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1. Hexagonal boron nitride flake

Figure Sla shows the Raman spectra of the hBN flake used in this study. The Raman peak
at ~1360 cm™ demonstrates the good crystalline quality of the employed flake.[S The inset of
Figure Sla shows the corresponding vibration mode of the measured Raman peak. Figure S1b
shows the AFM image of the hBN flake used in the device demonstrated in Figure 1d in the
main manuscript. The topographic cross-sectional profile (inset of Figure S1b) shows that the

thickness of the flake is ~56 nm.
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Figure S1. (a) Raman spectra of the hBN flake shown in Figure 1d in the main manuscript. The

inset figure shows the vibration mode of the corresponding Raman peak. The red and green

symbols indicate a boron and nitrogen atom, respectively. (b) AFM image of the hBN flake

shown in Figure 1d with its topographic cross-sectional profile along the dashed line.
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2. Electrical characteristics of MoS2 FETs at low temperatures

Although a vdW gap between the channel and contact metals results in a finite contact barrier,
output curves measured at room temperature can show a linear shape. To show this point, we
studied the low-temperature electrical characteristics of MoS, FETs. We fabricated a MoS:
FET on a hexagonal boron nitride. The device is shown in the inset of Figure S2a, whose
transfer curve measured at the temperature of 300 K is shown in Figure S2a. The transfer curve
shows that the device exhibited a typical n-type behavior. Then, we measured the electrical
characteristics of the device. According to Figure S2b, Ips increased as the temperature
increased from 80 K to 260 K, which is typical of the thermionic emission. From Ips measured
in each Vgs and temperature, we could estimate the Vgs-dependent contact barrier ¢ from the

equation (S1) in the standard thermionic emission theory, 52
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Figure S2. (a) Output curve at room temperature of the device shown in the inset. Scale bar: 3
um. (b) Transfer curves measured at temperatures from 80 to 260 K with the step of 20 K. All
the curves were measured at V'ps=0.25 V. (c¢) Vs-dependent contact barrier estimated by using
the equation (S1). (d) Output curves measured at temperatures of 80, 100, 140, 180, 220, 260
and 300 K. (e) Linearity parameter y extracted from the output curves.
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Ips = SA*T3/2€—q<p/kBT(1 - e—qVDS/nkBT) (S1)
2. 0%
where S is the contact area, A™ = —4""‘1337” is the Richardson coefficient, m* is an effective

mass, T is a temperature, and n is an ideality factor. The calculated Vgs-dependent contact
barrier is demonstrated in Figure S2c. Please note that the contact barrier decreases as Ves
increases, which was observed in several reports.[5>S4 Furthermore, the Schottky barrier of this
device was determined to be ~111 meV from Figure S2c, which is in agreement with that of
previous works that studied MoS,/Au contact.[5*51 Even though this indicates a nonzero value
of a Schottky barrier, the thermal energy of electrons at room temperature is sufficient to
overcome this energy barrier. In this regard, the existence of a finite Schottky barrier can be in
agreement with linear-shaped output curves. In addition, this implies that output curves become
more S-shaped (i.e. linearity parameter y in the relation I, o V). deviates more from 1) as
temperature goes down due to the lack of electrons’ thermal energy, which are shown in Figures
S2d and S2e.

In addition, we tested another device to investigate the effect of temperatures. Figures S3a
and S3b illustrate the output curves of the device shown in the inset of Figure S3a at the
temperature of 300 and 80 K, respectively. Although the device exhibited an ohmic-contact
property at T = 300 K, it also showed a weak non-ohmic contact at T = 80 K, which is in
agreement with the results in Figure S2. Figures S3c and S3d show the breakdown at T = 300
K and 80 K, respectively. The breakdown started at the lower value of Vps at a lower

temperature, which is consistent with the previous reports.[S°!



WILEY-VCH

@ @r=300k b gros
T T T T T 12 T T T T L—
AF — V=20V i
—— Vi, =10V
— V=0V 6 .
2L 4
— V,=-10V _
21‘ — Vg =-20V < Or 1
~ 0 - — p ~
%] n
_O —D
-6 F
2t i
12+
4 ! ! B 1 1 1 1 1
2 -1 0 -2 -1 0 1 2
VDS (V) VDS (V)
()  @v,=-40V,T=300K d  e@v,=-40vT=80K
9t 1 9+
6 6L
E? ES
2 2]
— 3t Breakdown - - 3t Breakdown
0 ok
0 10 20 30 0 10 20 30
Ve (V) Vos (V)

Figure S3. The output curve of the device shown in the inset of (a) at the temperature of (a)
300 K and (b) 80 K. The electrical breakdown measured at Vs =-40 V and the temperature of
(c) 300 K and (b) 80 K.
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3. Electrical breakdown measured in different environments

