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Supplementary Note 1: Basic material characterization
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Supplementary Figure 1. Basic material characterization. a) Optical microscope image and b) Raman
spectroscopy of an as-grown single-crystal MoS2 on sapphire using a 532 nm laser.



Supplementary Note 2: C-V characteristics of the single-layer MoS:2 device

We measured a dielectric constant (&) of 18.17 for our ALD HfO:2 from several reference
metal-insulator-metal (MIM) devices with different contact areas. This high &, value reveals
an excellent quality of the dielectric.

In the C-V measurement of Fig. 1b, we calculate the threshold voltage (Vy) of 0.65 V at
room temperature, taken as the V; with half of the oxide capacitance (1/2 Cpx). At this position,
the MoS2 quantum capacitance (Cq) is equal to the oxide capacitance (Cox)'?. Using the
forward (Vry f) and backward (Vry ) threshold voltages, we obtained the room temperature
hysteresis to be 0.35 V (Supplementary Figure 2a). In addition, the forward and backward
hysteresis is around 0.3-0.6 V at varied temperatures (Supplementary Figure 2b-c), indicating
a small amount of interface disorder. At different oscillation frequencies (Supplementary
Figure 3a), C-V curves saturate rapidly with almost identical slopes without a significant
capacitance drop. This indicates a homogenous potential distribution over the whole flake due

to the surrounding configuration of the metal contact®*

. Moreover, our device exhibits an
excellent metal-semiconductor contact with a series resistance of a few kQ (Supplementary

Figure 3b), taken as the accumulation resistance in the C-V curve®.
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Supplementary Figure 2. C-V measurements. a) Forward and backward sweep of the C-V curve at 300 K. The
hysteresis is 0.35 V, measured at the middle point of capacitance. b) Temperature-dependent C-V measurement
swept in forward (top panel) and backward (bottom panel) directions. c) The threshold voltage V;y with respect
to the measurement temperature. In panels a-b, the gate voltage V; is swept in the range of 5 V, and the
oscillation voltage V, is fixed at 50 mV with a 1 MHz frequency. Sweeping speed AV are respectively 20 mV/s
in panel a and 50 mV/s in panel b.
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Supplementary Figure 3. Frequency-dependent C-V measurements. a) The capacitance-voltage (C-V) curve
and b) resistance-voltage (R-V) curve measured at different oscillation frequencies. We show here the forward
sweeping data from -5 V to 5 V with 20 mV step. The series resistance Rgs can be taken from the accumulation
region of the R-V curve as previously suggested in Supplementary Reference 5, which is pointed out by the arrow
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in panel b. In all measurements, the oscillation amplitude V, is fixed at 50 mV.



Supplementary Note 3: DLTS model for a bulk semiconductor device
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Supplementary Figure 4. Traditional DLTS configuration for an n-type bulk semiconductor. a to c)
demonstrate respectively the quiescent state before pulsing, the instant trap filling process during a pulse, and
the trap emission process after the pulse. d) Gate voltage and e) capacitance change during the DLTS
measurement. In panel a, a constant reference voltage Uy is applied on the back gate voltage and thus creates a
depletion region Wy between the interface and the quasi-neutral region. Trap states are filled by electron carriers
in the region xg < x < Wy, and are empty in the region 0 < x < xg, depending on the relative position of trap level
E+ and Fermi level Eg. During the voltage pulse in panel b, the band bending is relieved and the depletion width
(Wp) is shortened, which allows an additional region (xp < x < xg) of trap states to be filled by electrons. In panel
c, the gate voltage returns back to Uy, leading to the restoration of band bending and depletion width to the initial
status. The trap states in the region xp < x < xg will start emitting electrons, leading to a capacitance transient
recorded by the DLTS instrument. Here, the orange shaded regions represent the MoSz band below Eg. The black
solid, green solid, and green hollow circles respectively represent the trap states, which are filled, temporarily
filled, and emitting electrons. The green arrows demonstrate the carrier emission process. As can be observed
directly from the band bending, the structure is kept at depletion during the whole process and there is very little
carrier accumulation at the interface. Though interface trap states are also filled by electrons as pointed out by
the dark blue arrow in panels b-c, the transient signal is dominated by the bulk traps spatially located in the
region xp < x < xg.



