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IN SITU ELECTRICAL PROPERTIES CHARACTERIZATION SYSTEM TOWARDS
SURFACE/INTERFACE ENGINEERED FUNCTIONAL DEVICES

FIELD OF INVENTION

The present invention relates broadly to in situ characterization system towards
surface/interface engineered functional devices.

BACKGROUND

Any mention and/or discussion of prior art throughout the specification should not be
considered, in any way, as an admission that this prior art is well known or forms part of
common general knowledge in the field.

A large variety of fast-emerging nanomaterials (e.g. two-dimensional (2D) materials) as well
as organic semiconducting thin films have attracted tremendous research and industrial
interests, attributed to their unique fundamental properties and versatile device applications.
These materials can be configured as electrically measurable devices to evaluate their
electronic and optoelectronic characteristics. Owing to the large surface-to-volume ratio,
surface and interface generally plays a predominant role in determining the overall properties
of nanomaterials and organic thin films. As a result, surface and interface engineering layers
have been deposited onto the surface or interface in order to effectively and reliably modulate
their intrinsic properties. However, such surface/interface functionalization scheme generally
exhibits significant sensitivity to the air exposure. One existing technique for the analysis of
the surface/interface functionalization schemes involves the fabrication and functionalization
and packaging in a controlled environment, followed by analysis of the packed device using
separate analysis systems. Owing to the requirement of packaging of the devices, e.g. several
packed devices with different surface/interface functionalization to analyze a trend, such
existing techniques are time and cost intensive.

For the practical applications of novel nanomaterials and organic thin film materials, one of
the major challenges is to effectively and reliably manipulate their electronic and
optoelectronic properties. For example, the carrier type and concentration of semiconducting
materials are required to be efficiently controlled to obtain either n- or p-type materials for
the construction of PN junctions in logic electronic circuit, light emitting diodes, and light
harvesting devices. Recently, a large amount of organic and inorganic species have been
deposited onto the surface of these materials and demonstrated to effectively and non-
destructively modulate their basic properties and device performance.

On the other hand, detailed optoelectronic characterizations on surface/interface modified
devices require high quality incident light beam with focused spot size and sufficiently high
power intensity, which is typically be achieved by the fine focusing of laser beam using
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optical microscopic set up and used on samples outside the controlled environment of device
fabrication systems.

Current characterization products from in the market can only partially address the challenges

Embodiments of the present invention seek to address at least one of the above problems.

SUMMARY

In accordance with a first aspect of the present invention, there is provided a system for in-
situ characterization of functional devices comprising:

a vacuum chamber;

a pump system coupled to the vacuum chamber for evacuation the vacuum chamber to
near ultra high vacuum pressures of about 10-® mbar or lower;

a sample holder for a functional device based on nanostructured materials disposed
inside the vacuum chamber and configured to provide electrical connection to the functional
device for measuring electrical properties of the functional device; and

a source system for exposing a surface/interface of the functional device to a
modification species;

whereby the system is configured to measure the electrical properties of the functional
device in-situ upon the exposure to the modification species.

In accordance with a second aspect of the present invention, there is provided a method of in-
situ characterization of functional devices comprising the steps of’

providing a vacuum chamber;

evacuating the vacuum chamber to near ultra high vacuum pressures of about 10
mbar or lower;

providing, inside the vacuum chamber, electrical connection to the functional device
for measuring electrical properties of the functional device;

exposing a surface/interface of the functional device to a modification species; and

measuring the electrical properties of the functional device in-situ upon the exposure
to the modification species.
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BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent to one of
ordinary skill in the art from the following written description, by way of example only, and
in conjunction with the drawings, in which:

Figure 1(a) shows a schematic illustration of an in situ vacuum optoelectronic
characterization system according to an example embodiment.

Figure 1(b) shows a photograph of a proto type of an in situ vacuum optoelectronic
characterization system according to an example embodiment.

Figure 2(a) shows a photograph illustrating the two-stage pumping system of the example
embodiments shown in Figure 1(b).

Figure 2(b) shows a photograph illustrating the electrical connections between sample stage
and BNC terminals of the example embodiments shown in Figure 1(b).

Figure 2(c) shows a photograph illustrating the thermal evaporation configuration of the
example embodiments shown in Figure 1(b).

Figure 2 (d) shows a photograph illustrating the microscope-based fine focusing setup of the
example embodiments shown in Figure 1(b).

Figure 3. (a) AFM image of an as-fabricated BP device. The line profile at the edge of the BP
flake indicates a multilayer BP crystal of ~4.8 nm (~8 layers). (b) Schematic illustration of
BP device coated by Cs;COs. (c) Forward transfer characteristics (Vg from -80 V to 80 V)
evolution of a BP FET measured at Vs¢ = 100 mV in logarithmic scale with increasing
Cs,COs thickness from 0 to 1.5 nm. (d) Electron concentration (ne) at Vg = 30 V and mobility
of BP versus Cs2COs thickness. (e) Forward transfer characteristics (Vg from -80 V to 80 V)
evolution of a separate BP FET measured at Vg = 100 mV with respect to the MoOs3
thickness from 0 to 0.8 nm. (f) Hole concentration (nh) at Vg = -30 V and mobility of BP
versus MoQs thickness.

Figure 3(a) shows an AFM image of an as-fabricated BP device and the line profile at the
edge of the BP flake indicates a multilayer BP crystal of ~4.8 nm (~8 layers).

Figure 3(b) shows a schematic illustration of the BP device coated by Cs,COs.

Figure 3(c) shows the forward transfer characteristics (Vg from -80 V to 80 V) evolution of a
BP FET measured at Vig = 100 mV in logarithmic scale with increasing Cs2COs thickness
from O to 1.5 nm, according to an example embodiment.

Figure 3(d) shows the electron concentration (ne) at Vy = 30 V and mobility of BP versus
Cs2COs thickness, according to an example embodiment.
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Figure 3(e) shows the forward transfer characteristics (Vg from -80 V to 80 V) evolution of a
separate BP FET measured at Vg = 100 mV with respect to the MoOs thickness from 0 to 0.8
nm, according to an example embodiment.

Figure 3(f) shows the hole concentration (nn) at Vg = -30 V and mobility of BP versus MoOs
thickness, according to an example embodiment.

Figure 4(a) shows the transfer characteristics evolution of a BP FET measured at Vig= 0.1V
in logarithmic scale as a function of O exposure time in dark conditions , according to an
example embodiment.

Figure 4(b) shows a linear plot of the transfer curve after 1280 mins O exposure in dark
conditions, according to an example embodiment.

Figure 4(c) shows the transfer characteristics evolution of a BP FET measured at Vsa = 0.1 V
in logarithmic scale as a function of O, exposure time upon light illumination (515 nm laser
with the power intensity of ~1.5 Wem2), according to an example embodiment.

Figure 4(d) shows a linear plot of the transfer curve after 1280 mins O exposure upon light
illumination with respect to the pristine BP, according to an example embodiment.

Figure 5(a) shows a schematic illustration of the Cs:COs; modified WSe; FET, with the
optical image of an as-fabricated WSe; device as in inset, according to an example
embodiment.

Figure 5(b) shows a linear plot of the transfer curves of WSe; FET with increasing Cs;COs
thickness from 0 to 1.6nm, according to an example embodiment.

Figure 5(c) shows the forward transfer characteristics (Vg from -60V to 60 V) evolution of a
WSe2 FET measured at Vsa = 1V in logarithmic scale as a function of Cs,COs thickness,
according to an example embodiment.

Figure 5(d) shows the electron concentration (ne) at Vg= 30 V and mobility of WSe; with
respect to Cs2COs thickness, according to an example embodiment.

Figure 6(a) shows an AFM image of an as-fabricated few-layer BP back-gated FET in two-
terminal configurations and a line profile suggesting a multilayer BP flake of ~6.5 nm (~12
layers).

Figure 6(b) shows the Raman spectrum of the exfoliated BP flake on the 300 nm Si0,/Si
substrate.

Figure 6(c) shows the transfer characteristic (/«a-Vy) of a BP device at Vg = 0.1 V with the
logarithmic plot of the transfer curve as an inset, demonstrating a hole-dominated ambipolar
transport characteristic with the hole and electron mobility of 716.0 cm?V-!s! and 18 cm?V-
157l respectively, according to an example embodiment.
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Figure 6(d) shows the Iy-Vsa characteristics (Vs from -0.1 V to 0.1 V) of the same device
with increasing gate voltages from 0 V to -80 V, according to an example embodiment.

Figure 7(a) shows the transfer characteristics (Vg from -80 V to 55 V) evolution of a BP FET
measured at V¢ = 0.1 V in logarithmic scale with increasing K thickness, according to an
example embodiment.

Figure 7(b) shows the linear plot of the same transfer characteristics with a schematic
illustration of BP devices during the deposition of K as an inset, according to an example
embodiment.

Figure 7(c) shows the plot of extracted electron concentration at Vg =25 V and mobility as a
function of K thickness, according to an example embodiment. The electron mobility of the
BP device was significantly enhanced by one order of magnitude to 260 cm2V-!s! after 1.6
nm K decoration.

Figure 7(d) shows the estimated bandgap of the few-layer BP with respect to K thickness
with and inset showing the current minimum of the transfer curves as a function of K
thickness, according to an example embodiment.

Figure 8(a) shows the UPS spectra evolution at low kinetic energy region (secondary electron
cutoff) during the deposition of K.

Figure 8(b) shows the XPS P 2p core level spectra of BP as a function of K thickness.
Figure 8(c) shows the shift of sample work function and P 2p core level versus K thickness.

Figure 9(a) shows a schematic illustration and optical image of an as-fabricated p-n
homojuction diode on a single BP flake.

Figure 9(b) shows the Is¢-Vsa characteristics (Vsq from -1 Vto 1 V) of a 1.6 nm K-coated BP
diode in logarithmic scale upon gate voltages ranging from -50 V to -10 V with a step of 5V,
according to an example embodiment. A gate-tunable rectification behavior is identified,
corresponding to a diode performance.

Figure 9(c) shows the linear plot of the rectification characteristic with the plot of calculated
rectification ratio with respect to K thickness as an inset, according to an example
embodiment.

Figure 9(d) shows the rectification characteristic of the BP diode at an optimized gate voltage
of -30 V in both logarithmic and linear scale, according to an example embodiment. The
linear regime in the logarithmic plot indicates a near-unity ideality factor of 1.007, revealing
a near-ideal diode performance.