Figure S4 shows the avalanche breakdown measured in the ambient and N2 environment.
We note that the breakdown measured in the ambient environment showed considerably
different characteristics to that measured in N2 environment, which signifies the role of the

environment in the breakdown process.
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Figure S4. The electrical breakdown of the device in Figure 1d in the main manuscript

measured in N> gas (red line) and ambient (blue line) environment.
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4. Mechanism of an abrupt increase in Ips

In general, there exist four possible mechanisms that can give rise to an abrupt increase in
Ios in FETSs: drain-induced barrier lowering (DIBL), thermal breakdown, junction punch
through, and avalanche carrier multiplication. First, DIBL is a representative short-channel
effect that might exist in MoS, FETs. However, the electrostatic characteristics of monolayer
MoS; gives rise to a negligible DIBL property even in ultra-short channel devices.[58S71 Second,
it has been reported that there is a negligible amount of increase in the temperature of MoS;
FETs fabricated on a SiO2 substrate.[5®! Since hBN exhibits much better thermal conductivity
(=420 W m* K1) than SiO; (~1.40 W m™ K1),[56:58] the thermal effect resulting from Joule
heating would be less significant in our device structures than MoS; FETs on a SiO> substrate.
In this regard, thermal breakdown is also not a plausible mechanism to explain an abrupt
increase in Ips.

Third, we eliminate the possibility of junction punch through effect. We first outline a
general mechanism of junction punch through effect in n-channel metal-oxide-semiconductor
field-effect transistors (MOSFETS). Junction punch through effect occurs when the depletion
region between the p-bulk and n+-source contact overlaps with that between the bulk and n+-
drain contact, and thereby allowing source-drain current to flow through the overlapping
depletion regions.!>% Now, we represent the following reasons for neglecting the punch through
effect as the origin of the abrupt increase in Ips observed in this work. First, the lack of doped
contact regions and atomically thin active channel of our CVD-grown MoS, monolayer FET
devices do not allow the formation of such macroscopic overlap of depletion regions. Since the
overlap of each depletion region arising from an n+-p junction lies at the heart of junction punch
through, it is difficult to apply the mechanism of junction punch through in our devices. Second,
the relationship between the electrical breakdown voltage (Ves) and Vs displayed in Figure 2e
in the manuscript is not consistent with the prediction of junction punch through, even if we

9
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assume that it can occur in atomically thin semiconductors. It should be noted that the width of
a depletion region increases as a strong reverse bias is applied to p-n junction. Hence, as Vgs
becomes more negative, a smaller value of Vps is required for the formation of overlapping
depletion regions. This implies that an abrupt increase in Ips should start to be observed at a
lower value of Vps as more negative Ves is applied. In contrast to this prediction, Ves increased
as Ves became more negative (see Figure 2e in the manuscript). Thus, the increase in Ips is
attributed to avalanche multiplication rather than junction punch through. Fourth, we carried
out further analyses to demonstrate that the photocurrent behavior does not follow the trend
predicted by the junction punch through mechanism, as shown in Figure S5. According to the
junction punch through theory, the current is proportional to the voltage squared,® which
implies that breakdown photocurrents should follow a power-law relation. In Figure S5, the
breakdown photocurrent can be fitted better in an exponential increase rather than a power-law
relation (see the dashed lines in Figure S5). This point is in contradiction with the outcome of
the junction punch through theory. In this regard, avalanche multiplication is the most

reasonable mechanism behind the abrupt increase in Ips, as shown in literature.S!
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Figure S5. Breakdown of currents measured under laser irradiation demonstrated in (a) a
semilogarithmic scale and (b) a log-log plot. The dashed lines in each figure shows the results

of linear fitting. In each figure, Izz =Ips (Vps=VEs).
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5. Absence of device degradation and calculation of impact ionization rates

To check whether the measurements of the electrical breakdown permanently damaged the
devices, we measured the channel current by sweeping Vps from 0 V to 30 V after each
breakdown event up to four times. The corresponding outcome is shown in Figure S6a. Note
that these results were obtained at the fixed Ves of -20 V. As a result, no evidence for device
failures and degradation was found.

The multiplication factor M can be defined as

M(Vps) = 2sps) (S2)

Isat

where lsa is the saturation current. To apply the multiplication factor in the calculation of the
impact ionization rate «, the saturation current lsat Should be strictly established in the obtained
electrical data. If the saturation was observed in Ips-Vps curves, lsat = Ips(Vps = Ves) where Veg
is the electrical breakdown voltage. According to Figure 2d in the main manuscript, it can be
seen that the change in Ips before the onset of the breakdown is negligible when Vgs = -30, -40
and -50 V. Therefore, we could calculate the impact ionization rates from the obtained electrical
data when Vs = -30, -40 and -50 V.