Supplementary Note 4: Decay of the transient signal under various
temperatures

Here in Supplementary Figure 5, we plot the decay of the transient signal under various
temperatures for the data set shown in Fig. 2a. The transient signals are highly dependent on
temperature, which can be easily explained by Supplementary Equation 2, where the trap
emission rate increases exponentially with temperature. The measured DLTS signal at a certain
temperature corresponds to AC = C(t;) — C(t,). Therefore, at high temperature (400 K) the
transient decays very fast and relaxes before the time window (t; and t,), resulting in almost
zero AC value. In contrast, the low emission rate at cryogenic temperature (13 K) would lead
to a slow transient decay, which expands along the time scale and thus gives a similar small
AC within t; and t,. In-between, the DLTS signal reaches the local maximum at around 150 K
and 250 K, indicating a correspondence between the trap emission rate and the time window

defined by the correlation functions (Eq. 2-3).
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Supplementary Figure 5. DLTS signal changing with temperature. a) The transient decay over time under
various temperature conditions. b) The normalized Fourier transform DLTS signal measured using b, correlation
function or the indicated time window t; and t, shown in panel a. Two types of defect states are observed with
peak transients at around 150 K and 250 K, respectively.

Supplementary Note 5: Arrhenius functions for bulk and single-layer devices
Comparing Fig. 1¢ and Supplementary Figure 4, we can identify two main differences between

the single-layer and bulk devices. First, for single-layer devices, carriers involved in emission



are confined in only one layer, therefore retaining only the energy (E) degree of freedom. In
contrast, carrier trapping and emission in bulk semiconductor gives information in both the
energy (E) and the width (x) scale, allowing identification of different trap states according to
their distance from the interface®. Secondly, bulk devices are usually operated in depletion
mode (Ug < Up < Vpy), while single-layer devices are tuned from depletion to accumulation
(Ur < Vg < Up). This allows the detection of trap states in a wider energy range in single-
layer devices. Except for the above differences from the band diagram, the thermal velocity
vy, and the effective electron density of states N are also divergent for bulk and single-layer
materials, which can result in slightly different Arrhenius functions as will be described below.
First, the capacitance transient can be described as an exponential decay for a single trap
state®,
C(T) —Cr=—AC-e et =—AC-e7t/" (1)
where the carrier emission rate (e, ) and time constant (7) as a function of the temperature (T)

can be expressed by:

. _Ec-Er
~=ey =0,V Nc-e kT 2

where g, is the capture cross section, vy, is the thermal velocity, N¢ is the effective electron
density of states, E¢ is the conduction band minimum, E7 is the trap energy level, and kg is the
Boltzmann constant. Here, vy, and N for bulk and single-layer materials can be expressed as
below:

3kgT 2kgT

veh(3D) = -~ ; v (2D) = -~ (3)
3
2mmy,kgT\2 8m'myekgT
Ne(3D) = 2 (F24ee D) 5 N (2D) = Edeel 4)

Combining Supplementary Equations 2-4, we can obtain the Arrhenius functions for a bulk

semiconductor as below:



2 x 3
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or In(z-T%-K3p) = EC fr.2

—In(o,) (3D Arrhenius) (6)

and the modified Arrhenius function for 2D materials as below:

. 3
In <T Tz - Bf“mde sz> Ee?fr.2 _1n(s,) (2D Arrhenius) (7)
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where Supplementary Equations 6 and 8 are simplified with constant K3p and K,p values,

3
which are calculated to be 1.56 X 10T cm™2-s™1- K2 and 2.74 x 10 cm~1-s71-K™2

respectively, if taking the effective mass as mj, = mg. = 0.48 m,’. Except for the different

K values, the temperature factor of In(T2) for 3D and In(73/2) for 2D on the left side could
also result in systematic errors if directly using the 3D Arrhenius function on our single-layer
device for energy and cross section calculation. In addition, the unit of capture cross section g,
has changed from cm? in 3D structure into cm in 2D, which physically means the possibility

of electron carriers being trapped in width (W) scale rather than area scale (W X t).