Figure 10(a) shows a schematic of a device structure for BP-based logic invertors on an
individual BP flake.
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Figure 10(b) shows the optical image of an as-made BP invertor with three planar electrodes
that serve as Vpp, Vour and ground, respectively, according to an example embodiment.
Figure 10(c) shows the transfer characteristics of capped and uncapped BP channels in the BP
invertor, according to an example embodiment. P- and N-FET were realized in the capped BP
and uncapped BP with 0.2 nm K, respectively, facilitating the presence of inverted output in
the pink-shaded region.

Figure 10(d) shows the output characteristic and extracted gain of the BP invertor diode as a
function of input voltage at VDD = 5 V, according to an example embodiment. A highest
gain of ~0.8 was obtained near -20 V VIN.

Figure 11(a) shows an AFM image of an as-made BP back-gated FET device and a line
profile indicating a multilayer BP flake of ~5.4 nm (~10 layers).

Figure 11(b) shows a Raman spectrum of the BP flake used for device fabrication.

Figure 11(c) shows the transfer characteristics (Isa-Vg) of a BP FET device at Vs = 0.1 V
with a logarithmic plot of the transfer curve as an inset, according to an example
embodiment. The transfer plot demonstrates a symmetric ambipolar transport characteristic
with the hole and electron mobility of 83.0 cm?V-s! and 25.1 cm?V-!s"!, respectively.

Figure 11(d) shows Iy-Vsa characteristics (Vs from 0 V to 0.1 V) of the same device with
increasing gate voltages from -20 V to 40 V with Is-Vsa plot with Vg from 0 V to -0.1 V as
function of Vg from -40 V to -70 V as an inset, according to an example embodiment.

Figure 12(a) shows the transfer characteristics (Vg from -80 V to 55 V) evolution of a BP
FET measured at Vg = 0.1 V in logarithmic scale with increasing O, exposure time from 0 to
640 mins, according to an example embodiment.

Figure 12(b) shows a linear plot of the transfer characteristic upon 1280 mins exposure with
respect to the pristine BP, according to an example embodiment.

Figure 12(c) shows the plot of extracted electron and hole mobility as a function of exposure
duration, according to an example embodiment. The electron mobility of the BP device is
dramatically decreased from 25.1 cm?V-!s! to 0.09 cm?V-!s*!; while the hole mobility nearly
remained at ~100 cm?V-ls!,

Figure 12(d) shows a logarithmic plot of the transfer curve after annealing compared to
pristine and 1280 mins exposed curves, according to an example embodiment.

Figure 13(a) shows the P 2p core level XPS spectra evolution of BP as a function of O2
exposure for physisorption of oxygen on BP time in dark conditions.

Figure 13(b) shows the DFT calculated band structures of BP with physisorbed oxygen and
nitrogen. The coordinates of the physisorbed molecules are illustrated. Calculated band
structures for oxygen spin-up and spin-down configurations are shown. As nitrogen is a spin-
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zero system, the spin-averaged band structure is shown. The shaded area represents the bands
of pristine BP.

Figure 13(c) shows the Logarithmic transfer characteristics evolution (at Vsa = 0.1 V) of a BP
device with respect to N2 exposure time, according to an example embodiment.

Figure 13(d) shows the calculated electron and hole mobility versus exposure time, according
to an example embodiment.

Figure 14(a) shows the transfer characteristics evolution (at Vsa = 0.1 V) of a BP FET in
logarithmic scale as a function of O, exposure upon the illumination of a 515 nm laser (~1.5
Wem2), according to an example embodiment.

Figure 14(b) shows the linear transfer plot of 1280 mins exposure with respect to the pristine
BP, according to an example embodiment.

Figure 14(c) shows the extracted electron and hole mobility versus exposure time, according
to an example embodiment.

Figure 14(d) shows the plot of the transfer curve after annealing in logarithmic scale with
respect to pristine and 1280 mins exposed curves, according to an example embodiment.

Figure 14(e) shows the evolution of P 2p core level XPS spectra of illuminated BP upon 02
exposure.

Figure 15(a) shows an optical microscope image of an as-fabricated Back-gated WSe; field
effect transistor.

Figure 15(b) shows Raman spectra of the exfoliated WSe; flakes with magnified spectra in
the box as an inset. 'B2g Raman mode emerges at 310 cm-1, indicating the bilayer nature of
WSe; in the fabricated device.

Figure 15(c) shows the transfer characteristics (Isg-Vg) of the same device with Vg =1 V with
the logarithmic plot of the transfer curve as an inset, according to an example embodiment. p,
and . are the hole and electron mobility, respectively.

Figure 15(d) shows the Isd-Vsd characteristics of a WSe; FET as a function of different gate
voltages from 0 to 60 V, according to an example embodiment.

Figure 16(a) shows a schematic illustration of the Cs2COs-modified WSe; FET, according to
an example embodiment.

Figure 16(b) shows forward transfer characteristics (Vg from -60 V to 60 V) evolution of a
WSe; FET measured at Vig= 1 V in linear scale with increasing Cs2COs thickness from 0 to
1.6 nm, according to an example embodiment.
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Figure 16(c) shows forward transfer characteristics (Vg from -60 V to 60 V) evolution of a
WSe; FET measured at Vsa = 1 V logarithmic scale with increasing CspCOs thickness from 0O
to 1.6 nm, according to an example embodiment.

Figure 16(d) shows the electron concentration (ne) at Vg= 50 V and mobility of WSe; versus
Cs2COs thickness, according to an example embodiment. The electron mobility is remarkably
increased by almost one order of magnitude with 1.6 nm Cs;COs.

Figure 17(a) shows UPS spectra evolution at lower kinetic energy region with increasing
Cs2COs coverage.

Figure 17(b) shows the XPS core level spectra of Se 3d5/2 as a function of CsyCOs thickness.
The peaks largely shifted to the higher binding energy region, revealing the significant
downward band bending

Figure 17(c) shows W 4f5/2 and 4f7/2 as a function of Cs;COs thickness. The peaks largely
shifted to the higher binding energy region, revealing the significant downward band
bending.

Figure 18(a) shows the time-dependent photoresponse for WSe, phototransistor before and
after Cs2COs surface functionalization, specifically the time dependence of photocurrent
measured at Vgg = 1 V and Vy = 0 V upon illumination of a 473 nm laser source with the
power of 450 uW (spot diameter 2 mm) for pristine WSe, phototransistor, according to an
example embodiment.

Figure 18(b) shows the time dependence of photocurrent measured at Vig=1V and Vo =0V
upon illumination of a 473 nm laser source with the power of 450 uW (spot diameter 2 mm)
for Cs,COs-modified WSe; phototransistor, according to an example embodiment.

Figure 18(c) shows the Calculated photoresponsivity and EQE as a function of Cs:COs
thickness, according to an example embodiment.

Figure 18(d) shows the calculated detectivity as a function of Cs2COs thickness, according to
an example embodiment.

Figure 19 shows the photoresponse time of WSe, phototransistor at V¢ =1 Vand Vo, =0V,
according to an example embodiment. The rising and decaying time is around 5 ms,
exhibiting a fast photoresponse of WSe; device. After Cs:COs modification, this response
time did not significantly change.

Figure 20 shows the Photoluminescence (PL) measurements of Cs;COs-modified WSes.
After 1.6 nm CsyCOs modification, the intensity of WSe; PL spectrum clearly decreased,
revealing the decrease of recombination probability of photo-induced electron-hole pairs.

Figure 21 shows a schematic diagram illustrating a system for in-situ characterization of
functional devices, according to an example embodiment.
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Figure 22 shows a flow chart illustrating a method of in-situ characterization of functional
devices, according to an example embodiment.

DETAILED DESCRIPTION

Embodiments of the present invention provide a vacuum system design for the in situ
optoelectronic characterizations of nanomaterials or organic thin films based devices.
Example embodiments are featured by low noise electrical measurements in near ultra-high
vacuum conditions, in situ thermal evaporation of various materials for molecular beam
epitaxy (MBE) growth, fine focused light beam illumination etc. A prototype system
according to an example embodiment has been established and is described herein, by way of
example only, to characterize surface/interface engineered novel functional devices, thereby
demonstrating the great feasibility and flexibility of the system design according to example
embodiments of the present invention for commercialization towards novel materials based
functional electronic and optoelectronic applications.

The features and functions of a system according to example embodiments include the low
noise electrical measurements in near ultra-high vacuum (UHV) conditions, in situ thermal
evaporation of various materials, fine focusing of light beams for illumination, flexible
sample loading and gas introduction etc.

Equipment design and system according to an example embodiment

Figure la schematically illustrates the design of the in situ vacuum optoelectronic
characterization system 100 according to an example embodiment. The whole system 100 is
mounted on a standard optical table 102 to minimize the vibration of each part of the system
100. The sample (not shown) can be easily loaded into the sample stage 104 through the
horizontally oriented fast entry door 106 with viewport 108. The sample stage 104 is
configured in this example embodiment as a leadless chip carrier (LCC) socket that is
electrically connected with Bayonet Neill-Concelman (BNC) feedthrough flange 112 for
outside connection to source meters (not shown). Upon the close of fast entry door 106, a
two-stage pumping system (not shown) in this example embodiment including a rotary
mechanical pump and turbo molecular pump can evacuate the whole chamber 114 to near
UHV conditions (~10® mbar) after several days’ pumping.

For the in situ thermal evaporation, the sample stage 104 can be positioned to a deposition
position in the vacuum, where a custom designed effusion cell is configured at about 30
degrees relative to the horizontal direction towards the sample stage 104 for thermal
evaporation of various materials, as illustrated in Figure la. A quartz crystal microbalance
(QCM) 116 can decline in front of the sample stage 104 in the deposition position to
precisely monitor the real-time evaporation rate.



10

15

20

25

30

35

WO 2019/164454 PCT/SG2019/050106

Advantageously, the system 100 according to an example embodiment can provide in-situ
electrical measurements of the devices during surface/interface functionalization deposition,
also referred to hereinafter as “real-time” in-situ measurements.

After deposition, the sample stage 104 can be positioned close to the quartz viewport 108 on
the fast entry door 106 for light illumination. A portable optical microscope 118 configured
with long working distance objectives e.g. 120 is set up outside the viewport 108 for the fine
focusing of laser beams 122. Laser beams e.g. 122 from different light sources can be
introduced into the microscope 118 for light illumination on samples in the vacuum. Different
gases can be also introduced into the chamber for gas sensing experiments.

Accordingly, using the system 100 according to an example embodiment can advantageously
enable the electronic and optoelectronic properties of fabricated devices to be in situ
characterized upon the deposition of various modification materials.