Figure S6b demonstrates the impact ionization rate «, which was calculated when Vgs =
-30, -40 and -50 V by using the equation (3) in the main manuscript as a function of 1/E. We
assumed that the impact ionization rates of electrons and holes are comparable to each other. It
is known that this assumption does not influence the final result critically.l5% Details on this
assumption require further studies. With this assumption, the relationship between the
multiplication factor M and the impact ionization rate « is given by the equation (S3).[51%

1

1-—= ["a(E)dx (S3)

M

Here, L is the channel length so the region 0 < x < L corresponds to where the electric field

E is applied. Note that E can be a function of x. In addition, we assume that the electric field in

11
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the channel does not depend on the position x. Then, the x-dependence of « disappears and we
obtain the equation 1 — % = La, which is the same to the equation (3) in the main manuscript.
It was shown that the equation (3) approximately holds in various semiconducting materials
such as Si and Ge.[510511
The relationship between « and the electric field E is given by the equation (S4).[510S11]
a = anexp(—pL/E) (S4)

Based on the equation (S4), we performed fitting to the calculated values of impact ionization
rates. The average R? value of the fitting shown in Figure S6b was ~0.91, which shows that the

obtained relationship between o and 1/E fairly well agreed with the equation (S4).
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Figure S6. (a) Ips versus Vps after each breakdown measurement. The first (red) line was
obtained after measuring the breakdown at Vs =-10 V. The second (yellow) line was obtained
after measuring the breakdown at Vgs = -20 V. The third (green) line was obtained after
measuring the breakdown at Vs = -30 V. The fourth (navy) line was obtained after measuring
the breakdown at Vs = -40 V. (b) Relationship between the ionization impact rates calculated
when Vs = -30, -40 and -50 V and applied electric field E. The dashed lines show the fitted

lines based on the equation (S4). Note that o is represented in a logarithmic sale.
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6. Electrical characteristics and breakdown of another MoS: FET

Figures S7a and S7b show the output and transfer curves of the MoS, FET shown in the
inset of Figure S7a, respectively. The device shows an ohmic contact property. By using the
equation (1) in the main manuscript, the field-effect mobility was estimated as ~14 cm? Vs,
Here, the channel length L = 3.0 um, channel width W = 9.1 um, and capacitance per unit area
Ci = 10.5 nF cm™ were used in the calculation. The thickness of the used hBN film was
determined to be ~56 nm. We characterized the electrical properties of this device at high drain-
source biases (Vps), which is shown in Figure S7c. The electrical breakdown occurred at Vps
value of ~93 V. The corresponding critical electrical field was found to be ~0.33 MV cm™,
which shows a great agreement with the values obtained in the main manuscript and the
previously reported values.[® As the analyses in the main manuscript, we plotted 1-1/M as a
function of Vps/Ves, where M is the multiplication factor and Veg is the initial voltage of
electrical breakdown. The value of m obtained by fitting was found to be ~7.1, which is in the
range of what were obtained in the inset of Figure 2f in the main manuscript. As in the main

manuscript, the fitting was performed just after the onset of the electrical breakdown.
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Figure S7. (a) The output curves of the device shown in the inset. (b) The transfer curves. (c)
Ips-Vbs curve measured at Vs = -20 V exhibiting the avalanche breakdown. (d) Relationship
between 1-1/M and Vps/Ves measured at Ves = -20 V.
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7. Vps-dependent photoresponsivity and detectivity under high illumination intensity
Figure S8a shows the photoresponsivity and detectivity of the device shown in Figure 1d in
the main manuscript measured under the laser irradiation with the intensity of 2.5 pW cm. In
the region B, the maximum values of photoresponsivity and detectivity were ~6.6 x 10® A Wt
and ~7.8 x 10 Jones, respectively. In the region C, the maximum values of photoresponsivity
and detectivity were ~8.8 x 108 A W and ~7.7 x 10%° Jones, respectively. Note that all of these
aforementioned values are higher than the maximum values of the previous reports (see Figure
4 in the main manuscript for the comparison to previously reported devices). Figure S8b
demonstrates the relationship between 1-1/M and Vps/Veg corresponding to the Ips measured in
the dark and under the illumination (2.5 W cm™). The values of m for the current measured in
the dark and under illumination were ~24 and ~19, respectively. Similarly to other previous
works, these values were obtained by fitting in the vicinity of In(Vps/Ves) of ~0.05, namely just
after the onset of the breakdown, which corresponds to the green region in Figure S8b. This
result well agrees with the fact that the lirra increased less abruptly after the onset of the
breakdown compared to that measured in the dark (see Figure 3a in the main manuscript).
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Figure S8. (a) Photoresponsivity and detectivity of the device shown in Figure 1d in the main
manuscript under the laser intensity of 2.5 pW cm™. (b) Relationship between 1-1/M and
Vps/VEes for the Ips measured in the dark and under illumination (2.5 W cm). The green region