Supplementary Note 6: DLTS isothermal measurement at room temperature

To find the optimal pulsing parameters and to investigate different emission conditions, we
performed a series of isothermal measurements at room temperature by varying the pulse width
tp, reference voltage Uy, and pulse voltage Up. As shown on Supplementary Figure 6a, the
DLTS signal first increases logarithmically with the extended pulse duration, then reaches a
plateau when tp > 6.8 ps, and grows slightly when tp exceeds 100 ms. These two stages of
growth signify respectively the charging of the MoS: traps at the interface and the slow-

responsive oxide traps®. Therefore, we choose tp = 100 ps as our default parameter to guarantee



a maximum charging of atomic defects at the interface, while avoiding unnecessary oxide
charging.

In Supplementary Figure 6b-d, we further explore its dependence on the applied gate
voltage. First, we fix the Up/Egp at strong accumulation and vary Ug/EgR from a deep to
shallow position to enable the detection of trap states in a varied energy range (Supplementary
Figure 6b). We observe the appearance of a DLTS peak when Ug is 0.6 V (Ug peak), indicating
the dominant trap states located near Egg peax In the band gap. Similar behavior is also
observed in Supplementary Figure 6¢ when fixing the pulse height Uy and varying Uy and Up
simultaneously. Compared with the temperature-dependent DLTS measurement shown in Fig.
2, we can attribute the isothermal peak to T2 or Vs and Vsz. In Fig. 2, we use a Ui value giving
the maximum DLTS signal in the isothermal measurements (Supplementary Figure 6).

In Supplementary Figure 6d, we investigate the dependence of the DLTS signal on the pulse
voltage Up. As sketched in the inset, we fix the Ur/Egr near the position of T2
(UR_peak/ErR peax) and increase the Up/Eyp from a weak depletion to a strong accumulation
region. In this way, we not only allow the trap filling from deep to shallower positions, but also
increase the filling rate of deep traps. We observe that the DLTS signal arises at Up =2 V and
continue growing with the increase of Up, revealing the partial filling of trap states at low pulse

voltage.
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Supplementary Figure 6. DLTS isothermal measurement performed at 300 K. DLTS signal change with a)
the pulse width tp while fixing the voltage conditions, b) the reference voltage Uy while fixing the Up, c) Ug and
Uy together while fixing the pulse height Uy, and d) the pulse voltage Up while fixing the Ug.

Supplementary Note 7: Normalized DLTS temperature scan
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Supplementary Figure 7. Normalized Fourier transform DLTS signal measured using different correlation
functions. Here shows the 11 correlation functions with good signal to noise ratios. They are used to plot the
Arrhenius curves shown in Fig. 2b and to calculate the Ec — Ey and o,, values.



Supplementary Note 8: Tuning the trap-filling ratio by t, and Up
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Supplementary Figure 8. DLTS isothermal measurement under various tp and Up conditions. b; — tp
curves for different Up values measured at 12 K. The period width Tyy is 10 s in all measurements. The DLTS
amplitude increases along with tp and Up, indicating a rising trap-filling ratio. There is an obvious critical point at
tp_th = 6.8 us for the pulse to rise up. Below tp_th, the interface traps are not sufficiently charged while above
that, the filling ratio depends more significantly on Up values. When Uy is higher than 5 V and tp longer than 6.8
Js, the DLTS amplitude is almost constant and only slightly increases when tp > 10 ms. However, this isothermal
behavior and the filling ratio can also be temperature-dependent, requiring further investigation.

a Uph c 50

U >
4 - T1 .—’.
M ﬂ 40F —m- T2 -
Ul _____ W ______B______ T "
o 30 Mg
50 S PR _-u
b E, Ug =075V 2 e u--u-""
I)E, ; tp=100 s g 201 Pl Ty
40-£T:. < - __m--"
REPINRE L Up=475V 10 g--"
TN, 0.0— A A .
30f d
y o2l @ -8--@--9--0--0
= _ - ,\\,,\,, ,,’,.__..,—,,,,,. rrrrrr -~ T IO TE.
.
20F \?ﬁl -0.4} [ ]
fiig
E0BF o ——r =@ =0 ==0
10} IR N PP
0.8 \!,—"’
0750 100 150 200 250 300 350 400 105 32 35 20 27 25
Temperature (K) Pulse Voltage Up (V)