Figure 1(b) shows a photograph of a prototype system 200 according to an example
embodiment, and Figures 2(a) to (d) show photographs of the main parts of the system 200
according to an example embodiment. Specifically, Figure 2(a) is a photograph of the two-
stage pumping system with a turbo molecular pump 202 and a rotary mechanical pump 204,
Figure 2(b) shows on the left a photograph (viewed through the viewport of the electrical
connections at the sample stage 203 and to the BNC terminals e.g. 205 shown in the
photograph on the right, Figure 2(c) shows on the left a photograph illustrating the overall
thermal evaporation configuration and on the right a photograph of the effusion cell 207, and
Figure 2(d) is a photograph illustrating the microscope-based fine focusing setup with long
WD objectives 206, Halogen illumination light inlet 208, laser source inlet 210, CCD camera
with focusing lens 212, coarse translation stage 214, and XYZ fine translation stage 216.

Features and functions of the prototype system 200 according to an example embodiment:
1). Near ultra-high vacuum conditions

Upon nitrogen ventilation, 12 hours pumping can reach the vacuum level of 8 x 10 mbar.
The ultimate pressure is 4 x 10 mbar.

2). Low noise electrical measurement
DC current measurement noise level can reach as low as 1013 A
3). In situ thermal evaporation of various materials

A large variety of materials can be in situ evaporated, including organic species, metal
oxides, metal, and etc.

4). Fine focused light illumination
Fine focused laser spot with a diameter <4 um for lasers of visible spectrum

5). Easy and flexible sample loading, chamber pumping, and gas introduction
10
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6). Minimized vibration level under fine focusing of light beam

Applications of the in situ vacuum optoelectronic characterization system and method
according to example embodiments will now be described, by way of example only, not
limitation.

Specifically, in the following, some interesting research works are described obtained from
the system and methods according to example embodiment to show the great feasibility and
flexibility of such vacuum system design and characterization methods according to example
embodiments of the present invention for commercialization towards novel materials based
functional electronic and optoelectronic applications.

Example 1: Surface transfer doping induced effective modulation on ambipolar
characteristics of few-layer black phosphorus

Black phosphorus (BP), a fast emerging two-dimensional material, has been configured as
field effect transistors, showing a hole-transport dominated ambipolar characteristic. As
shown in Figures 3(a) to (f), for the first time an effective modulation on ambipolar
characteristics of few-layer black phosphorus transistors was demonstrated, through in situ
surface functionalization with cesium carbonate (Cs;CQO3) and molybdenum trioxide (MoO3).

Specifically, Figure 3(a) shows an AFM image 300 of an as-fabricated BP device 301. The
line profile 302 at the edge of the BP flake e.g. 304 indicates a multilayer BP crystal of ~4.8
nm (~8 layers). Figure 3(b) is a schematic illustration of the BP device 301 coated by Cs2COs
e.g. 306. Figure 3(c) shows the forward transfer characteristics (g from -80 V to 80 V)
evolution of a BP FET measured at Vsg = 100 mV in logarithmic scale with increasing
Cs2COs thickness from 0 to 1.5 nm, see curves 311 to 315. Figure 3(d) shows the electron
concentration (#.) at 'y = 30 V (curve 321) and mobility (curve 322) of BP versus Cs2COs
thickness. Figure 3(e) shows the forward transfer characteristics (Vy from -80 V to 80 V)
evolution of a separate BP FET measured at }sqg = 100 mV with respect to the MoOs3
thickness from O to 0.8 nm, see curved 331 to 335. Figure 3(f) shows the hole concentration
(m) at Vy =-30 V (curve 341) and mobility (curve 342) of BP versus MoQOj3 thickness.

Cs2CO:s 1s found to strongly electron dope black phosphorus. The electron mobility of black
phosphorus is significantly enhanced to ~27 cm?V-'s™! after 10 nm Cs,COs modification (see
curve 322), indicating a greatly improved electron transport behavior. In contrast, MoOs
decoration demonstrates a giant hole doping effect on black phosphorus, e. g. increasing its
hole concentration at 'z = -30 V to ~5.8 X 102cm? (see curve 341).

The findings of the tunable nature of the surface transfer doping scheme confirm black
phosphorus as a promising candidate for further complementary logic electronics.

Example 2: Oxygen induced strong mobility modulation in few-layer black phosphorus

11



10

15

20

25

30

35

WO 2019/164454 PCT/SG2019/050106

Two-dimensional black phosphorus has been configured as field-effect transistors, showing
an intrinsic symmetric ambipolar transport characteristic. In Fig. 4, the strongly modulated
ambipolar characteristics of few-layer black phosphorus in oxygen is demonstrated.

Specifically, Figure 4(a) shows the transfer characteristics evolution of a BP FET measured at
Vsa= 0.1V in logarithmic scale as a function of O; exposure time (curves 401 to 405) in dark
conditions. Figure 4(c) shows the transfer characteristics evolution of the BP FET measured
at Vsa=0.1 V in logarithmic scale as a function of Oz exposure time (curves 411 to 416) upon
light illumination (515 nm laser with the power intensity of ~1.5 Wem2),

Figure 4(b) shows a linear plot (curve 421) of the transfer curve after 1280 mins O3 exposure
in dark conditions and Figure 4(d) shows a linear plot (curve 431) of the transfer curve after
1280 mins Oy exposure upon light illumination, as compared to the pristine BP (curves 422,
432).

Pure oxygen exposure in dark conditions can dramatically decrease the electron mobility of
black phosphorus without degrading the hole transport (compare curves 421 and 422). It was
also found that the transport characteristics can be nearly recovered upon annealing in Argon.
This reveals that oxygen molecules are physisorbed on black phosphorus. In contrast, oxygen
exposure upon light illumination exhibits a significant attenuation for both electron and hole
transport (compare curves 431 and 432), originating from the photoactivated oxidation of
black phosphorus, which is corroborated by in situ X-ray photoelectron spectroscopy
characterization. The findings clarify the predominant role of oxygen in modulating
ambipolar characteristics of black phosphorus, thereby providing deeper insight to the design
of black phosphorus based complementary electronics.

It is noted that the results shown in Figure 4 did not require a fine focusing of the illumination
laser used.

Example 3: Largely enhanced optoelectronic performance of tungsten diselenide
phototransistor via surface functionalization

Two-dimensional layered transition metal dichalcogenides (TMDs) have attracted
tremendous research interests and efforts for versatile electronics and optical applications,
owing to their extraordinary and unique fundamental properties and remarkable prospects of
nanoelectronic applications. Unlike molybdenum disulphide (MoS2), the most studied TMD
material, which generally exhibits the n-type electrical transport behaviors, tungsten
diselenide (WSez) is featured by tunable transport characteristics and superior optical
properties (e.g. higher quantum efficiency). In Fig. 5, the remarkably enhanced device
performance of WSe: phototransistor via surface functionalization of cesium carbonate
(Cs2C0s) is demonstrated using the system and method according to example embodiments.

Specifically, Figure 5(a) shows a schematic illustration of the Cs;COs; modified WSe, FET
500, with the inset showing the optical image of an as-fabricated WSe, device. Figure 5(b)
shows a linear plot of the transfer curves of WSe; FET with increasing Cs;COs thickness

12
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from 0 to 1.6 nm (curves 511 to 515). Figure 5(c) shows the forward transfer characteristics
(Vg from -60V to 60 V) evolution of a WSe; FET measured at Vsa = 1V in logarithmic scale
as a function of CsyCOs thickness (curves 521 to 525). Figure 5(d) show the electron
concentration (n¢) at Vg = 30 V (curve 531) and mobility (curve 532) of the WSe; device with
respect to CsCOs thickness.

The WSe; device was found to be strongly electron doped after in situ deposition of Cs;COs3
(see curve 531). The electron mobility of the WSe; device was significantly enhanced to ~27
cm?V-1s! by one order of magnitudes after 1.6 nm Cs,COs modification (see curve 532).
Furthermore, the WSe;-based phototransistors present nearly 330-fold increase of
photocurrent with the deposition of 1.6 nm Cs2COs. The findings confirm WSe; to be a
promising candidate for the electronic and optoelectronic applications.

Example 4: Surface Functionalization of Black Phosphorus via Potassium towards Higher
Performance Complementary Devices

Two-dimensional black phosphorus configured field-effect transistor devices generally show
a hole-dominated ambipolar transport characteristic, thereby limiting its applications in
complementary electronics. Using the system and methods according to example
embodiments, an effective surface functionalization scheme on few-layer black phosphorus
was demonstrated, through in situ surface modification with potassium, towards high
performance complementary device applications. Potassium exhibits a giant electron doping
effect on black phosphorus along with a clear bandgap reduction, which is further
corroborated by in situ photoelectron spectroscopy characterizations. The electron mobility of
black phosphorus is significantly enhanced to 260 cm?V-!s™! by over one order of magnitude
after 1.6 nm potassium modification, the highest record at room temperature for two-terminal
measurements. Using lithography technique, a spatially controlled potassium doping
technique is developed to establish high performance complementary devices on a single
black phosphorus nanosheet, e. g. the p-n homojunction-based diode achieves a near-unity
ideality factor of 1.007 with an on/off ratio of ~10* The findings coupled with the tunable
nature of the in situ modification scheme according to example embodiments advantageously
enable black phosphorus as a promising candidate for further complementary electronics.

The use of two-dimensional (2D) layered materials as the building blocks of the next
generation nanoelectronic devices, represented by graphene! ? and transition metal
dichalcogenides (TMDs)?, provides the possibilities to extend the scaling limits in
conventional silicon (Si)-based complementary metal oxide semiconductor (CMOS) devices.
Despite the extremely high charge carrier mobility (> 100,000 cm?V-'s))* and a wealth of
fantastic fundamental properties®, graphene lacks a finite bandgap, thus seriously limiting its
applications in logic electronics that require a large current on/off ratio. On the other hand,
semiconducting TMD materials possess a sizeable and thickness-dependent bandgap,
however they suffer from the low charge carrier mobility®>. The emergence of 2D layered
black phosphorus (BP)® 78 exactly fills up the gap between graphene and TMDs owing to its
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high carrier mobility (up to ~6000 cm?V-!s!)® and moderate direct bandgap (tunable from
~0.3 eV for bulk to ~2 eV for monolayer)!®- 1112,

Few-layer black phosphorus flake can be isolated via mechanical exfoliation from bulk
layered crystal, where each phosphorus atom is covalently bonded to three neighboring
atoms, forming a puckered orthorhombic structure in a unit cell'® * 15 Such crystalline
structure also causes highly anisotropic electronic and optoelectronic characteristics in
exfoliated BP flakes!® 718 Unlike the direct-to-indirect bandgap transition in most cases of
10,11, 12

TMDs?, BP has a direct bandgap for all number layers , possessing great potentials for
BP-based optoelectronic applications!® 2. This intrinsic sizeable bandgap enables ultrathin
BP to be configured as field-effect transistor devices with a high current on/off ratio of 10*-
10°.% Arising from the oxygen-induced electron trapping on BP?! as well as the formed
Schottky barrier at metal/BP interfaces’” 23 24, BP-based FETs generally shows a hole-
dominated ambipolar transport characteristic, where the hole mobility and on-current are
orders of magnitudes higher than the electron side, thereby seriously restricting its
applications in complementary electronics. In order to achieve BP-based complementary
devices with high performance, it is of great significance to largely improve the electron
mobility in BP devices and develop controlled nondestructive doping methods to BP.