denotes where fitting based on the equation (2) in the main manuscript was performed.
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8. Illumination-time-dependent measurement of photo-initiated carrier multiplication
We characterized the breakdown of currents under irradiation with changing the laser
illumination time to show that illumination time does not affect the devices through
mechanisms except avalanche carrier multiplication such as photo-induced charge trapping. It
is known that photo-induced charge trapping in 2D TMDCs can result in non-equilibrium
characteristics with the timescale of a few to hundreds of seconds (see Section 14 and 15 in the
Supporting Information for detailed discussions). It should be noted that in all the experiments
in the main manuscript, the electrical breakdown was measured in full Ips-Vps scan. Since we
set the value of Ves such that the devices are in their off state, Ips at a low-Vps region was
extremely low, which leads to quite a long time to measure Ips as a function of Vps. Hence, we
measured Ips at a partial range of Vps for breakdown measurements. The corresponding results
are shown in Figure S9. Owing to a smaller region of Vps in the Ips-Vps scan (Figure S9), it
took only ~5 s for a single sweep of Vps, and therefore it was possible to measure the
photoresponse after the illumination for a short period of time. As a result, no clear dependence
of the photoresponse on the illumination time was found. During the experiments, the
breakdown of dark currents did not change (see navy lines in Figure S9), which demonstrates
that the device did not suffer from the change in its characteristics by continuous Vps sweeping.
Thus, we can safely say that the device condition was not significantly affected by illumination

time, considering the timescale related to photo-induced charge trapping.
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measurements, a compliance current was 3 pA. Here, Vs was set to be -2.5 V due to the low

Ips at this gate voltage.
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9. Linearity of photocurrents

Our analyses of the relationship between the photocurrent and light intensity are based on
the data shown in Figure S14a in Section 12 (see Section 12 for further details about the device).
The dependence of the photocurrent Ipn on the power P of incident light for each Vps is
demonstrated in Figure S10a. To investigate the linearity of MoS; avalanche phototransistors,
we fitted the data measured ad each Vps by using the equation I,, « PY?. The dependence of
the exponent yp on Vps is illustrated in Figure S10b, which shows a general trend that yp
decreases as Vps increases. Since a condition yp =1 means a perfect linearity, Figure S10b
denotes that the avalanche phototransistors exhibit stronger nonlinearity as Vps increases and
the device reaches high-sensitivity regimes. The decrease in yp can be explained by the
enhanced impact of avalanche breakdown with an increase in Vps. To put it concretely,

photocurrents generated by the photoconductive effect are in general proportional to P, because
Lynpc = %VDSAO' = %VDseu(An) where An o P in the photoconductive effect (see Section

15 for details about the photoconductive effect). In contrast, the number of charge carriers
generated by avalanche breakdown is expected to be more or less independent of P, since
photons do not play a role when high-energy carriers create new electron-hole pairs via
collisions with the lattice. Hence, yp deviates from 1 by a larger amount as Vps increases and
the avalanche carrier multiplication becomes more significant. It is known that large
photogating effects can also make yp deviate from 1,15%?1 but we believe that this effect is
negligible in this case since Vgs, which alters the photogating, was kept constant during the
whole measurements. In addition, we showed the dependence of photoresponsivity R on P in
Figure S10c and S10d, and fitted the obtained data by using the equation R o< P~YR, According

to Figure S10d, stronger dependence of R on P (i.e. larger yr) was observed as Vps increased.

18
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Figure S10. (a) Dependence of the photocurrent Ipn on P at Vps of 12V, 18V, 26 V, 34 V, 38
V, 44 V, 54 V, and 58 V. The dotted lines indicate fitted results, where a decrease in yp is

evident. (b) Dependence of yr on Vps. (¢) Dependence of the photoresponsivity R on P at Vps
of22V,26 V,30V,38V,42V, 46 V, 52 V, and 58 V. The dotted lines indicate fitted results,