Supplementary Figure 9. DLTS measurement under various Up conditions. a) A simple scheme and b) the
DLTS temperature sweep at various pulse voltage Up values. For all curves, the reference voltage Ug and the
pulse width tp are fixed at 0.75 V and 100 us respectively. ¢c) Change of peak amplitudes and d) measured trap
energies with respect to Up. Each data point is obtained from the two peak positions in panel b.
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Supplementary Note 9: STEM characterization
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Supplementary Figure 10. Sulphur vacancy (Vs) creation under electron beam irradiation during STEM
characterization. To probe the evolution of S vacancies under continuous electron-beam irradiation, a time
series was recorded from a pristine region. ADF-STEM images here show the first six frames acquired from the
series. The increasing number of SVs are clearly visible in the images. Yellow, red, and green arrows point out
Vs, Vsz2, and VsVs defects respectively.
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Supplementary Figure 11. Sulphur vacancy concentration with respect to the accumulated e-beam dose
rate. Through a linear fit, we are able to eliminate the systematic error from beam damage. The slope and
intercept of the linear fitting represent respectively the defect generation rate and the intrinsic defect concentration
before beam damage.
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Supplementary Note 10: DFT calculations
Although the Perdew-Burke-Ernzerhof (PBE) functional has been shown to systematically

underestimate the band gap size’, it has been widely used in MoS: defect calculations!®!?

partly
due to the large supercell sizes (5%5, 6x6) needed to investigate isolated defects and hence the
too high computational cost to employ hybrid functions that would lead to a more precise band
gap. Furthermore, by utilizing a small supercell (3x3) we observed that the defect levels located
close to the conduction band edge are only shifted at most by +0.1 eV with respect to
conduction band minimum when comparing the PBE with a hybrid functional (HSE06)
calculation hence confirming the validity of our PBE calculations.

Additionally, we have included spin-orbit coupling (SOC) in our calculations as the lack of
inversion symmetry in monolayer MoS: lifts the spin degeneracy of the electronic bands with
valance band displaying large spin splitting of around 150 meV'3. This inclusion of SOC also
leads to the lifting of the empty degenerate in-gap energy level of single (Vs) and double (Vs2)
sulfur vacancy and hence we observe two close laying levels as opposed to one degenerate

1'%, All of our investigated defect systems are charge neutral.

leve

According to the STEM and DLTS results in the main text, it is obvious that the T2 trap
located at 0.632 eV below E( is created mainly by single sulfur vacancy (Vs) with a slight
influence of double sulfur vacancy Vs2 and Vs pairs. However, for the other subordinate trap
(T1) with an E¢ — Et value of 0.230 eV, there is also a possibility of sulfur substitution by H
or O, or adatom. They are invisible from the STEM investigation but can create electrically
active states in the band gap (Supplementary Figure 13). Here, H adatom, possibly created from
water molecules, has a similar activation energy to T1. However, in case of any H adsorption,
they would be removed during the in-situ annealing process prior to measurement. On the other

hand, the substitutional isoelectronic O atoms form a strong bond to Mo and are considered to

be common even after annealing, but in turn provide no in-gap defect states'. Besides, antisite

