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Characteristics of solution-processed SnO2 thin film and ZnO nanoparticles

The thickness of the SnO> thin films inserted using 0.1, 0.15 and 0.2 M SnO: precursor solutions
were determined by the field emission scanning electron microscopy (FESEM) cross-sectional
images to be approximately 12.84, 15.32 and 19.36 nm, respectively, as shown in Fig. Sla—c. It

was found that the thickness of SnO> thin films dependent on the precursor concentration of SnO,.
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Si0,/Si Si0,/Si Si0,/Si

Fig. S1 Field emission scanning electron microscopy (FESEM) cross-sectional images of ZnO
NPs/SnO> bilayer film with SnO> thin films inserted using (a) 0.1, (b) 0.15, and (c) 0.2 M SnO-

precursor solutions.
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Electrical characteristics of ZnO single-layer and ZnO/SnO:2 bilayer UV phototransistors

The field effect mobility (ugg), on/off current ratio, subthreshold swing and threshold voltage of
ZnO single-layer and ZnO/SnO: bilayer UV phototransistors with SnO: carrier transport layer
inserted using 0.1, 0.15, and 0.2 M SnO: precursor solutions were summarized as shown in Table

S1. The parameters were obtained from the transfer characteristics shown in Fig. 2a—d.

Table S1 Electrical characteristics of ZnO single-layer and ZnO/SnO> bilayer UV phototransistors
and their dependence on thickness determined by the precursor concentration of inserted SnO-

carrier transport layer.

Active layer Thickness of inserted SnOz  Field effect mobility On/off Subthreshold ~ Threshold
carrier transport layer (nm) (cm?V1ish current ratio swing voltage

(V dec?) (V)

ZnO0 single-layer 0 2.61x10* ~103 1.26 175

ZnO/Sn0Oz (0.1 M) 12.84 3.66 ~108 0.56 3.36
bilayer

Zn0O/Sn0O2 (0.15 M) 15.32 6.05 ~108 0.34 2.65
bilayer

Zn0O/Sn0O2 (0.2 M) 19.36 8.51 ~107 0.42 1.13
bilayer
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Field effect mobility of the SnOz carrier transport layers

The representative transfer characteristics of the SnO> layers fabricated with 0.1, 0.15, and 0.2 M
SnO> precursor solutions were measured at drain voltage (Vbs) of 5 V under ambient dark
condition as shown in Fig. S2a. The upg of the SnO- layers was found to be dependent on its
thickness, which is determined by the SnO» concentration in the solution used to deposit the SnO-

thin film as shown in Fig. S2b.
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Fig. S2 (a) Transfer characteristics of the SnO layer fabricated with 0.1, 0.15 and, 0.2 M SnO;
precursor solutions measured at Vps of 5 V under ambient dark condition and (b) field effect

mobility of the SnO> layer as a function of the SnO2 precursor concentration.
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UV intensity dependent responsivity of ZnO single-layer and ZnO/SnO: bilayer UV photo-
transistors

The responsivity of the ZnO single-layer and ZnO/SnO> bilayer UV phototransistors with SnO;
carrier transport layer inserted using 0.1, 0.15 and, 0.2 M SnO: precursor solutions as a function
of UV intensity in the range from 0.53 to 1.35 mW cm2 were shown in Fig. S3. The parameters
were obtained from the Ips—Vps characteristics shown in Fig. 3a—d at Vps of 5 V. All the ZnO/SnO>
bilayer UV phototransistors regardless of precursor concentration of inserted SnO layer exhibited
higher UV photoresponse characteristics than those of ZnO single-layer UV phototransistor in all

range of UV intensities as shown in Fig. S3.
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Fig. S3 Responsivity of ZnO single-layer and ZnO/SnO- bilayer UV phototransistors with SnO-
carrier transport layer inserted using 0.1, 0.15 and, 0.2 M SnO> precursor solutions at a Vps of 5 V

and Vs of 0 V as a function of UV intensity in the range from 0.53 to 1.35 mW cm.
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Modulation of the responsivity and detectivity of ZnO/SnO:2 bilayer UV phototransistor by
controlling gate voltage (Ves)

The responsivity tended to increase with increasing Ves, whereas the detectivity tended to increase
with decreasing Ves up to —1 V and then decreased with a decrease in Ves below —1 V as shown
in Fig S4. We attribute this behavior to the fact that the responsivity is predominantly modulated

by the photocurrent, whereas the detectivity is predominantly modulated by the dark current.
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Fig. S4 Responsivity and detectivity of ZnO/SnO; (0.15 M) bilayer UV phototransistor as a

function of Vgs at a Vps of 5 VV under 1.35 mW cm2 UV illumination.
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UV photoresponse characteristics of ZnO NRs and ZnO NRs/SnO2 UV photodetectors

The length of ZnO nanorods (NRs) grown at 90 °C for 2 h using the ZnO single-layer and
ZnO/SnO2 (0.15 M) bilayer UV phototransistors as the seed layer was estimated to be
approximately 450~500 nm by FESEM cross-sectional images as shown in Fig. S5a and b. It was
found that the grown ZnO NRs using ZnO single-layer and ZnO/SnO: bilayer UV phototransistors
as the seed layer demonstrated almost the same length, density and aspect ratio of ZnO NRs as
shown in Fig. S5a—d.