where an increase in yr is evident. (d) Dependence of yr on Vps.
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10. Photo-initiated carrier multiplication under illumination with different wavelengths
We measured the response of one of our devices (different from the device shown in the
main manuscript) to the incident light with the wavelength of 405, 520 and 658 nm. The
corresponding results are demonstrated in Figure S11. When performing the experiments, we
fixed the gate-source voltage to be -10 V so that the dark current was sufficiently low. We also
did our best to use the laser beam with the same intensity. For all the values of wavelength used
here, regions A, B and C that are explained in the main manuscript were clearly visible (see
Figures S1l1a, S11c and Slle). This indicates that ultrasensitive photodetection based on
avalanche carrier multiplication was possible in a broad range of visible light spectrum (from
405 to 658 nm). This observation is in agreement with the fact that the photon energy (~1.88
eV) of 658-nm light is larger than the optical bandgap (~1.84 eV) of the synthesized monolayer
MoS: used in this work (see Figure 1c in the manuscript). Moreover, it should be noted that the
photoresponsivity of the device measured in Figures S11a, S11c and Slle is in quite good
agreement with that obtained in the corresponding transfer curves (Figures S11b, S11d and
S11f, respectively), which denotes that the breakdown measurements were appropriately

performed.
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1.5 pA.
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11. Comparison of field-effect mobility

In Table S1, we compared the field-effect mobility of our device shown in Figure 1d in the
manuscript with previously reported monolayer MoS, FETs. It should be noted that the field-
effect mobility of 2D materials tends to increase as the thickness increases,'>!* and thus we did
not compared our device to multi-layered MoS> FETs. Some devices in literature demonstrated
better transport characteristics and higher mobility, according to Table S1. This means that it is
possible to improve field-effect mobility by using strategies already reported, which is beyond
the scope of this work. Under low electric fields, the drift velocity of charge carriers is
proportional to the field-effect mobility. Thus, the photoresponsivity R is roughly proportional
to the mobility u as well; R « I, « neu where Iy is the photocurrent, 7 is the concentration
of photogenerated charge carriers, and e is the elementary charge. This implies that further
improvements on electrical properties should enable the realization of more sensitive MoS2

avalanche phototransistors.

Table S1. Field-effect mobility of monolayer MoS; FETs measured by two-point-probe method.

Reference Mobility (cm? V! s?) Reference Mobility (cm? V1 s?)
Our work 54 S19 73

S14 60 S20 22

S15 42.3 S21 24

S16 60 S22 19

S17 17 S23 84

S18 45.1 S24 35
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12. MoS: avalanche phototransistors with Pd contact
In this section, we demonstrated MoS; avalanche phototransistors with Pd contact, which are

expected to have higher contact barrier height due to the work function of Pd.[5254

A. Electrical characteristics of the MoS> FET with Pd contact

Figure S12a shows the optical image of a MoS> FET with Pd contact fabricated on a hBN
flake. The thickness of Pd metals was 60 nm. Figure S12b demonstrates the AFM image of the
hBN flake in Figure S12a. The thickness of the hBN flake was determined to be ~12 nm. Figures

S12c and S12d show the output and transfer curves of the device, respectively. The device

g o
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() 20 —— V=60V —— V =50V
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a0k — V=20V — V=10V |
-2 -1 0 1 2
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24+ 4110°
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20}
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Figure S12. (a) Optical image of a MoS, FET with Pd contact. (b) AFM image of the hBN
flake shown in (a) with its topographic cross-sectional profile along the green dashed line. (c)
The output curves and (d) transfer curves of the device. (e) Vos-dependent gate-source current
(Iss) and the absolute value of Ips measured at Vs = 60 V.
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exhibited a non-ohmic-contact property even at high Vgs. The field-effect mobility of the FET
was estimated to be ~9.4 x 102 cm? V! st by using the equation (1) in the main manuscript
with the channel length L=1.0 um, channel width W=4.9 um, and capacitance per unit area Ci;

=12.2 nF cm™. Figure S12e shows that the gate leakage of this device is negligible.

B. Electrical breakdown of the MoS; FET with Pd contact

Figure S13a shows the electrical breakdown for the device shown in Figure S12a. Unlike
the Au-contact device, the Pd-contact FET device did not show any noticeable Vgs dependence
of the breakdown. This point is represented in Figure S13b. Unlike Figure 2e in the main
manuscript, no noticeable pattern of Ves and Alps/AVps determined by Vs was observed. This
behavior can be attributed to an overwhelmingly high contact barrier between MoS; and Pd.[54
Thus, the change in the barrier by the modulation of Ves does not play an important role, and

the dependence of Veg and Alps/AVps on Vs could not be observed.