12



defects such as Smo and Mos: are directly excluded here because there is no evidence of their
existence in our materials, as confirmed by STEM imaging.
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Supplementary Figure 12. Band structure of the double sulfur vacancy Vs2. As marked in red color, four
defect bands are visible in the diagram, with two states in the conduction band and two mid-gap states exhibiting
similar energy levels as Vs.
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Supplementary Figure 13. Defect energy levels for various defect types in MoS2 from DFT calculations.
The investigated vacancy defects include single sulfur vacancies (Vs), double sulfur vacancies (Vs2), first nearest
neighboring single sulfur vacancy pairs (VsVs), and molybdenum vacancies (Vmo). Here, we calculated two relative
positions of VsVs: in the same plane (SP) and different planes (DP). Antisite defects include single sulfur replacing
molybdenum (Smo), double sulfur replacing molybdenum (S2mo), molybdenum replacing single sulfur (Mos),
molybdenum replacing double sulfur (Mosz), and tungsten replacing molybdenum (Wwo). Light atom adsorption or
substitution defects are invisible under STEM but could exist on the MoS2 surface. Hs, H2s, H3s, and Os
respectively represent one hydrogen atom, two hydrogen atoms, three hydrogen atoms and one oxygen atom
filling a single sulfur vacancy. Hadd and Sadd respectively represent hydrogen and sulfur adatom on top of a sulfur
atom. Note: H3s values are taken from Supplementary Reference 15 because they are not convergent in our
calculation.
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Supplementary Figure 14. Defect hybridization between nearby sulfur vacancies. a) Atomic structures of
neighboring sulfur vacancy pairs with different distances. Here 1NN (VsVs), 2NN, 3NN, 4NN, respectively,
represent two nearby Vs with the closest, the 2™ closest, the 3™ closest, and the 4™ closest neighboring atoms.
b-e) Density of states (DOS) of the Vs pair defects shown in a). The shaded gray regions mark out the valance
and conduction bands. The in-gap defect states are indicated in red and the blue and pink shaded regions are
respectively the T1 and T2 defect states measured by DLTS. With increased distance between the VsVs pairs,
the strong defect hybridization (panel b) starts to mitigate, leading to the final convergence of the four defect levels
into two levels resembling the DOS of Vs. Here, the band gap energy Ej is predicted to be 1.68 eV using the PBE
functional including spin-orbit coupling.
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Supplementary Figure 15. Real space charge density of the in-gap defect states. a-b) Top and side view of
the charge density distribution of the 15t in-gap defect states for a) Vs and b) Vs2. c-e) Top and side view of the
charge density distribution of the ¢) 2", d) 3™ and e) 4™ in-gap state for neighboring in-plane VsVs pairs.
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Supplementary Table 1. Trap energy levels of the possible defects in as-grown MoS:.

Vs 0.481 0.522
Vs2 0.496 0.578
VsVs (same plane) 0.185 0.306 0.612 0.686
VsVs (different plane) 0.109 0.372 0.499 0.838/1.537
Vo 0.719 1.049 1.084 1.416 x 2
Swmo 0.216 0.27 0.881 1.396 / 1.508
S2mo ~0 0.91 1.248 1.316/1.366 / 1.62
Mos 0.564 0.848 0.91
Mos: 0.197 0.231 0.323 0.496/1.211/1.69
Wwo - - - -
Os 3 = 3 S
Hs 0.463 0.498 0.72 0.764
H2s 0.544 - - -
H3s 15 - - - -
Hadd 0.115 - - -
Sadd - - - -

Supplementary Note 11: Vs creation by Ar plasma treatment probed by DLTS
In Supplementary Reference 6, Li er al. have conducted a careful study about defect creation
in monolayer MoS; under mild Ar plasma conditions, where both STEM and XPS
measurement confirm the creation of additional sulfur vacancies and the absence of other defect
types like Mo vacancies. Here, we first conduct an Ar plasma test to find a mild and non-
destructive plasma condition, and then perform the DLTS measurement on a MoS2 MIS device
before and after the mild plasma irradiation (see Methods for details).

Supplementary Figure 16 presents the C-V and DLTS measurement results before and after
the plasma irradiation. The high frequency capacitance voltage (HF-CV) curve (Supplementary
Figure 16a) retains the same shape as the pristine one but shows a smaller transition slope, a

decreased saturation capacitance and an enlarged hysteresis, indicating an increased defect
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concentration with preserved electrical properties of MoS2. According to the isothermal DLTS
measurement (Supplementary Figure 16b), an apparent signal enhancement is observed at
higher temperatures (300 K and 400 K), further confirming an increased defect concentration
after the plasma irradiation. However, detailed defect characteristics, including the trap energy
level Et and capture cross section o;,, can only be obtained through a temperature sweep
measurement, as shown in Supplementary Figure 16c.