In conventional semiconductors, substitutional doping by introducing alien atoms into crystal
lattice is commonly employed to realize n- or p-type behaviors. However, this is seldom used
in 2D material systems due to the introduction of significant defects via this doping process®>
26 The charge carrier concentration and type of 2D materials can be tuned by applying an
external electrostatic field?”-2%2°, but the efficiency is limited for the lack of good interfaces
between dielectrics and 2D materials in the sophisticated device structures. Attributed to the
atomically thin nature of 2D materials, chemical doping based on modifying the surface with
a specific adlayer provides a strong and non-volatile doping capability on 2D materials with
the ease of device fabrication. Since the first study of chemical doping on black phosphorus
FETs via metal oxides (Cs:COs and Mo0Os)*°, several organic and inorganic species have
been utilized on BP surface to either modulate its transport properties or protect BP from
degradation in air ambient. Covalent’! and non-covalent functionalization’? by coating
polymer layers is demonstrated to effectively enhance the stability of BP against oxidization.
Very recently, metal adatoms®® 3% and cross-linked Poly(methyl methacrylate) (PMMA)?*
were spatially coated on a single BP flake to achieve complementary devices, such as logic
invertor and p-n homojunction-based diode. Nevertheless, these electron donors did not
induce significant n-doping effect on BP, resulting in limited device performance for the
lateral homojunction-based devices. Alkali metal potassium (K), one of strongest electron
donors, has been used as surface dopant to dramatically modify the electronic properties of
graphene®® and TMDs?’. For the case of BP, J. Kim et al. recently report a widely tunable
bandgap of BP with potassium doping measured by angle-resolved photoelectron
spectroscopy (ARPES) due to the giant Stark effect®. However, to date, a detailed
experimental investigation of how potassium impacts on the device performance of BP-based
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FETs is still absent. Considering the super chemical reactivity of K in air, it is necessary to
undertake in sifu characterizations on K-modified BP devices.

Using the system and methods according to example embodiments, a giant electron doping of
few-layer BP from FET perspective via the in sifu surface functionalization with potassium
was demonstrated. K modification is found to remarkably enhance the electron transport of
BP, and in particular the electron mobility is increased to 260 cm?V-'s™! by over one order
after 1.6 nm K decoration. /n situ photoelectron spectroscopy (PES) characterizations reveal
the significant interfacial charge transfer between BP and K doping layer. In addition, a clear
bandgap reduction of BP induced by a vertical electrical field from K dopants is extracted
from FET measurements, and further corroborated by the in sitru PES/ARPES results. By
spatially masking the BP channel, high performance complimentary devices are achieved in a
single BP flake after K doping, demonstrating an ideal p-n homonjunction-based diode with a
near-unity ideality factor of 1.007 and high current on/off of ~10* The realization of both n-
and p-type conduction in a BP channel gives the logic invertor device as well.

Ultrathin BP flakes were isolated on a heavily p-doped silicon substrate with 300 nm oxides
using standard micromechanical exfoliation, and subsequently configured as two-terminal
FET devices for electrical measurements, as will be described in more detail below. Figure
6(a) displays a typical atomic force microscopy (AFM) image 600 of an as-fabricated BP
device. The line profile in graph 602 indicates a 6.5 nm-thick BP flake in the FET device,
corresponding to ~12 atomic layers considering interlayer distance of 0.53 nm. Raman
spectrum 604 of exfoliated few-layer BP (see Figure 6(b)) exhibits three characteristic peaks
nearly located at 364, 438 and 465 cm™!,
labeled as Ag', By, and Ag?, respectively. The substrate Si peak is also labelled in Figure 6(b).

corresponding to three different vibration modes,

All the electrical measurements of the as-made BP devices were conducted in a high vacuum
condition (~10® mbar) in a system according to an example embodiment, due to the
environmental instability of BP*: 0. Figure 6(c) shows the typical transfer transport
characteristic (/sa-V) of the fabricated BP FETs at Vsq = 0.1. Applying the gate voltage
ranging from -80 V to 50 V, the source-drain current increased from OFF to ON state along
both negative and positive sweeping direction (inset of Figure 6(c)), corresponding to the
hole and electron transport, respectively. Moreover, the current for negative V; sweeping
increased much faster than the positive side, indicating an obvious hole-dominated ambipolar
transport characteristic. The inset logarithmic plot 606 presents a current on/off ratio of ~10%,
in good agreement with previous reports®. Extrapolating the current onset in the linear region
of both hole and electron side, the threshold voltage Vi was determined to be ~-38 V for
holes and ~23 V for electrons. On the basis of Vi, The carrier concentration induced by a
specific gate voltage }'; can be estimated by the equation:

n=-C~Va)fe

>
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where (i denotes the capacitance per unit area between BP and back gate given by
C=¢¢,/d

where € and d are the dielectric constant and thickness of SiOs, respectively). For example,
the electron concentration at V' = 25 V was derived to be 1.3 x 10!! cm™. Similarly, extracted
from the linear regime of transfer curve, the field-effect mobility of BP was evaluated in two-
terminal FET configurations by the formula below:

H= Ly

WY, v,
where dlsq /dVy represents the slope of the linear region in transfer plot, and L, W are the
length and width of conduction channel, respectively. For the device in Figure 6(c), the hole
and electron mobility were estimated to be 716 cm?V-!s! and 18 cm?V-Is!, respectively. The
source-drain current versus source-drain voltage characteristics of the same device are shown
in Figure 6(d). Excellent linearity with Vs ranging from -0.1 V to 0.1 V under different V'
(curves 611-616) reveals the ohmic contacts between metal electrodes and BP flake.

In order to investigate the surface functionalization of K on tuning the electronic properties of
few-layer BP, K was in situ evaporated onto BP FETs in high vacuum for electrical
characterizations according to example embodiments, as will be described in more detail
below.. Figure 7(a) demonstrates the typical transfer characteristic evolution in logarithmic
scale of BP devices with respect to K thickness (curves 701-706). It is worth noting that the
thickness shown in Figure 7(a) is nominal thickness calibrated by quartz crystal microbalance
(QCM), according to an example embodiment. The initial transfer curve of the pristine BP
presents a current minimum nearly located at zero gate voltage, indicating a neutral
conduction behavior without electrostatic field. With increasing K thickness, the current
minimum dramatically shifted towards negative gate voltages, in particular by over 60 V after
coating 0.8 nm K, and rapidly exceeds the safe gate voltage compliance (-80V) with further
K deposition. This suggests a giant electron doping effect on K-modified BP device,
originating from the significant interfacial electron transfer from K dopants to the underlying
BP flake. More importantly, the on-current of electron side was increased by over one order
of magnitude after 1.6 nm K deposition, revealing a remarkably enhanced electron transport
in K-doped BP. As a result, the hole-dominated transfer characteristic of the pristine BP
progressively evolved to electron-dominated behavior, and eventually reached the pure n-
type transport in the limited V, range, with the gradual deposition of K (curves 711-716), as
shown in Figure 7(b). The electron concentration (Vg =25V, curve 731) and mobility (curve
732) of BP were calculated from the method aforementioned and plotted as a function of K
thickness in Figure 7(c). The estimated electron concentration at 25 V V; sharply increased
from 1.3 x 10" cm™ to 1.0 x 102 cm™? after 0.2 nm K decoration, and almost saturated at
higher coverage. Intriguingly, K-functionalized BP shows an over one order of magnitude
enhancement of electron mobility from 18 cm?V-!s! for the pristine BP to 260 cm?V-!s™! for
1.6 nm K decorated device. Although the field-effect mobility extracted from the two-
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terminal devices is an underestimate of the intrinsic mobility, it still approaches the record
values of electron mobility from four-terminal measurements at room temperature in the
literature, such as 275 cm?V-1s! for Al-contacted BP FETs?* and 380 cm?V-!s™! for Cu-doped
BP on boron nitride*. Through the in situ surface modification of K using the system and
methods according to example embodiments, the highest ever two-terminal electron mobility
of few-layer BP at room temperature was obtained, even if the BP FETs were simply
established on Si0O,/Si substrate for the most commonly used back-gated configurations.
Previous work?! shows that oxygen molecules in air can either physi- or chemi-sorbed on the
BP surface, thus introducing high concentration of electron trapping sites that cannot be fully
released even under high vacuum. It is proposed that the n-type doping via K can
significantly increase the electron concentration in BP to fill up these trapping sites as well as
to effectively screen the trapped charges, thereby greatly enhancing the electron mobility of
BP.

In addition to the greatly improved electron transport, K-functionalized BP also demonstrates
an obvious bandgap reduction obtained from the transfer measurements in Figure 7(a).
Evaluating the minimum current of the BP device, it was noticed that the off-state gradually
increased from 2.0 x 10 A to 1.9 x 10 A after the deposition of 0.8 nm K as plotted in inset
of Figure 7(d), and further kept this trend of evolution with higher K thickness. Following the
previously reported methodology in bilayer MoS, FETs*!, the threshold voltages in the
ambipolar transfer curves were utilized to extract the size of bandgap. At the threshold
voltage of n-branch (labeled as Vi), the Fermi level at the source is aligned to the
conduction band of BP; while the Fermi level at the drain moves to align with the valence
band as V; reaches the threshold voltage of p-branch (labeled as Vp.m). Thus, the bandgap of
BP can be simply estimated using the formula below:

E o—e (Vd + Vn—th _Vp—lh }
g S ﬁ

where f is the band movement factor: B=1+Cy/ Cox. Ct and Cox are the interface trap
capacitance and oxide capacitance, respectively. Alternatively, close to the device off-state,

the subthreshold swing (SS) defined as dVg/ d(IOg]sd) equals 60x 3 mV/decade, resulting
in the extraction of £ factor from experimentally measured SS in individual transfer plot. As
shown in Fig. 2d, the estimated bandgap of BP apparently decreased from 0.45 eV to 0.35 eV
after 0.4 nm K modification. This mainly results from the Stark effect induced by a giant
vertical electric field via K doping, as reported in the previous ARPES work?®®. Further
deposition of K shifted Jp.m beyond the measurable V' range, making it difficult to estimate
the bandgap of BP at higher doping level. However, the tendency for the reduction of BP
bandgap with increasing K coverage is clear and continuous.

