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Published online: 05 February 2019 . Notable progress achieved in studying MoS, based phototransistors reveals the great potential to
. be applicable in various field of photodetectors, and to further expand it, a durability study of MoS,
phototransistors in harsh environments is highly required. Here, we investigate effects of gamma rays
on the characteristics of MoS, phototransistors and improve its radiation hardness by incorporating
CdSe/ZnS quantum dots as an encapsulation layer. A 73.83% decrease in the photoresponsivity was
. observed after gamma ray irradiation of 400 Gy, and using a CYTOP and CdSe/ZnS quantum dot layer,
. the photoresponsivity was successfully retained at 75.16% on average after the gamma ray irradiation.
Our results indicate that the CdSe/ZnS quantum dots having a high atomic number can be an effective
encapsulation method to improve radiation hardness and thus to maintain the performance of the MoS,

phototransistor.

Two-dimensional materials such as transition metal dichalcogenides (TMD) have received considerable attention
as a promising channel material for nanoelectronics devices!"°. Among a variety of TMD materials, molybdenum
disulfide (MoS,) is the best known and is studied extensively. MoS,-based thin-film transistors have interest-

. ing electrical characteristics, such as high ON/OFF ratio (~108) and high electron mobility (~200 cm?Vs™)!. In

:addition, MoS, is appropriate as an absorption layer of optoelectronic devices owing to its bandgap of 1.2-1.8eV
depending on its number of layers (bulk MoS, has an indirect bandgap of 1.2 eV” and single-layer MoS, has a
direct bandgap of 1.8 eV®), fast photo-switching (within 110 us’), and absorption coefficient (=1-1.5 X 10°cm™"
for single-layer MoS,!° and 0.1-0.6 x 10°cm™! for bulk MoS,!! in the wavelength of 500-1200 nm). Therefore,
studies of using MoS, as an absorption layer of an optoelectronic device have been actively conducted. It exhib-
its improved photoresponsivity'>-%, wavelength selectivity**?*, and enhanced optical switching speed®26-25,
However, the research on the durability of MoS, in harsh environments® for use as photodetectors in various
fields remains lacking.

Radiation (particularly ionizing radiation), one of the harsh environments, is encountered not only around
nuclear reactors and particle accelerators but in outer space and high-altitude flights. Radiation has characteristics
such as material permeability, atomic reaction capacity (nuclear reaction, excitation, scattering, etc.), biological

© actions, etc. Because of these features, radiation can be used in various fields such as medicine?** and agricul-
© ture®*2. However, gamma rays cause damage to the human body**** and materials**-, resulting in the malfunc-
. tion of instruments and devices. Thus, protecting devices from radiation is necessary.
' Previous studies have only studied how radiation affects the structure of MoS,**. These studies alone cannot
confirm that the performance reliability of the MoS, phototransistor is guaranteed in places of high radiation. No
- studies have been conducted on the effect of radiation on the MoS, phototransistor and the methods to prevent
. performance degradation by radiation. Therefore, it is necessary to study how the MoS, phototransistor is affected
. by radiation and to prevent it.

In this study, we found that the photoresponsivity of the MoS, phototransistor is significantly degraded by
gamma rays. The degradation of the MoS, phototransistor is due to the gamma rays causing a positive oxide
charge on the gate dielectric. Therefore, we developed a MoS, phototransistor with a CYTOP and CdSe/ZnS
quantum dot (CYTOP/QD) layer as a gamma-ray-shielding layer, and confirmed that the CYTOP/QD layer
efficiently prevented the degradation by gamma rays.
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Figure 1. (a) Schematic of the bare MoS, phototransistor. (b) Transfer curves in dark and photo-responses of
the bare MoS, phototransistor after irradiated by 0, 200, 400 and 800 Gy of gamma rays. (c) Variations of the
field effect mobility in the bare MoS, phototransistor after irradiated by different doses of gamma rays.

Results and Discussion

To investigate the degradation of the MoS, phototransistor by gamma rays, we irradiated the MoS, phototran-
sistor with a gamma ray. Figure 1a shows the schematic diagram of the used MoS, phototransistor. The MoS,
phototransistor was fabricated using MoS, flakes exfoliated from bulk MoS, by the conventional Scotch-tape
method. For the gamma ray degradation test, a Co-60 was used as the gamma ray source, and an absorbed dose of
200, 400 and 800 Gy were irradiated to the MoS, phototransistor. Figure 1b shows the transfer curves of the MoS,
phototransistor before and after gamma irradiation. We extracted the electrical characteristics from the transfer
curves measured in the dark (open sphere in Fig. 1b). The threshold voltage (Vy,) and subthreshold swing did
not show significant change even with increasing gamma ray dose. On the other hand, the on-current (Vs> V)
apparently decreases. Figure 1c shows the change of the field effect mobility as the dose of gamma ray increases.
The field effect mobility of the MoS, phototransistor was 9.64 cm?/V-s before irradiation of gamma rays, but
slightly increased to 10.2 cm?/ Vs after irradiation of 200 Gy. When the absorbed dose was 400 Gy and 800 Gy, the
field effect mobility was degraded to 4.56 cm?/V-s and 0.836 cm?/V s, respectively. The field effect mobilities were
estimated from the following equation'***:

‘Lléﬁ = (gm . L)/(COX - W VDS) (1)

In Equation (1), L is the channel length, W is the channel width, C,y is the oxide capacitance, and V}, is the drain
bias. These results imply that a small amount of gamma dose does not cause the degradation of the MoS, photot-
ransistor but affects the performance of the MoS, phototransistor as the absorbed dose increases. As the absorbed
dose increases, more atomic displacements are induced in MoS, channel®®, eventually impairing the Mo$S, pho-
totransistor permanently (see supplementary).

The responsivity according to absorbed dose showed similar trend to the field effect mobility. Figure 2a shows
the change in responsivity as the absorbed dose increases when 19.1 W/m? optical power density is incident. The
responsivity is obtained using I,/ P, ,,» where I, is the difference between the drain current under illumination
and the drain current in the dark, and Py, is the optical power illuminated on the MoS, channel. When 200 Gy of
gamma rays were irradiated, there was very little change in responsivity, but rather, it increased at a specific bias.
However, the responsivity decreased sharply when the absorbed dose exceeded 400 Gy. For example, at the gate
bias lower than the threshold by 15V, the responsivity slightly decreased from 6.24 A/W to 5.9 A/W after 200 Gy
of gamma radiation. However, after 400 Gy of gamma irradiation, the responsivity decreased from 6.24 A/W to
1.82 A/W. This implies that the gamma irradiation has a significant effect on the responsivity of the MoS,
phototransistor.
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Figure 2. (a) Variations of the responsivities in the bare MoS, phototransistor after irradiated by different
doses of gamma rays. (b) Optical power density dependent responsivities of the bare MoS, phototransistor after
irradiated by 0, 400, and 800 Gy of gamma rays.

Figure 3. (a) Schematic of the photogating effect of the MoS, phototransistor. (b) Schematic of positive oxide
charge effect occurred by gamma irradiation.

We also characterized the variation of responsivity according to the incident optical power density for the
MosS, phototransistor irradiated with gamma rays as shown in Fig. 2b. Before the gamma ray irradiation, as an
incident optical power density increases, the responsivity increases at a lower incident power and gradually satu-
rates due to saturation of traps. The similar trend was observed in the device irradiated by 400 Gy gamma rays, but
the overall responsivity decreases. When 800 Gy gamma rays were irradiated, the responsivity saturated at lower
optical power density and decreases as the optical power density further increases.

The responsivity of the MoS, phototransistor is obtained because the electrons are supplied into the channel
from the source by the photogenerated holes trapped at the interface between MoS, and SiO,'>***, as depicted
in Fig. 3a. Therefore, we posit that the gamma rays affected the SiO,, which is the gate dielectric of the MoS, pho-
totransistor. Gamma radiation has two major effects on SiO,***!. The first effect is ionization, caused by Compton
scattering and the photoelectric effect. The ionization effect separates the electrons from the atoms. These sepa-
rated electrons drift away from the SiO, to a positive electrode. Meanwhile, holes are trapped in trivalent-silicon
traps or nonbridging oxygen traps and remain in the oxide. The second effect is atomic displacement. When an
atom collides with a gamma ray with large kinetic energy, it is pushed out of its initial location. The pushed atoms
cause additional atomic movements, resulting in a cluster of defects. These two effects of gamma radiation signif-
icantly increase the positive oxide charge in the SiO, after gamma irradiation. Consequently, the positive oxide
charges reduce the probability of photogenerated holes being trapped at the interface between MoS, and SiO,, as
illustrated in Fig. 3b and the responsivity of the MoS, phototransistor decreases. Therefore, the MoS, phototran-
sistors directly irradiated by the high-energy gamma rays reduced in responsivity significantly.