As explained in the Section “Trap state level determination by DLTS” in the main text, the
activity of a trap state changes with temperature, where the peaks indicate a matching between
the pre-set time window and the trap’s time constant at the peak temperature. Here, we observe
an apparent increase in the T2 peak intensity, as well as a shift towards higher temperatures.
Using the modified Arrhenius function for 2D materials (Eq. 1), we obtain the energy positions
of T1 and T2 before and after Ar plasma treatment, as shown in Supplementary Figure 16d.
Here, the relative trap concentration, represented by the number of balls, are obtained from the
heights of the two peaks in Supplementary Figure 16c. We notice that the shallower trap T1
remains unchanged with respect to both the energy and the trap concentration, while the deeper
trap T2 shows an increased defect density of around 25% and a shift of Et towards the mid
gap. As illustrated in the section “DFT modeling and hybridized defect states from neighboring
vacancies” and Supplementary Figures 14-15, nearby sulfur vacancy pairs (VsVs: INN, 2NN,
3NN, 4NN) can create additional hybridized defect states in the band gap, where the shortest
vacancy distance leads to the largest energy splitting. Accordingly, the downshift of Et, can
be explained by a shortened VsVs distance in average and thus a stronger hybridization and

energy splitting, resulting from the 25% increase of Vs density by the Ar plasma treatment.
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Supplementary Figure 16. C-V and DLTS measurement before and after Ar plasma treatment. a) C-V
measurement performed at 300 K and a frequency of 1 MHz. b) Isothermal DLTS measurement with varied
reference bias voltage, measured at 14 K, 300 K and 404 K. The pulse height Uy, the pulse width tp, and the
period width Ty, are respectively 3 V, 100 ys, and 100 ms. c¢) DLTS temperature sweep measurement showing
shifted peak position and increased peak amplitude. The reference voltage Uy, pulse voltage Up, the pulse width
tp, and the period width Ty, are respectively 0.5V, 4.5V, 100 us, and 100 ms. d) A schematic diagram showing
the relative energy positions and trap concentrations of the two detected defect states in the band gap. The energy
position Ey is obtained by performing Arrhenius calculations and linear fittings (Section “DLTS method for
monolayer semiconductors”), and the relative trap concentrations are proportional to the peak heights in panel c.

Supplementary Note 12: DLTS measurement of MoS: MIS device with a
transferred metal contact

According to Supplementary References !”!°, the top contacts patterned using an e-beam
evaporator can induce Fermi-level pinning and increased defect concentration. In this paper,
the impact of evaporation is significantly reduced by adopting the perimeter contact
configuration, where the area of the contact region is ten times smaller than the exposed MoS2
surface. Furthermore, the e-beam evaporator that we regularly use is characterized by a ~1 m

distance between the metal source and the target devices. However, to further testify the
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reliability and accuracy of our DLTS methodology, we perform additional experiments using
the transferred Au contacts.

Supplementary Figure 17a shows the process flow and optical microscope images during
different fabrication steps involving transfer of the metal contact on top of monolayer MoSa2,
using the PPC method adapted from Supplementary Reference '® (see Methods for details).
This method is tested several times during the experiment to achieve a complete and well-
aligned transfer. To stay consistent, the MoS:z crystals shown here are from the same MOCVD

batch as the previous sections.
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Supplementary Figure 17. Process flow of the fabrication of monolayer MoS2 MIS device with transferred
metal contacts. a) Schematic showing the fabrication process of the PPC/PDMS method of metal transfer. b)
Optical microscopy images of the device during the metal transfer process. The scale bar is 25 pm.

After the transfer, the device is loaded into the cryogenic chamber for C-V and DLTS
measurements. As shown in Supplementary Figure 18a, the C-V curves with transferred metal
contacts exhibit higher positive threshold voltages (Vry from 3.5 V to 5.5 V) than the
evaporated contacts (Vry from 0 V to 2.5 V, Supplementary Figure 2). This indicates a reduced
Fermi level pinning near the conduction band edge due to the lack of Au—S bonding for the
transferred contacts (Supplementary References 17,19). These devices still demonstrate the n-

type behavior, but require a higher gate voltage to approach the conduction band.
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Supplementary Figure 18b shows the DLTS temperature sweep measurement of a MoS:
MIS device with transferred contacts, where we again observe our previously demonstrated
two peaks at around 100 K and 300 K. Note that the latter is more pronounced and that the
former appears as a small tail (marked by a blue arrow). Using different rate windows defined
by various correlation functions (Fig. 2a and Supplementary Figure 7), the defect level is
determined to be 0.670 eV below the conduction band, corresponding to the T2 level induced
by isolated single (Vs) and double (Vs2) sulfur vacancies. The low-temperature tail should have
a lower activation energy according to the Arrhenius functions (Supplementary Note 5), which
is very likely to be associated with neighboring VsVs pairs (T1). However, due to the instrumen
limitations and the low signal-to-noise ratio, it is difficult to perform an accurate peak fitting
and calculate the precise location. These results are consistently observed in another set of
devices.