In situ ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy

(XPS) characterizations were further implemented on K-modified bulk BP to elucidate the

underlying interfacial charge transfer mechanism between K and BP. Figure 8(a) shows the
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evolution of UPS spectra at low kinetic energy during the deposition of K on BP. By linearly
extrapolating the low kinetic energy onset (secondary electron cutoff), the vacuum level of K-
coated BP was measured to extract the work function. After the deposition of 3.2 nm K, the
work function largely decreased from 4.16 eV (clean BP) to 2.78 eV, or a downshift of
vacuum level by 1.38 eV, originating from the substantial interfacial electron transfer from K
to BP. This significant charge transfer was further verified by the XPS core level spectra of P
2p as shown in Figure 8(b). Pristine BP exhibits a single P 2p peak with the spin-orbit split
located at 129.45 eV. Upon the K deposition, the P 2p peak quickly shifted to the higher
binding energy, markedly by 0.55 eV to 130 eV after 3.2 nm K decoration. This demonstrates
a remarkable downward band bending that suggests the Fermi level of BP moving towards or
even above its conduction band minimum (CBM), resulting from the increase of electron
concentration in K-doped BP. Similar to the previously reported surface transfer doping of
graphene*? *3| the large work function difference between K and BP results in the significant
charge transfer at K/BP interface that leads to the accumulation of excess delocalized
electrons in the BP layer, thereby resulting in a significant downward shift of the entire band
structure of BP with reference to the Fermi level. The observed vacuum level shift comprises
the downward band bending in BP and the interface dipole formed at K/BP interface. This
gives rises to a clear interface dipole extracted from the difference between vacuum level
shift and band bending as illustrated in Figure 8(c). On the other hand, the UPS spectra of the
valence band in K-modified BP were also measured at low binding energy. With the
deposition of K, the CBM of BP originally located above the Fermi level was dragged
downward below the Fermi level, as clarified by the corresponding ARPES spectra measured
at room temperature. This facilitates the measurable CBM of BP in the UPS spectra, thereby
leading to the direct observation of bandgap. Hence, a decrease of BP bandgap was identified
versus K thickness.

On the basis of the giant n-doping nature of K, a spatially controlled K doping scheme was
developed to fabricate p-n diode devices on a single BP flake. Prior to the K doping, half of
the BP channel was masked by a photoresist layer using a second e-beam lithography (EBL)
process, as will be described in more detail below, while leaving the other half exposed to
surface dopants. The schematic illustration 900 and optical microscopy image 902 of the
device structure are presented in Figure 9(a). In order to generate a steep p-n homojunction
between the capped and uncapped BP, 1.6 nm K was deposited onto the half-protected device
for in situ electrical characterizations. Figures 9(b) and (c) exhibit the typical rectification
characteristics (/sa-Vsa) of BP diodes under gate voltages ranging from -10 V to -50 V (curves
911-919) with a step of 5 V in logarithmic and linear scale, respectively, according to
example embodiments. It was observed that the current at negative bias rapidly dropped with
increasing Vy and then reached the minimum at -30 Vg, while the positive bias regime shows
a much slower current decrease. This yields the remarkable increase of rectification ratio
(defined by the ratio of the forward current to the reverse current at the same bias magnitude
of 1V) as Vs increased, which further achieves a maximum ratio of ~10* at Vz; = -30 V, as
plotted in the inset of Figure 9 (c). Such gate-dependent rectification behavior reveals the
tunable potential barrier built up cross the capped/uncapped BP boundary by the modulation
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of external electrostatic field. Similar to the previously reported BP diodes via surface
doping®* 33, the homojuntion on the half-doped BP device experiences the transition from p-p
junction, across p-n junction, and finally to n-n junction along with the positive V; sweeping.

By selecting the gate voltage of -30 V, the /-J" output of the BP diode with optimized device
performance is shown in Figure 9(d), according to example embodiments. The reverse
current is found to be <3 nA at Vg =-1 V, representing the promising characteristics for low-
power electronics. At forward bias, the BP diode was promptly switched on and obtains the
on-current as high as 15 pA under 1 V Vyq, a hallmark of diode behavior. Furthermore, the
logarithmic plot demonstrates an almost linear regime of current onset with the positive bias
even extending to 0.2 V, making the diode characteristics fit for the Schokley model.
Regardless of the parasitic resistance in the junction, the relationship between 7 and Vi
across an ideal p-n diode can be expressed as the Schokley equation:

1, =1 exp S -1
kgl

where /s is the saturation current, and # denotes the ideality factor. By linear fitting of the
current onset in logarithmic scale, the ideality factor of the BP diode was determined to be
1.007. This near-unity ideality factor combined with the rectification ratio of ~10* suggests a
near-ideal p-n diode established on the half-doped BP flake, arising from the giant built-in
potentials across the p-n homojunction.

Using the similar method to fabricate the BP diode, the logic invertor device 1000 was also
constructed on an individual BP flake via the integration of a K-doped BP FET with a pristine
BP FET. Figure 10(a) schematically shows the device structure with two different BP
channels in series. One BP channel was capped by a photoresist mask, labeled as P-FET,
while N-FET was realized in the uncapped channel by K doping. The input voltage J'n was
applied to the back gate, and the three planar contacts sequentially served as ground GND,
output Vour, and power supply Vpp, respectively, as exhibited in Figure 10(b). The transfer
characteristics of two parallel FETs on a single BP flake are illustrated in Figure 10(c),
according to an example embodiment. Prior to the K deposition, the uncapped FET shows a
similar transport behavior (curve 1001) compared to the capped one (curve 1002), owing to
the use of identical BP flake in the two FETs. After the deposition of 0.2 nm K, the transfer
output of uncapped BP channel (curve 1003) shifted towards the negative V, accompanied
by a highly improved electron transport. This leads to intersection of the n-branch of
uncapped channel with the p-branch of capped channel in the pink-shaded region, where the
conductance ratio between two channels were suddenly reversed, thus producing an inverted
output signal Four as increasing input voltage V. Figure 10(d) exhibits the output
characteristic (curve 1011) and obtained gain (curve 1012) of the BP invertor as a function of
V' at J'op =5 V. In the first regime, with /'y between -70 to -40 V, the output voltage was in
the “high” state that approaches the supply voltage 5V. When the input voltage increased
from -40 to 0 V, the output voltage shows a transition from “high” to “low” state (~0 V) with
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a steep slope. The gain of the invertor, defined by the slope of output characteristics
( G= dVOUT/dVIN
occurring at the transection between the subthreshold regions of P-FET and N-FET. As the

), follows a Dirac-d function like behavior with a highest value of ~0.8

J'w further increased, the Vour stayed steadily at the “low” state with near zero value. An
ideal logic invertor should have an infinite gain that results from an immediate transition
from “high” to “low” state. The low gain of BP invertor is mainly attributed to the utilization
of 300 nm SiO; as gate dielectric in our FETs, which requires a large gate voltage to
sufficiently tune the Fermi level of BP, thereby significantly limiting the subthreshold slope
in both P-FET and N-FET. It is believed that using a thinner or high-k dielectric, like HfO,
and h-BN, will improve the modulation efficiency of back gate and thus enhance the gain of
the BP invertor.

In summary, this example clearly demonstrate a giant electron doping effect on few-layer BP
FETs through in situ functionalization of potassium. K can significantly improve the electron
transport of BP, resulting in the remarkable increase of electron mobility up to 260 cm?V-!s!
after the deposition of 1.6 nm K. /n situ UPS and XPS measurements confirm the interfacial
charge transfer occurring at K/BP interface. The giant vertical electrical field induced by K
dopants apparently decreased the bandgap of BP, as extracted by FET measurements.
Complementary devices were subsequently established on a single BP flake using a spatially
controlled K doping scheme, realizing a near-ideal p-n diode with an ideality factor of 1.007
and rectification ratio of ~10* and a logic invertor with a highest gain of ~0.8 on the 300 nm
Si0O,/Si substrate. The results promise a facile approach to dramatically electron dope few-
layer BP, and thus effectively tailor its electron properties for the realization of high
performance BP-based complementary electronic devices.

Sample preparation and device fabrication in example 4

Few-layer BP flakes were mechanically exfoliated from bulk BP crystals (Smart Elements)
using a scotch tape, and subsequently transferred onto a degenerately p-type doped silicon
substrate with 300 nm SiOs for the FET fabrication. After locating the exfoliated BP flake by
a high-resolution optical microscope (Nikon Eclipse LV100D), polymethyl methacrylate
(PMMA) photoresist was immediately spin coated on the substrate to protect BP from
degradation in air. The conventional e-beam lithography (EBL) technique was subsequently
employed to pattern the source and drain electrodes precisely on the BP flake, followed by
the thermal evaporation of 5 nm Ti and 60 nm Au as metal contacts. After liftoff in acetone,
the as-fabricated devices were wire-bonded onto a lead chip carrier for the FET
measurements.

To build up the partially-masked BP devices, a second EBL process was applied on the two-
terminal BP channel, followed by the liftoff step. PMMA photoresist also served as the
capping layer to prevent half of the BP channel from K doping. The open window was
carefully defined at the desired position of BP channel following a precise alignment
procedure. The half-capped BP devices were also wire-bonded to a chip carrier before
loading to the vacuum chamber.
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In situ device characterization according to example embodiments, in example 4

All the as-made BP devices were loaded into a high vacuum system (~10-® mbar) for the in
situ electrical characterizations, according to an example embodiment. The device
measurements were carried out using an Agilent 2912A source measure unit at room
temperature. Potassium sources were in situ evaporated from an alkali metal dispenser (SAES
Getter) onto the devices under high vacuum conditions. The nominal thickness of K layers
was calibrated by a quartz crystal microbalance (QCM) exactly located in front of the sample
stage.

In situ PES characterization in example 4

In situ UPS and XPS measurements on K-modified bulk BP were conducted in an ultrahigh
vacuum chamber (~101° mbar) with He I (21.2 e¢V) and Mg Ka (1,253.6 eV) as excitation
sources, respectively. By applying a sample bias of -5V, the sample work function was
determined by the secondary electron cutoff at the low kinetic energy region. The Fermi level
was calibrated to a sputter-cleaned Au-foil and the experiments were performed at room
temperature. The nominal thickness of in sifu deposited K layers was estimated by measuring
the attenuation of P 2p peak before and after K deposition and further calibrated by QCM.