(2) | | | | (b)

3 — v, =0V 55l
VGS =-10V 410.2
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>
2F 7 V=30V 50 8_
— — V_=-40V H s . " =
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3 — V. _=-50V b " <
2 Gs _ o | ] ° ° &
. 1_—VGS——60V > 45 '] ° :‘E
S
40.1
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Figure S13. (a) Ves-dependent Ips-Vps curves at high drain-source biases. (b) Ves-dependent

values of Veg and Alps/AVps.
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C. Photoresponse of the MoS, FET with Pd contact under various laser intensities

Figure S14a shows the photoresponse of the Pd-contact MoS, FET shown in Figure S11a.
The photoresponse was measured at Ves = -60 V and three different values of laser intensity.
As other Au-contact MoS; FETs (see Figure 3 in the main manuscript and Figure S11 in the
Supporting Information), the values of Vps could also be classified into three regions. In the
region A (Vps < 34 V), no electrical breakdown was observed when Ips was measured both in
the dark and under illumination. In the region B (34 V < Vps < 49 V), only the breakdown was
observed when the device was irradiated by the laser. In the region C (49 V < Vps), both currents
measured in the dark and under illumination exhibited the electrical breakdown. In case of this
device, the length of the region B was ~15 V in voltage, which corresponds to ~0.15 MV c¢m™?
in the unit of electric fields. This value is about 2.4 times larger than that of the Au-contact FET.

Figures S14b—S14d respectively show the dependence of photoresponsivity and detectivity
on Vps under different laser intensities. First, note that the values of the photoresponsivity
decreased as the light intensity increased. Second, a decrease in the detectivity along with
increasing Vps could be observed in the region C. This was due to an abrupt increase in the dark
current in the region C. We stress that the photoresponsivity generally increased with Vps,
unlike the detectivity. In case of the Pd-contact MoS,; FET, the maximum values of
photoresponsivity, detectivity and EQE in the region B were found to be ~4.6 x 10° AW, ~5.6
x 10 Jones and ~1.1 x 108 %, respectively. Also, the maximum values of photoresponsivity,
detectivity and EQE in the region C were ~3.8 x 106 A W, ~4.1 x 10%* Jones and ~9.1 x 102 %,
respectively. Again, we could confirm the enormous power of the avalanche breakdown in that
we could greatly enhance the performance of the device that showed much worse
photoresponsivity at low drain-source bias regions (11.3 A W1 at Ves = -60 V, Vps = 8 V and

P = 1.57 pW) in comparison to previously reported MoS, FETs.[525526]
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Figure S14. (a) Ips measured in the dark and under the laser irradiation with different intensity.
(b) Photoresponsivity and detectivity values calculated under the irradiation with the intensity
of 5.5 uW cm versus Vps. (C) Photoresponsivity and detectivity values calculated under the
irradiation with the intensity of 32 uW cm™ versus Vps. (d) Photoresponsivity and detectivity
values calculated under the irradiation with the intensity of 449 uW cm™ versus Vps.

D. Physical explanation of Pd-contact MoS; avalanche phototransistors

The energy band diagrams in Figure 3c, d, e in the main manuscript implies that the voltage
window of the region B, which is essential for the stable operation of MoS; avalanche
phototransistors, can be controlled by modulating the contact barrier height. We stress that
MoS; FETs with Pd contact shown in this section materializes this possibility. It is well known
that a contact barrier between MoS; and Pd is higher than that between MoS, and Au.[5#54
Accordingly, the Pd-contact MoS, FET showed a typical n-type and non-ohmic-contact

behavior (see Figure S12). Unlike the Au-contact MoS; FET, the values of Veg obtained in the
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Pd-contact device did not show a strong Ves dependence (see Figure S13) because the contact
barrier in the Pd-contact device is already too high for charge carriers to overcome regardless
of the value of Vss.[l Furthermore, the critical electric field for dark currents (i.e., Ecr dark) of
this device was estimated as ~0.46 MV cm™ at all the Vs values which is larger than that of
the Au-contact device (between ~0.26 MV cm™ and ~0.37 MV cm in the Vs range from -20
V to -50 V). This is a supporting evidence for our device operation model outlined in Figure 3c,
d, e as the higher contact barrier in the Pd-contact device delays the Vps onset of the electrical
breakdown in the dark condition. According to photoresponse of the Pd-contact device (see
Figure S14), the region A corresponded to the values of Vps smaller than ~34 V. The critical
electric field for lira (i.e., Ecrima) Was ~0.34 MV cm for the Pd-contact device, which is
comparable to ~0.29 MV cm for the Au-contact device. Considering that most of the Vps is
dissipated in the channel (see Figure S15 and related discussions in Section 13), the minute
difference between the Ecr irra 0f Au- and Pd-contact devices indicates that the breakdown under
the light condition is hardly influenced by the contact barrier height. This also supports that the
breakdown of our devices in the region B was triggered by the photogenerated carriers rather
than the electrically injected carriers. Moreover, the regimes 34 V < Vps <49V and 49 V < Vps
corresponded to the region B and C, respectively. In case of the Pd-contact device, the voltage
window of the region B was ~15 V, which corresponds to ~0.15 MV cm™. This value is ~2.4
times larger than that of the Au-contact device, which also supports the validity of the energy

band diagrams that we proposed above.
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13. Contact resistance of the MoS2 FET with Au and Pd contact

The contact resistance of FETs was extracted by using the Y-function method.5?1 This
method has been widely used to estimate the contact resistance for diverse materials.[S28-5%
The channel current (Ips) in a linear region can be expressed as following.

