS derived from I−V
characteristics using multi-wavelength light sources has been
examined for validity through TCAD simulation. Based on
these results, the instability derived from gamma-ray should be
carefully considered to be more severe, such as fatal gamma-
ray dose, accelerated device scaling, and future 2T0C DRAM
architecture.

4. Experimental Section
Device Fabrication: An n-type silicon substrate doped with 1017 or

more boron was used, and the SiO2 grown to 50 nm through ther-
mal growth served as a gate insulator. After cleaning the substrate with
acetone-isopropyl alcohol (IPA)-methanol for 5 min each, the IGZO film
was deposited to a thickness of 50 nm through a radio frequency (RF) sput-
ter at room temperature. In, Ga, and Zn were sputtered at a 1:1:1 ratio, and
the gas flow of Ar/O2 was 19/3 sccm at a substrate temperature 100 °C
and a working pressure of 7 × 10−3 Torr. Through UV exposure, the IGZO
channel, source, and drain electrode were patterned sequentially, and a
thickness of indium tin oxide (ITO) 150 nm was deposited to a size of 150
× 150 μm2 using an e-beam evaporator. After ITO deposition, a lift-off pro-
cess was performed using acetone, and the IGZO film was annealed for 1
hour in air ambient (400 °C) using a furnace.

Gamma-Ray Irradiation: Gamma-ray were emitted from the Co60

chamber (KAERI, Korea), with a dose rate of 300 Gy/hr, resulting in a to-
tal dose of 500 Gy. All devices and IGZO films used were simultaneously
irradiated at room temperature with the same intensity, and no bias was
applied.

Film Analysis: A TEM (Tecnai F30 S-Twin; FEI) and FE-SEM (S-4800;
Hitachi) were used to visually identify the defects that occurred when the
gamma-ray irradiated the IGZO TFTs. An AFM (XE-100; Park Systems),
ToF-SIMS (IMS 7f; CAMECA), and XRD (SmartLab; Rigaku, Corp.) ana-
lyzed the structural changes in the physical properties, such as the sur-
face roughness, binding ions, and the crystal structure of the IGZO thin
films irradiated from the gamma-ray. An XPS (K-Alpha+; ThermoFisher
Scientific) and SE (M2000D; Woollam) were used to evaluate the chemi-
cal bonding transition and characterize the bandgap and Fermi levels of
the IGZO films.

Device Measurement, Characterization: To accurately examine the im-
pact of gamma-ray on the IGZO TFTs, initial measurements were taken
right after the fabrication process. Afterward, gamma-ray irradiation and
post-irradiation measurements were carried out continuously. Ten devices
of the same scale were measured with Keithley 4200A equipment in a
room-temperature vacuum chamber. To avoid the influence of natural
light, the chamber was kept in a dark state for 3 min before the measure-
ment was performed. The light wavelength was varied using light from
a TLS130B-300X (Light Source, Newport) lamp to reduce the wavelength,
using a spectrometer, in 50 nm increments from near-infrared (900 nm) to

Figure 8. Fitting analysis results showing the subgap DOS distribution of the IGZO film before and after gamma-ray irradiation. a) Comparison of the
subgap DOS for I−V extraction method and the model fitting. b) Comparison between the measured and simulated data incorporating the extracted
subgap DOS.

Adv. Electron. Mater. 2024, 2300906 2300906 (8 of 10) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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blue-light (460 nm). Irradiation from short-wavelength illumination could
lead to persistent photoconductivity (PPC) problems caused by unwanted
electrical conductivity as the electron-hole pairs formed from the light were
not spontaneously recombined.[53] To prevent PPC, a lamp with a power
of 300 W was floated above the device at a height of 1 mm, and each time
the wavelength length was changed the thin film was given enough time
to react to the light. The SS, μFE, and hysteresis were examined in compli-
ance with the theory of gradual channel approximation. The VFB and the
VT defined to extract the DOS were characterized using the same criteria
through the IG − R and constant current method, respectively.

Simulation: The I−V characterization and subgap DOS observed with
a multiple-wavelength light source were validated by equation model fit-
ting and simulation by Silvaco-ATLAS TCAD.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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