In situ ARPES measurements were carried out in a ultrahigh vacuum system with a
differentially-pumped UVS300 helium discharge lamp (SPECS GmbH) as the light source,
which provides monochromatized photon beam with the energy of 21.2 eV (He I), through a
toroidal mirror monochromator (SPECS GmbH). Detection was done by a PHOIBOS 150
hemispherical energy analyzer (SPECS, GmbH) equipped with a 3D delay line detector (3D-
DLD, SPECS GmbH). The Fermi level was calibrated to Au and the experiments were
performed in a chamber of base pressure better than 8 x 10 mbar.

Example 5: Oxygen Induced Strong Mobility Modulation in Few-layer Black Phosphorus

Two-dimensional black phosphorus configured field-effect transistors generally show a hole-
transport-dominated ambipolar characteristic, owing to the severely restricted electron
mobility by air ambient. Using the system and methods according to example embodiments
the strongly modulated mobility of few-layer black phosphorus in contact with oxygen is
demonstrated. Pure oxygen exposure can dramatically decrease the electron mobility of black
phosphorus by over three orders of magnitudes without degrading the hole transport. /n situ
X-ray photoelectron spectroscopy characterization reveals the physisorption nature of oxygen
on black phosphorus. Density functional theory calculations identify the unoccupied states of
molecular oxygen physisorbed on few-layer black phosphorus, that serves as electron trap but
not as hole trap, consistent with the aforementioned mobility modulation. In contrast, oxygen
exposure upon light illumination exhibits a significant attenuation for both electron and hole
transport, originating from the photoactivated oxidation of black phosphorus, as corroborated
by in situ X-ray photoelectron spectroscopy measurements. The findings clarify the
predominant role of oxygen in modulating transport properties of black phosphorus, thereby
providing deeper insight to the design of black phosphorus based complementary electronics.
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Black phosphorus (BP), as a fast-emerging two-dimensional (2D) material, stands out from
other members in the 2D family such as graphene®!:42 and transition metal dichalcogenides
(TMDs)®, and attracts substantial research interests attributed to its remarkably unique
fundamental properties and versatile device applications®*°. Few-layer BP sheet can be
exfoliated from layered BP crystals, where each phosphorus atom is covalently bonded to
three neighboring atoms to form a puckered orthorhombic structure®”. BP is featured by a
thickness-dependent direct band gap, ranging from ~0.3 eV for bulk to ~2 eV for
monolayer®!%-12, leading to great potential applications of BP based optoelectronic devices.
Moreover, highly anisotropic electronic and optoelectronic characteristics also distinguish BP
from most of materials in the 2D family4!% A1,

The inherent sizeable band gap enables ultrathin BP to be configured as field-effect transistor
(FET) devices, showing an ambipolar transport characteristic with high charge carrier
mobility up to ~1000 cm?V-!s"! and on/off ratio of ~10° at room temperature*!4-!7
the BP based FETs fabricated in air exhibit significant asymmetry between electron and hole
transport, where both electron mobility and concentration are orders of magnitudes lower

. However,

than the hole side, thus seriously limiting its applications in complementary logic electronics.
In order to effectively improve the electron transport of BP devices, several approaches have

A18, AL9 and surface transfer doping®?°

been utilized such as selection of proper metal contacts
on BP flakes. Recently, R. A. Doganov et. al report greatly enhanced electron transport of
pristine few-layer BP channels that are passivated by hexagonal boron nitride in inert

A2l This surface

atmosphere, compared to the unpassivated BP channel exposed to air
passivation can lead to the symmetric electron and hole transport behavior of BP, which
indicates that air exposure plays a dominant role in decreasing the electron mobility.
Nevertheless, the key factors in air to modulate BP transport properties are still unclear and
less understood. A comprehensive spectroscopic investigation (e.g. Raman spectroscopy) has
been recently implemented to determine the origin of BP degradation in controlled ambient
conditions*?2, which reveals the photoinduced oxidation by aqueous oxygen. However,
controlled experiments in different ambience have not yet been conducted from FET device
perspective. A deeper understanding of how air components (e.g. oxygen) impact on the BP

device performance is quite necessary for BP applications in complementary electronics.

Using the system and methods according to example embodiments it is demonstrated that the
oxygen (0O2) induce significant mobility modulation in few-layer BP FET devices. Upon Oz
exposure, the electron transport of BP devices is dramatically suppressed, exhibiting a
decrease of mobility by over three orders of magnitudes; while the hole mobility of BP is
nearly retained. The physisorption of Oz on BP is clarified by in situ X-ray photoelectron
spectroscopy (XPS) investigation. Density functional theory (DFT) calculations illustrate the
unoccupied states of physisorbed O2 on BP, giving rising to the electron trapping in BP
channels. On the other hand, O: exposure under light illumination initiates chemical
oxidation of BP, which shows the significant mobility decrease for both electron and hole
transport. /n situ XPS characterization further confirms the photoinduced oxidation of BP.
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Ultrathin BP flakes were exfoliated from bulk BP crystals and transferred onto heavily p-
doped silicon substrate coated with 300 nm SiO,, and subsequently configured as two-
terminal FET devices for controlled experiments in ambient conditions. Figure 11(a) displays
a typical atomic force microscopy (AFM) image 1100 of as-fabricated BP devices. The line
profile 1102 reveals the BP flake thickness of ~5.4 nm, which corresponds to ~10 atomic
layers considering ~0.53 nm interlayer distance in BP crystal. Raman spectrum 1104 of the
exfoliated few-layer BP (Figure 11(b)) demonstrates the characteristic peaks nearly located at
364, 438 and 465 cm™!, corresponding to the three dominant Raman-active vibration modes of
BP, labeled as Agl, Byy and Ay, respectively?> 23, The substrate Si peak is also labelled in
Figure 11(b).

All the electrical characterizations of as-made BP devices were carried out in high vacuum
conditions (~10"® mbar) using the system and methods according to example embodiments.
Figure 11(c) exhibits the typical transfer characteristic (/sq-V) of fabricated BP FETs at Vg =
0.1 V. By applying gate voltage ranging from -80 V to 55 V, the source-drain current
increased from OFF to ON state for both negative and positive sweeping, corresponding to
the hole and electron transport, respectively. Furthermore, unlike the BP devices usually
fabricated in air, the on-current of electron transport reached the same order of magnitude as
that of hole transport, revealing a symmetric ambipolar transport characteristic. The key
treatment to obtain such transport behavior is a pre-annealing process of the as-fabricated
devices in inert Argon (Ar) gas filled glove box at 120 °C for more than 30 mins, which will
be described in more detail below. After annealing, BP devices show the more balanced
ambipolar behaviors, mainly resulting from the partial desorption of adsorbed air species (e.g.
oxygen) on BP surface. Additionally, the inset logarithmic plot shows the current on/off ratio
of ~10% in good agreement with previous reports®!3-16. Extracted from the linear regime of

transfer plot, the field-effect mobility of BP flake can be evaluated via the formula below'*
20.

L dl

sd

CWCY, v, (1)

1

U

where dlsq / dVy represents the slope of the linear region in transfer characteristic, Ci is the

capacitance per unit area between BP and back gate given by C =&¢/d (% and d are the
dielectric constant and thickness of Si0,, respectively), and L, ¥ are the length and width of
conduction channel, respectively. For the device in Figure 11(c), the hole and electron
mobility were estimated to be on the same order, approximately 83.0 cm?V-!s! and 25.1
cm?V-1s! respectively. The source-drain current versus source-drain voltage characteristics
(lsa-Vsa) of the same device, as shown in Figure 11(d), possess excellent linearity for Vi
sweeping from 0 V to both 0.1 V and -0.1 V at different V; (curves 1111-1115), revealing
good ohmic contacts between BP and metal electrodes.

In order to explore how the adsorbed oxygen influences the transport behavior of BP,
fabricated BP FET devices were sequentially exposed to purified oxygen at atmospheric
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pressure within the chamber according to an example embodiment, and subsequently
evacuated to high vacuums condition for electrical characterizations. Figure 12(a)
demonstrates the typical transfer characteristics evolution of BP devices in logarithmic scale
with respect to O exposure time (curves 1201-1205). The initial transfer curve shows a
current minimum nearly located at -27 V. After 640 mins O; exposure, this minimum
gradually shifted along the positive gate voltage to ~-10 V. This suggests a slight p-type
doping effect of O, on BP flake. The carrier concentration of BP induced by a particular V' in
linear region was estimated with respect to the exposure time. More importantly, the on-
current of electron transport in BP was dramatically decreased with increasing exposure time,
in particular, by almost three orders of magnitudes after 640 mins exposure; while the hole
transport was nearly reserved. This giant attenuation of electron transport with non-degraded
hole transport is also clearly illustrated in Figure 12(b), which displays the transfer curve
1211 in linear scale after 1280 mins exposure along with that of the pristine BP (curve 1212).
The calculated electron (curve 1221) and hole (curve 1222) mobility of BP were plotted as a
function of exposure time in Figure 12(c). The electron mobility sharply reduced from 25.1
cm?V-is! to 0.09 cm?V-!s! by over three orders of magnitudes after 1280 mins O, exposure;
while the hole mobility almost remained unchanged at ~100 cm?V-!s’! It is worth noting that
the slight increase of hole mobility at the beginning of Oz exposure is mainly ascribed to the
insufficient back gate voltage that cannot fully drive the BP device to the linear hole transport
regime, thereby limiting the extracted hole mobility at initial exposure stage. In addition, as
the 1280 minutes O, exposed device is further annealed in an Ar-filled glove box, it was
found that the electron transport of BP was remarkably improved (compare curves 1231 and
1232 in Figure 12(d)), and almost returned to the pristine state (curve 1233) with the electron
mobility of 6.2 cm?V-'s’l. This nearly reversible transfer characteristic of BP suggests that O
molecules were physically adsorbed on BP surface®>* 423,

In situ X-ray photoelectron spectroscopy characterizations were carried out on Oz exposed
bulk BP to further reveal the physisorption nature of oxygen on BP. Figure 13(a)
demonstrates the evolution of P 2p core level XPS spectra of bulk BP as a function of O
exposure time in dark conditions. Pristine BP exhibits a single 2p peak with spin-orbit split
located at the binding energy of ~130 eV, consistent with previous XPS measurements*26-28,
During O, exposure under atmospheric pressure, no obvious change in the evolution of P 2p
peak was observed, as well as the appearance of phosphorus oxide related peaks with the
binding energy of ~134-135 eVA26: A2, 430 Thig clearly excludes the possibility of oxygen
chemisorption or oxidation of BP. Having established that the system in cause is physisorbed
oxygen, density functional theory was used to investigate its properties. In the optimized
geometry, the physisorbed oxygen molecule sits at 2.96 A from the top ridge of phosphorene.
The calculated binding energy is 80 meV, which is in the expected range of energies for
physisorption within the PBE approximation. The physisorbed oxygen molecule is most
stable in the paramagnetic spin-1 state, just as isolated oxygen. The calculated band structures
are illustrated in Figure 13(b). Oxygen molecules have a triplet electronic ground state, while
the spin-up occupied state lies below the valence band top, and the spin-down unoccupied
state (*) lies in the gap, with the double degeneracy lifted by the crystal field of BP. This is
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similar to the oxygen adsorption on graphene and carbon nanotubes®!. The calculated electron
affinity of physisorbed oxygen, obtained from the difference between the total energies of the
neutral and negatively charged systems, is very close to that of pristine BP with a thickness of
four layers. Thus, the physisorbed O, molecules can serve as electron trapping centers to
scatter negative charge carriers during electrical transport, thus resulting in the severely
reduced electron mobility. However, as the gap states are unoccupied the scattering of holes
is minimal, as found experimentally. In addition, the pristine BP FET showed an evident
hysteresis loop in the transfer characteristic via forward and backward gate sweeping, which
suggests the presence of intrinsic charge trapping sites in BP. Oxygen exposure induced
apparently larger hysteresis, mainly arising from the increased density of trapping sites due to
the oxygen adsorption.