The photocurrent in the Ips—Vps characteristics of the ZnO NRs and ZnO NRs/SnO, UV
photodetectors with optimized SnO; carrier transport layer inserted using 0.15 M SnO. precursor
solution was shown in Fig. S6a and b, respectively. The ZnO NRs/SnO2 UV photodetector
exhibited the higher photocurrent than the photocurrent of ZnO NRs photodetector as shown in
Fig. Sba and b. In the time-dependent photoresponse of the ZnO NRs and ZnO NRs/SnO2 UV
photodetector, respectively shown in Fig. S6¢c and d, the ZnO NRs/SnO, UV photodetector
exhibited higher photocurrent and resulting high responsivity.? Furthermore, from the normalized
time-dependent photoresponse of ZnO NRs and ZnO NRs/SnO UV photodetector under 1.35 mW
cm™ UV illumination in Fig. S6e and f, estimated response and recovery time of ZnO NRs UV
photodetector were 13.8 and 7.16 s, respectively and the ZnO NRs/SnO. UV photodetector
exhibited faster UV photoresponse which were estimated as 11.6 and 4.47 s, respectively. These
results were attributed to efficient extraction of photogenerated electrons from the ZnO UV
sensitive layer through the SnO: carrier transport layer with high ugr was also applied to the case
of ZnO NRs UV sensitive layer.

From the Ips—Vps characteristics shown in Fig. 6Sa and b at Vps of 5 V, the responsivity of ZnO

NRs and ZnO NRs/SnO2 UV photodetectors as a function of UV intensity in the range from 0.53
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to 1.35 mW cm™ were obtained as shown in Fig. S7. As shown in Fig. S7, the responsivity of ZnO
NRs/SnO, UV photodetector (3251.69 A W) was improved by 1.6 times than that of ZnO NRs

UV photodetector (2023.67 A W) under 0.53 mW cm and 365 nm wavelength UV illumination.
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ZnO NPs
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Si0,/Si Si0,/Si

ZnO NPs

ZnO NRs/ZnO NPs Zn0O NRs/ZnO NPs/SnO,

Fig. S5 FESEM images of the grown ZnO NRs using (a, ¢) ZnO single-layer and (b, d) ZnO/SnO>

bilayer UV phototransistors as the seed layer.
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Fig. S6. Ips—Vps characteristics of the (a) ZnO NRs and (b) ZnO NRs/SnO; (0.15 M) UV
photodetectors under dark and the range from 0.53 to 1.35 mW cm UV illumination. Time-
dependent UV photoresponse of (¢) ZnO NRs and (d) ZnO NRs/SnO2 (0.15 M) UV photodetectors
at a Vps of 5 V and Vgs of 0 V. Normalized time-dependent UV photoresponse of (e) ZnO NRs

and (f) ZnO NRs/SnO2 (0.15 M) UV photodetectors under 1.35 mW cm UV illumination.
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Fig. S7 Responsivity of ZnO NRs and ZnO NRs/SnO2 (0.15 M) UV photodetectors at a Vps of 5

V and Vgs of 0 V as a function of UV intensities in the range from 0.53 to 1.35 mW cm™.
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Comparison of UV photoresponse characteristics of the ZnO/SnO: bilayer UV
phototransistor with various ZnO-based heterojunction UV sensing devices

As shown in Table S2, the UV photoresponse characteristics including responsivity, detectivity
and photoresponse time of ZnO/SnO. bilayer UV phototransistor and ZnO NRs/SnO2 UV
photodetector in this study were greater than other ZnO-based heterojunction UV sensing devices
including UV phototransistor and photodetector. Although the responsivity of some ZnO-based
heterojunction UV sensing devices with graphene or MoS: inserted exhibited higher values of
responsivity, our ZnO/SnO. bilayer UV phototransistor exhibited high detectivity and fast
photoresponse than other ZnO-based heterojunction UV photodetectors. Considering the fact that
no complex transfer process of graphene or MoS; is required for device fabrication of our
Zn0O/SnO; bilayer UV phototransistor, it has a great deal of potential for high-performances, low-
cost and large-area solution-processed UV phototransistor. In addition, the ZnO NRs/SnO2 UV
photodetector exhibited even high detectivity and fast photoresponse and simultaneously exhibited

comparable value of responsivity with the graphene or MoS: inserted UV sensing devices.

Table S2 Comparison of responsivity, detectivity and photoresponse time with various ZnO-based

heterojunction UV sensing devices.

Wavelength of

. . Responsivity Detectivity Photoresponse
Active layer UV light source . References
(AW (Jones) time (s)
(nm)
3x 105
ZnO NRs/graphene 365 - (3)
(atVos=1V)
ZnO ~2.4x 107
335 5.1x 10 2.3 (recovery) 4)
QD/graphene/SAM (at Ves =5.6 V)
0.321 16 (response)
Au/CdMo04/Zn0O 350 - (5)
(at5V) 9 (recovery)
Ag NPs/ZnO 380 2.86 ~15 (response) (6)
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