[ = Ho C.
PS4 0, (Vs — Vi)

w
T (Ves — Ven) Wps — IpsRc)

_ Ho
1+0V5s — Ven)

w
Ci T (Ves — Ven)Vps

Here, uo, 6ch, Ci, L, W, Rc, Vin, and 0 are respectively the intrinsic mobility in the linear region,
the mobility attenuation factor from the channel, the capacitance between the channel and the
gate per unit area, the channel length, the channel width, the contact resistance, the threshold
voltage and the mobility attenuation factor from both the channel and contact regions. The Y -

function is defined as

_ Ips _ Ho — . w —
r= Jom B VIpsWVs=Ven)/[1+0(Vgs—Vin)] h \]'uOClVDS L (VGS Vth) ’

where g,, = dlps/0V;s is transconductance. Here, the attenuation factor 6 can be expressed

as 0 =0.,+6. =0, +.u0CiRC¥ where 6 is the mobility attenuation factor from the

contact regions. Therefore, the contact resistance can be obtained as R, = i—ZVDS where S; and
1

S, are the derivative values of the Y-function and transconductance by Ves.

Figures S15a and S15b demonstrate the Y-function and transconductance data of the Au-
and Pd-contact FET, respectively. For the Au-contact device, the obtained values of S; and S
were 4.00 x 10* A V! S5 and 20.8 V! SO5, respectively. For the Pd-contact device, the
estimated values of S1 and S, were 1.46 x 10° A V1 S and 6.88 x 10° V1 S5, respectively.
We note that these values were obtained at Vps = 1 V. As a result, the contact resistance values
of the Au- and Pd- contact device were determined to be 51.9 kQ and 47.1 MQ, respectively.

These values are consistent with the previously reported values.5*!
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We next determined the channel resistance of the devices in the off state. Since the FETs
are in the off state, the Fermi level is at the middle of the bandgap of MoS,. It is known that the
resistivity of monolayer MoS> without any doping (i.e., the Fermi level is at the middle of the
bandgap) is larger than 5000 Q cm.[534 Thus, the channel resistance values of the Au- and Pd-
contact device are larger than 13.4 GQ and 12.1 GQ, respectively. These values are at least few
orders of magnitude larger than the contact resistance. This means that the applied drain-source
bias was largely applied to the channel when performing the electrical breakdown

measurements in the off state.
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Figure S15. Calculated Y-function and transconductance (inset) of (a) Au- and (b) Pd-contact
FET shown in Figure 1d in the main manuscript and Figure S12a, respectively, at Vps = 1 V.

Dashed lines indicate the fitted regions in each curve to obtain S; and Sa.
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14. Characterization and comparison of photoswitching dynamics

Figure S16 shows the photoswitching dynamics for devices used in our work. Here, the
photoswitching behaviour was characterized by illuminating a device with a continuous wave
laser and measuring Ips by ammeter. All of the devices exhibited stable photoswitching
characteristics. It took a few to few tens of seconds for the photocurrent stabilization when the
laser irradiation was turned on and few seconds for the disappearance of the photocurrent after
turning off the laser. To be specific, for the device 1, 2 and 3 (see Figure S16a, S16b and S16c,
respectively), the rise time was 27 s, 4.1 s and 4.8 s and the decay time was 1.1 s, 2.9 sand 0.2
s, respectively. Similarly to previous works, the rise time was defined as the period of time
required for the photocurrent to change from 10% to 90% of its maximum value, and the decay
time was defined as the time at which the photocurrent decreases to 1/e of its initial value.

Table S2 shows the comparison of device performance parameters (photoresponsivity, rise
time, decay time). According to Table S2, the response times of our devices were comparable
or shorter than many devices previously reported in literature. However, we could not obtain
microsecond-range photoswitching response times in our devices. We believe that it will be
possible to further enhance the photoswitching characteristics by reducing the photogating
effect (see Section 15 for further details), which significantly affects the photoswitching

dynamics of 2D-TMDC-based phototransistors.[53?]

@ Device 1 (b) @ Device 2 © @ Device 3
T T T T T T T T T

Is (AU
Is (@U.)