As a comparison, BP based FETs were also exposed to nitrogen (Nz). In sharp contrast to the
O; case, N, exposure did not induce any obvious change in transfer curves of BP FETs with
increasing exposure time, as shown in Figure 13(c), thereby giving rise to the almost retained
electron (curve 1311) and hole (curve 1312) mobility upon Nz exposure (Figure 13(d)). This
is easily understood by verifying that the band structure of N, on BP shows no gap levels
(shown in Figure 13(b)), in contrast with oxygen, because the Ny highest occupied and lowest
unoccupied molecular orbitals are resonant with the conduction and valence bands,
respectively. However, due to the added screening by charge density of the adsorbed
molecule, the band gap of the BP is slightly decreased. This result explains the contrast
between the cases of nitrogen and oxygen adsorption, and why the later plays a predominant
role in attenuating the electron transport of BP devices.

Inspired by recently proposed photoinduced oxidation of BP in air??, controlled O, exposure
experiments on BP devices were conducted under visible light illumination, according to
example embodiments. Similar to the Oy exposure case without illumination, the typical
transfer characteristics evolution (curves 1401-1406) of illuminated BP devices as a function
of exposure time is displayed in Figure 14(a). Here, a 515 nm laser light source with a power
intensity of ~1.5 Wem™ was used to irradiate the BP device, according to an example
embodiment. The transfer curve of the illuminated BP devices shows a much faster decrease
of electron transport current than the Oz exposed devices without illumination (compare e.g.
Figure 12(a)), e.g. by four orders upon 640 mins exposure. Surprisingly, the on-current of
hole transport was also largely reduced by almost two orders of magnitudes after 1280 mins
exposure, in sharp contrast to the intact hole transport in the O, exposed BP devices without
illumination. The transfer curve 1411 in linear scale of 1280 mins exposure was plotted with
respect to the pristine BP device (curve 1412) in Figure 14(b), further illustrating the
significant suppression for both electron and hole transport. In Figure 14(c), the hole mobility
(curve 1421) of the BP device progressively degraded from 147.0 cm?V-!s! to 14.5 cm?V-!s7!
by one order of magnitude upon 1280 mins exposure; while the electron mobility (curve
1422) sharply dropped from 21.4 cm?V-!s! down to a negligible value of ~0.007 cm?V-!s!
even under 160 mins exposure. Further annealing process partially improved the electron
transport (curve 1431) of BP device thus reaching the electron mobility of ~0.4 cm?V-!s! as
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shown in Figure 14(d) with the curve 1432 of the 1280 minutes exposed, under illumination,
BP device and the curve 1433 for the pristine BP device; while the hole transport remained at
the same current level. Such irreversible transport behavior differs highly from the previous
O, exposure without illumination case, and most likely originates from the photoinduced
oxidation of BP. Moreover, the hysteresis of illuminated BP FET was significantly enlarged
after O, exposure under illumination , demonstrating the strongly increased charge trapping
sites in oxidized BP.

The light-induced oxidation mechanism of few-layer BP can be expressed as follows:
BP+/v BP 2)
BP'+0,——0, +BP+h"——PO, 3)

In equation (2), incident visible light with the photon energy exceeding the BP band gap
produces excitons and hence photoinduced electron and hole pairs in BP flake. As shown in
equation (3), the adsorbed oxygen molecules can trap those photogenerated electrons to form

intermediate superoxide anions, 0, The O: and remained photogenerated holes can further
induce the oxidation of BP and lead to the formation of phosphorus oxide species, labeled as
POx.

The photoinduced oxidation of BP was further confirmed by in situ XPS investigations, . In
contrast to the P 2p spectra evolution of BP upon O, exposure without illumination, light
illumination in O clearly led to the oxidation of BP with a gradual appearance of a
phosphorus oxide related peak at the binding energy of ~134.5 eV, as presented in Figure
14(e). The intensity of such POy peak progressively increased with the increased O» exposure
and light illumination time. Upon annealing in ultra-high vacuum conditions at 120 °C,
phosphorus oxide peak nearly remained, revealing the robust and irreversible nature of the
photoinduced oxides of BP. The results suggest that it is quite necessary to avoid light
irradiation for BP devices kept in air ambient in order to ensure their high quality and
stability.

The effect of oxygen on modulating the mobility of few-layer BP was clearly demonstrated
using the system and methods according to example embodiments. Oxygen exposure
dramatically decreases the electron mobility of BP by over three orders of magnitudes, and
meanwhile retains a non-degraded hole transport, which is explained by the fact that the
lowest unoccupied states of the paramagnetic Oz molecule lie in the band gap of BP, serving
as electron traps, as found by DFT calculations. In contrast, light illumination in oxygen
causes the oxidation of BP and significant attenuation for both electron and hole transport in
BP FETs. The results reveal the predominant role of oxygen in modulating the transport
characteristics of BP, thereby facilitating the design of BP based complementary electronic
and optoelectronic devices towards practical applications.

Methods in example 5
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Few-layer BP flakes were mechanically exfoliated from bulk BP crystals (Smart Elements)
onto a degeneratively p-type doped silicon substrate with 300 nm SiO» using a scotch tape in
air. After locating the exfoliated BP flake via a high resolution optical microscope (Nikon
Eclipse LV100D), polymethyl methacrylate (PMMA) photoresist was immediately spin
coated on the substrate to protect BP from degradation in air. The conventional e-beam
lithography technique was subsequently utilized to pattern the source and drain electrodes
precisely on the BP flake, followed by the thermal evaporation of 5 nm Ti and 80 nm Au as
metal contacts. After liftoff in acetone, the as-fabricate devices were wire-bonded onto a lead
chip carrier. The bonded devices were loaded into an Argon gas filled glove box (O, and H,O
< 0.2 ppm) and subsequently annealed on a hot plate at 120 °C for more than 30 mins. The
annealed devices were then loaded into a high vacuum system (~10® mbar) for electrical
measurements, according to example embodiments.

FET characterizations were implemented in a high vacuum chamber using an Agilent 2912A
source measure unit at room temperature, according to example embodiments. Highly
purified Oz or N2 (> 99.99 %) gas can be introduced into the vacuum chamber through a
carefully pumped gas line system. A 515 nm laser light source with the output power of
~11.8 mW (spot diameter ~0.5 mm) was employed to illuminate the sample through a quartz
viewport exactly located on top of BP devices. The annealing process of O, exposed BP
devices was conducted in an Ar filled glove box at 120 °C for more than 30 mins.

AFM scans of as-made devices were performed in a class 1,000 clean room with controlled
humidity of ~50 % using a Bruker Dimension FastScan microscope in tapping mode. Raman
spectroscopy measurements were also conducted in clean room via a backscattering
configuration using a 532 nm laser as excitation source.

XPS measurements on O, exposed bulk BP were carried out in an ultrahigh vacuum chamber
(10 mbar) with Mg Ka (1253.6 eV) as excitation sources. Oxygen exposure was
undertaken in a load lock chamber with a quartz viewport, and a 532 nm high-power light
emitting diode (LED) source of ~1.7 W was used for light illumination (~1 cm x Icm spot).

The density functional theory calculations were performed using the SIESTA package®3>433,

The generalized gradient approximation of Perdew, Burke and Ernzerhof is used for the
exchange-correlation functional®3*. The electronic core is accounted for by using ab-initio
norm-conserving pseudopotentials with the Troullier-Martins parameterization®®> in the
Kleinman-Bylander form#3¢. The basis sets for the Kohn-Sham states are linear combinations
of numerical atomic orbitals (double zeta polarised basis)*37438 The charge density is
projected on a real-space grid with an equivalent cutoff energy of 250 Ry to calculate the
exchange-correlation and Hartree potentials. A supercell containing four-layers of
phosphorene was used to model the BP surface. A Monkhorst-Pack?3® scheme with 4x4x1
points is used to sample the Brillouin Zone.

Example 6: Largely enhanced optoelectronic performance of tungsten diselenide
phototransistor via surface functionalization
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Two-dimensional (2D) layered transition metal dichalcogenides (TMDs) have attracted
enormous research interests and efforts towards versatile electronic and optical devices,
owing to their extraordinary and unique fundamental properties and remarkable prospects of
nanoelectronic applications. Among TMDs, tungsten diselenide (W Se;) possesses the tunable
ambipolar transport characteristics and superior optical properties, e.g. high quantum
efficiency. Using the system and methods according to example embodiments, a significant
device performance enhancement of WSe; phototransistor through surface functionalization
with cesium carbonate (Cs2COs) is demonstrated. WSe; was found to be strongly electron
doped with Cs,COs; modification. The electron mobility of WSe, was remarkably enhanced
by almost one order of magnitude after 1.6nm Cs,CO3 decoration. Furthermore, the WSe,
based phototransistors exhibit dramatic photocurrent increase by nearly three orders of
magnitude with the deposition of 1.6 nm Cs,COs In situ photoelectron spectroscopy
characterization confirms the significant surface charge transfer occurring at the
Cs,CO3/WSe; interface. The findings coupled with the tunable nature of surface transfer
doping scheme ensure WSe; to be a promising candidate for future 2D materials based
optoelectronics.