One may think that by reducing the thickness of SiO,, the chance of gamma radiation damage and conse-
quently the responsivity degradation could be mitigated. However, the positive charges spread in the SiO, will not
equally contribute to the decrease in the responsivity, and the charges close to the interface between MoS, and
SiO, will have a greater impact. It will be able to define the effective distance from the interface for convenience,
and the positive charges within this range mostly disturb the trappings of the photogenerated holes in MoS,.
Because the SiO, is required to be thicker than the effective distance to prevent a gate leakage, the thickness of
S$i0, will not have a significant effect on the performance deterioration due to gamma ray.

To reduce these degradation of device characteristics by the gamma irradiation, we passivated the MoS, photot-
ransistor with the CYTOP and CdSe/ZnS QD layer. The fabricated MoS, phototransistor is depicted in Fig. 4a. The
CYTOP layer was spin-coated to a thickness of 1 pm on top of MoS,; subsequently, the QD layer was passivated by
the drop-casting method. The resulting thickness of the QD layer was approximately 140 nm as shown in Fig. 4b.
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Figure 4. (a) Schematic of the MoS, phototransistor with CYTOP/QD layer. (b) TEM image of the QD layer.
(c) Transfer curves of MoS, phototransistor with CYTOP layer or CYTOP/QD layer. (d) Transmittance,
reflectance, and absorptance of CYTOP/QD layer.

The deposition of the CYTOP layer on the MoS, is to prevent the QD from directly affecting the MoS, channel.
In a study about QDs and the MoS, interface by Dominik Kufer et al.*?, when the QD layer is directly deposited
on MoS,, the ON/OFF ratio and subthreshold swing are significantly reduced. The modulation loss is associated
with Fermi-level pinning. When MoS,, which has many defects on its surface, directly contacts the QD layer, a
large density of localized states occurs between them. It fixes the Fermi-level, thus decreasing the modulation
via the gate bias. Meanwhile, when the CYTOP layer is inserted between the MoS, and QD layer, the transfer
characteristics are almost unchanged as shown in Fig. 4c. This is because the CYTOP layer prevents the occur-
rence of a localized state that causes Fermi-level pinning between MoS, and the QD layer. Figure 4d shows the
measured transmittance (7) and reflectance (R) of the identical CYTOP/QD layer fabricated on glass. The spectral
absorptance (A) is also shown in the figure. It was calculated by the equation: A=1 — (R+ T), assuming that stray
light is negligible. The CYTOP/QD layer absorbs the light with wavelengths shorter than 520 nm and this absorp-
tion is mostly contributed by the QD because the CYTOP is transparent in all visible region. At the wavelength of
466 nm, which is the laser wavelength used in the experiment, the QD absorbs 73.7% of incoming light and the
transmitted 21.5% is incident on the underlying MoS, phototransistor.

The radiation test of the MoS, phototransistor with CYTOP/QD layer was performed under the same con-
ditions as the bare MoS, phototransistor. Figure 5a shows the transfer curves of the MoS, phototransistor with
CYTOP/QD layer measured before and after gamma irradiation. The electrical characteristics of the MoS, pho-
totransistor with CYTOP/QD layer were extracted from the solid line in Fig. 5a by the same methods as above.
The threshold voltage of the MoS, phototransistor with CYTOP/QD layer was shifted from 13.9V to 14.9V after
gamma irradiation. The field effect mobility decreased from 2.46 cm?/V-s to 2.23 cm*/V s after gamma irradiation.
The subthreshold swing increased from 1.4 V/dec to 1.6 V/dec after gamma irradiation. The electrical character-
istics did not show any significant difference between before and after gamma irradiation. In addition, unlike the
bare MoS, phototransistor, the transfer curve of the MoS, phototransistor with CYTOP/QD layer measured at
2mW/cm? optical power density (dashed line in Fig. 5a) shows little change after gamma irradiation. Figure 5b
shows the responsivity of the MoS, phototransistor with CYTOP/QD layer extracted from the dashed line in
Fig. 5a. As shown in Fig. 5b, the responsivities for all gate voltages were larger than 0.376 A/W corresponding to
100% of external quantum efficiency. Thus, it can be seen that the CYTOP/QD layer does not limit the detect-
ing range of the MoS, phototransistor. More importantly, the responsivity was decreased by only 21.9% (from
114 A/W to 88.7 A/W) after gamma radiation at the gate bias lower than the threshold by 15 V. This indicates that
the CYTOP/QD layer can effectively prevent the responsivity degradation of the MoS, phototransistor. This is
because the QD with a high atomic number was used as the protection layer. The QD with a high atomic number
has a high probability of colliding with the gamma rays, which causes the incident gamma rays to scatter and
subsequently the scattered gamma rays reaches the MoS, phototransistor. Because the scattered gamma rays
have relatively low energy, they induce small positive oxide charges, resulting in no significant decrease in the
responsivity.
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Figure 5. (a) Transfer curves of MoS, phototransistor with CYTOP/QD layer measured before and after
gamma irradiation. (b) Responsivity of MoS, phototransistor with CYTOP/QD layer measured before and after
gamma irradiation.
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Figure 6. Bar graph of retention rate of (a) MoS, phototransistors with CYTOP/QD layer after gamma
irradiation and (b) bare MoS, phototransistors after gamma irradiation.