0 100 200 300 0 30 60 0 40 80 120 160
Time (s) Time (s) Time (s)

Figure S16. Photoswitching dynamics of three devices. The green boxes indicate when 520-
nm-wavelength laser was irradiated into the device.
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Table S2. Comparison of a channel material, photoresponsivity, rise and decay time with the

characterization method. Reference numbers without “S” are those cited in the main manuscript.

Ref Channel Material Photoresponsivity (A/W) | Rise Time (s) | Decay Time (s)
Ours MoS; 3.4 x 107 27 1.2
18 MoS: 2 x 10 NA 3

36 MoS: 880 4 9

37 MoS: 2200 25 500
38 MoS: =107 400 120
S33 MoS: 1 NA ~67
S34 MoS: <34 13 3.6
S35 MoS: <0.02 =3 ~4
44 MoSe; 97.1 7 ~1

46 WS> 61 0.002 0.002
49 WS> 0.7 25 ~1

50 WSe; 0.6 8 x 10°® 8 x 10°®
60 WSe: 25 92 58

17 MoS,/Perovskite ~10* 7 5

52 MoS; / Perovskite ~10* 0.6 0.3
54 MoS; / ZnCdSe 5000 0.3 1.2
S36 MoS; / Graphene ~9 ~6 ~4
47 In/Graphene-WS,- 2600 47 < 108 47 2 108

Graphene
- Reduced Graphene 21.8 28 x 10° 47 10°
Oxide/MoS;
59 MoSz/Ferroelectric 2570 0.002 0.002
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15. Photogating effect of MoS2 FETs

Among various mechanisms that explain the generation of photocurrent in photodetectors
based on 2D materials, photoconductive and photogating effects play the most significant role
when the drain-source bias is applied to the devices.[5¥1 According to the photoconductive
effect, free electrons and holes are created by the incident light and an increase in the number
of free charge carriers results in the photocurrent. According to the photogating effect,
photogenerated carriers are trapped in states arising from structural defects, disorders, or
imperfect interface. The trapped charges provide additional gate fields, which gives rise to a
shift in the threshold voltage. This indicates that the threshold voltage shift is one of the

distinctive characteristics of the photogating effect. In overall, the photocurrent (lpn) can be
expressed as I, = Lppc + Ipnpc = %VDsAa+gm|AVth|, Here, lphpc and lpnpc are the

photocurrent due to the photoconductive effect and photogating effect, respectively, W is device
channel width, L is channel length, Vps is drain-source voltage, gm is differential
transconductance, Ag = (An)eu isthe change in the photoconductivity by the photogenerated
charge carriers, and AV,, is the threshold voltage shift by the photogating effect.[S33S%]
Figures S17a and S17b show the output curves and transfer curves of the device shown in the
inset of Figure S17a, respectively. The device showed an ohmic-contact property and the on/off
ratio of higher than 108. According to Figure S17c, the threshold voltage of the device shifted
in the negative-Vgs direction as the laser intensity increased. As mentioned earlier, this is a
direct signature of the photogating effect. Our results demonstrate that MoS, FETSs fabricated
on hBN flakes exhibit a fairly strong photogating effect. It has also been reported that deep trap
sites in hBN may strengthen the photogating effect.[53

In addition to photoresponsivity, the photogating effect has a significant impact on the
photoswitching response times. Concerning a rise time, photogenerated carriers start to be

trapped in empty trap sites when laser is irradiated to a device. During this process, Ves
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continuously changes and this leads to additional charge injection from the drain and source to
the channel. This additional charge injection gives rise to a long rise time because it takes a
certain amount of time for Ips to reach a steady state. Since the photogating effect dominates in
most 2D phototransistors, they can exhibit a comparatively long rise time up to hundreds of
seconds as shown in Table S2. Concerning a decay time, photogenerated electrons and holes
remain to be trapped in trap sites for a certain period of time even after laser illumination is
turned off. Due to the trapped photogenerated carriers, the channel is not electrically neutral
after turning off the irradiation, thereby leading to additional charge injection from the drain
and source. Thus, the photocurrent does not immeadiately vanish but decreases within a certain
amount of time. This can cause a long decay time in typical 2D phototransistors up to hundreds
of seconds (see Table S2). This implies that further optimizations on the quality of MoS: films
and MoSz/dielectric interfaces can decrease the number of trap sites, which will make it possible
to enhance the photoswitching characteristics of 2D phototransistors. For example, a fabrication
of graphite-gated hBN-encapsulated devices that allow ultraclean interfaces and low trap
densities can make the photoswitching response of MoS; avalanche phototransistors much

faster.[540]
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Figure S17. (a) The output curves of the device shown in the inset. (b) The transfer curves. (c)
The transfer curves measured in the dark and under laser irradiation with different intensities.

The wavelength of the laser beam was 405 nm.
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