This additional experiment serves as a confirmation that the DLTS measures intrinsic deep-
level signals. Together with the defect creation experiment by Ar plasma treatment, all three
experiments demonstrate the same dominant DLTS peak associated with the deeper T2 (Vs
and Vs2) state in our monolayer MoS2. Meanwhile, the aberration-corrected STEM imaging
and theoretical calculations (main text Figs. 4 and 5) also support these results, further

confirming the reliability and accuracy of our DLTS methodology.
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Supplementary Figure 18. C-V and DLTS measurement for a monolayer MoS: MIS device with transferred
metal contacts. a) Temperature-dependent C-V measurement performed at a frequency of 1 MHz. The inset
shows the optical microscope image of the device, with a scale bar of 25 ym. b) DLTS temperature sweep
measurement showing a broad DLTS peak corresponding to the T2 trap state.. The reference voltage Uy, the
pulse voltage Up, the pulse width tp, and the period width Ty, are respectively 4.9 V, 8 V, 100 ps, and 1 s. The
inset shows the Arrhenius fit obtained from the Fourier transform DLTS signals (Section “DLTS method for
monolayer semiconductors”).

Supplementary Note 13: DLTS measurement on a control device with MIM
configuration

The total capacitance in C-V measurement can be decomposed into three main parts: the
parallel stray capacitance Cp between the top electrode and the gate, the quantum capacitance

Cq of monolayer MoS2, and the geometric oxide capacitance C, (sometimes also referred to as

Cox in the literature). According to Supplementary References >, the parallel stray
capacitance Cp originates from the extra area of the top electrode not covering the MoS:2
crystals, and therefore can be directly subtracted as a background from the C-V curve. In

addition, the oxide capacitance (Cg or Cox) is a constant value and can be directly calculated

using the flake area, the oxide permittivity and thickness. Therefore, only MoS: capacitance is
tuned by the gate voltage, whose transient signal contributes to the DLTS spectra. However, to
further confirm the origin of the DLTS signal and exclude any influence from the oxide, top
electrode or bottom gate, we design a control experiment using the metal-insulator-metal
(MIM) structure without the monolayer MoS:2 channel. We also use the same surrounding-

contact configuration to stay consistent.
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Supplementary Figure 19 shows the C-V and DLTS measurements performed on the control
MIM device. In Supplementary Figure 19a, the device capacitance remains constant for all
frequencies and applied gate voltages, with slight changes in the noise level. In Supplementary
Figure 19b we show the isothermal DLTS measurement with fixed pulse height Uy and varied
reference voltage Ug. This way, any transient response at different gate voltages can be
detected. As expected, we did not observe any significant DLTS signals for both high and low
temperatures. Similarly, no visible DLTS peak is observed in the following DLTS temperature
sweep measurement (Supplementary Figure 19¢). The exact measurements are also performed
on two other devices, and the results are very similar. These results confirm that the oxide and
parasitic capacitances have constant values in our measurements, within the applied frequency
from 2 kHz to 1 MHz, the gate voltage from -8 V to 8 V and the temperature from 14 K to 410
K. Therefore, they do not contribute to the DLTS signals and peaks shown in the previous

sections, and we conclude that the DLTS spectra solely originate from the MoS:z capacitance.
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Supplementary Figure 19. C-V and DLTS measurement for a control MIM device without MoS: layer. a)
Frequency-dependent C-V curves measured at room temperature. The optical microscope image of the control
device is shown on the right side. b) DLTS isothermal measurement performed at 410 K and 14 K, showing no
DLTS signal from the device geometry or the oxide. The pulse height Uy, the pulse width tp, and the period width
Ty are respectively 3 V, 100 ps, and 1 s. ¢) DLTS temperature sweep measurement for the control device,
showing only background noise without visible DLTS peaks. The reference voltage Uy, pulse voltage Up, the
pulse width tp, and the period width Ty, are respectively 1V, 4V, 100 ps, and 1 s.
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