To confirm the consistency of the QD layer effect, we fabricated several devices and performed a gamma ray
degradation test similarly. Figure 6 is a bar graph showing how the responsivity of the MoS, phototransistors is
maintained after the gamma ray degradation test. Since the photoresponse gains are affected by the gate voltages,
the responsivities should be compared at the gate biases that are negatively shifted by the same voltage from the
threshold voltage of each device. The responsivities were estimated at the gate biases that are lower than each
threshold voltages by 14, 15 and 16V, and their average values were shown in Fig. 6. When the MoS, phototransis-
tors were passivated by the CYTOP/QD layer (Fig. 6a), the retention rate of responsivity averaged at 75.16% after
gamma irradiation. For the bare MoS, phototransistors (Fig. 6b), the average retention rate of responsivity was
26.17% after gamma irradiation. These results show that the MoS, phototransistor with QD layer has statistically
better radiation hardness.

Conclusions

To summarize, we studied the effect of gamma rays on the MoS, phototransistor and its prevention mechanism.
When the amount of gamma ray irradiated to MoS, phototransistor reached a certain level, it was confirmed
that the electrical characteristics and the responsivity were significantly degraded. These results show that the
gamma rays have a significant influence on both MoS, channel and the gate dielectric. In the MoS, irradiated
by the gamma ray, atomic displacement is induced, which interferes with the movement of the carrier, thereby
reducing on-current and field effect mobility. The SiO, used as the gate dielectric has many positive oxide charges
after gamma irradiation. These positive oxide charges reduce the responsivity by preventing holes that increase
the optical gain from being trapped at the interface of MoS, and SiO,. We used the CdSe/ZnS quantum dots in a
protection layer to prevent the responsivity degradation of the MoS, phototransistor due to gamma irradiation.
The irradiated gamma rays are scattered owing to the high atomic number QD and rarely cause positive oxide
charges. Therefore, the MoS, phototransistor with QD layer can maintain its responsivity better than the bare
MoS, phototransistor after gamma irradiation. Through this experiment, we confirmed that the MoS, phototran-
sistor with QD such as CdSe/ZnS could be used in harsh environments such as space and nuclear industries. In
addition, QD protection layers can be applied to other devices, such as solar cells and photodetectors, in order to
improve their radiation hardness.
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Methods

MoS, phototransistor fabrication. On the silicon substrate, gate electrodes are patterned using photoli-
thography and Ti/Au (5/80 nm) were deposited on the patterns using an e-beam evaporator. SiO, was deposited
as the gate electric at 300 °C using the plasma-enhanced chemical vapor deposition (PECVD) method. MoS,
flakes were mechanically exfoliated from bulk MoS, crystals (Graphene Supermarket, USA) and transferred onto
the gate dielectric using the conventional Scotch-tape method. The source and drain electrodes were patterned on
the MoS, flakes and Ti/Au (5/80 nm) were deposited using an e-beam evaporator.

CYTOP and CdSe/ZnS QD layer deposition. CYTOP (Asahi Glass, Japan) was spincoated on the Mo$S,
at a rotation speed of 2000 rpm and cured at 180 °C for 60 min. The expected thickness of the CYTOP layer was
approximately 1 pm. The CYTOP layer over the source and drain electrodes was etched using plasma etching. The
CdSe/ZnS quantum dot (Sigma Aldrich, USA) layer was deposited on the CYTOP layer by dropcasting the QD
dispersion and cured at 60 °C for 30 min. The QD concentration used was 5mg/mL in toluene. This process was
repeated two more times. The resulting thickness of the QD layer was approximately 140 nm.

Gamma ray irradiation. The gamma ray irradiation was performed using Co-60 source and the total
absorbed dose was varied from 200 Gy to 800 Gy.

Device characterization. JEM-2100F (JEOL, USA) was used to obtain the TEM image of the CdSe/ZnS$
quantum dot layer. Current—voltage (I, — V;;5) measurements were performed using a dual-channel source meter
(Keithley 2614B) at room temperature. The responsivity of the MoS, phototransistor was measured under illumi-
nation with 2mW/cm? power density at 466 nm (Civillaser).
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