The graphene [B1] boom sets off rising research interests on two-dimensional (2D) materials,
among which the layered 2D transition metal dichalcogenides (TMDs) have been considered
as promising building blocks for the next generation nanoscale electronic and optoelectronic
devices owing to their abundant and unique properties [B2-8]. Compared with silicon that has
been pushed to its scaling limit in modern semiconductor industry, 2D TMDs exhibit high
immunity to a short channel effect arising from its van der Waals epitaxial structure, thereby
providing the possibility for achieving ultra-scaled transistors in highly integrated circuits
[BY]. Unlike graphene with zero bandgap, TMDs possess a sizeable layer-dependent bandgap
ranging from 1.2 eV to 1.8 eV, in some cases experiencing a transition from indirect bandgap
in the bulk to direct bandgap in monolayer, suggesting their potential applications in both
logic electronics and functional optoelectronic devices [B10,B11]. Molybdenum disulphide
(MoS,), as the most studied TMD material, mostly exhibits an unipolar n-type transport
characteristics due to the pronounced Femi level pinning effect at metal contact/MoS;
interface [B12]. Compared to MoS,, another member in TMD family tungsten diselenide
(WSe2) can achieve electron-dominated, ambipolar, and hole-dominated transport behaviors
by simply choosing a suitable contact metal [B13,B14] and the number of layers [B15].
Moreover, superior optical properties, such as high quantum efficiency of luminescence, also
make WSe; stands out from TMD family [B16-18].

Surface transfer doping, as a simple and effective doping scheme, has been extensively
utilized to manipulate the electronic properties of 2D materials [B19-22] as well as organic
semiconductors [B23-26]. Compared to the electrostatic modulation via an external electrical
field [B17,B27], surface transfer doping usually provides a stronger non-volatile doping
capability with the ease of device fabrication [B19,B21]. Surface transfer doping depends on
the interfacial charge transfer without introducing significant defects into the lattice structure
of the as-doped materials, thus nearly reserving their fundamental transport properties.
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Recently, a variety of species has demonstrated excellent surface doping effects on WSe;,
thereby effectively modulating its electronic and optoelectronic [B22,B28-34] properties. The
field-effect transistor (FET) device performance of WSe, can be remarkably enhanced by
contact doping methods [B28-30]. Moreover, solution processed organic polymers provide an
effective doping effect to enhance the optoelectronic performance of WSe; based
photodetectors [B32-34]. However, air ambients as well as solution process induced residues
may contaminate the interface between surface dopants and WSe;, thus severely altering the
interfacial interaction as well as device performance after surface functionalization. Thus, a
more controllable and clean surface doping technique is highly desired for the development
of WSe; based optoelectronics.

Using the system and methods according to example embodiments, an in situ surface
modification technique is demonstrated to largely enhance the optoelectronic performance of
WSe, phototransistor, through the deposition of cesium carbonate (Cs,COs3) in vacuum, a
strong electron donor that has been widely used in organic electronics [B23-26]. Cs2COs3 was
found to significantly n-type dope WSe;. The electron mobility of WSe, was largely
increased by nearly one order of magnitude with 1.6nm Cs>CO; coating, revealing a highly
improved electron transport in WSe, channel. More importantly, the photodetecting
behaviors of WSe, were also dramatically enhanced after Cs;COs; modification, e.g.
photoresponsivity and external quantum efficiency (EQE) of WSe; were increased by nearly
three orders of magnitudes to ~575 AW-! and ~1500% after 1.6 nm Cs;COj3 decoration. In
situ ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy
(XPS) characterization further reveal the interfacial charge transfer between Cs2COs and
WSes.

Characterizations of WSe; FET devices in example 6.

Figure 15(a) displays the optical microscopy image 1500 of an as-made WSe, FET device on
highly p-doped silicon substrate with 300 nm SiO», where 20 nm Ti/50 nm Au was deposited
as metal contacts. Raman spectroscopy of exfoliated WSe, was implemented to estimate the
layer number of the WSe;, flakes as shown in Figure 15(b). As revealed by previous studies
[B35], B2z Raman mode at 310 cm™ does not exist in monolayer WSe; and only appears in
multilayer and bulk WSe,, which indicates the presence of additional interlayer interaction.
For the E'2; and A1z mode, the bilayer WSe, (curve 1501) exhibit the highest peak intensity,
while the monolayer (curve 1502) presents the second highest intensity. Based on the Raman
spectra shown in Figure 15(b), the bilayer nature of WSe, flake was determined in the
fabricated two-terminal back-gated FET devices.

Figure 15(c) demonstrates the typical transfer characteristic (/sa-F;) of the as-fabricated W Se;
FET devices in high vacuum conditions (10 mbar). By applying the gate voltage ranging
from -60 V to 60 V. The source-drain current under 1 V bias increased along both negative
and positive sweeping directions, corresponding to the hole and electron transport,
respectively. This indicates a typical ambipolar transport behavior. The inset logarithmic plot
shows the Zon/Iofr Tatio as large as ~107, in good agreement with previous reports [B36,B37].
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The threshold voltage Vi of the ambipolar device was determined to be ~42 V for holes and
~-47 V for electrons, extracted from the linear extrapolation of current onset in the linear
region of hole and electron side, respectively (Figure 15(c)). On the basis of the transfer plot,
the carrier concentration induced by a gate voltage V' in the linear region was estimated by
the formula below:

W, V)
e @)

n=

where Ciis the capacitance per unit area between WSe» and back gate given by & = 0%, /d.
and &, d are the dielectric constant and thickness of SiO,, respectively. Similarly, the field-

effect mobility of WSe; flake can be evaluated via the equation:

L dl

sd

TWey, av, )

U

where d/sa/dVy represents the maximum slope extracted from the linear region of transfer
characteristic, L and W are the length and width of conduction channel, respectively. For the
device illustrated in Figure 15(c), the hole and electron mobility were calculated to be 4.31
and 3.97 em?V-s! respectively. The source-drain current versus source-drain voltage ([sa-
Vsa) characteristics of the same device under different gate voltages (curves 1511-1514) are
shown in Figure 15(d). Excellent linearity with Vi ranging from -100 mW to 100 mV
suggests the good contact between metal electrodes and W Se; flake.

In situ vacuum optoelectronic characterization system according to an example embodiment,
used in example 6

In order to explore the surface functionalization of Cs;COs on tuning the electronic and
optoelectronic properties of WSes, Cs:CO; was thermally evaporated onto the fabricated
devices for in situ characterizations in an in situ high vacuum optoelectronic characterization
system, as described above with reference to Figures 1 and 2. All measurements were
performed in a high vacuum condition (~10® mbar). The device can be easily loaded onto the
sample stage through a flexible fast entry door. After several hours’ pumping, the sample was
pulled back to a particular position for in sifu deposition, where a thermal effusion cell was
equipped to evaporate Cs,COs3. A quartz crystal microbalance (QCM) can be placed in front
of the sample stage to precisely monitor the deposition rate. After the surface modification,
the sample was pushed towards the quartz viewport for light illumination. An optical
microscopy setup configured with long working distance objectives was utilized for the fine
focusing of incident laser beams outside the vacuum. Electrical measurements, in sifu surface
modification via thermal evaporation, and fine focused light illumination are advantageously
incorporated in a single high vacuum system according to example embodiments for air-
eliminated interfacial investigations on functional devices under well-controlled environment.

Surface transfer electron doping on WSe; devices by Cs:COs in example 6
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Cs;COs, as an efficient n-type doping material, has been widely utilized in organic
electronics [B23-26] as well as 2D materials [B19-21] owing to its remarkable electron-
donating property. Figures 16(b) and (c) demonstrate the typical forward transfer
characteristics evolution (J from -60 V to 60 V) of WSe; FETs 1600 (Figure 16(a)) as a
function of nominal Cs;COs thickness in linear and logarithmic scale, respectively. The
pristine WSe, FET device presents a balanced ambipolar characteristic with a current
minimum nearly located at -4 V, curve 1611. With the gradual deposition of Cs,COs, the
current minimum progressively moved to the negative gate voltage, reaching ~ -60 V at 0.08
nm Cs;COs and rapidly exceeding the gate voltage compliance with further deposition, see
curved 1612-1615. This indicates a significant n-type doping effect on Cs;COs-modified
WSe, FET, originating from the interfacial electron transfer from Cs;CO; to WSe, due to
their large work function difference. The greatly improved electron transport after doping
mainly results from the following aspects: (1) reduced effective Schottky barrier between
metal contacts and WSe; due to increased tunneling probability by narrowing the barrier; (2)
increased electron concentration by electron transfer from Cs;CO3; to WSe; (3) enhanced
electron mobility after Cs;COs modification. The calculated electron concentration, curve
1621, (Jz = 50 V) and mobility, curve 1622, are plotted with respect to Cs;COs3 thickness in
Figure 16(d). The estimated electron concentration of WSez at 50 V V clearly increased from
9.6 x 10° ecm? to 9 x 10'° cm with the gradual deposition of Cs:COs. Unexpectedly, the
Cs2COs-modified WSe, device present almost one order of magnitude enhancement of
electron mobility from 3.9 cm?V-s! to 27 cm?V-s! after 1.6nm Cs,COs decoration,
indicating a remarkably improved electron transport in the WSe, channel. It has been
reported that the adsorbed oxygen atoms can induce high concentration of charge (electron)
trapping sites in WSe; with chalcogen vacancies, hence limiting the mobility of undoped
WSe: [B20,B38]. The n-type doping can effectively increase the electron concentration to fill
these trapping sites as well as to effectively screen the trapped charges, resulting in the
greatly enhanced electron mobility [B20]. Alternatively, the narrowing of Schottky barrier
induced by the electron doping facilitates the electron transport in WSe;, thus approaching to
its intrinsic transport properties. The results reveal that Cs:COs can serve as an effective n-
type surface dopant to largely improve the electron transport in WSe, devices.

To shed light on the interfacial charge transfer mechanism between Cs;CO3 and WSe,, in situ
UPS and XPS characterizations were carried out on CspCOs-modified bulk WSe;. The
evolution of the UPS spectra at the low kinetic energy region with respect to Cs:COs3
thickness is exhibited in Figure 17(a). By linearly extrapolating the low kinetic energy onset
in UPS spectra, the work function of natural bulk WSe; was measured to be 4.18 eV. After 1
nm Cs;COs deposition, the work function sharply decreased to 3.72 eV, originating from
substantial interfacial electron transfer from Cs;CO3 to WSe;. This significant charge transfer
was also confirmed by the XPS core level spectra. Figures 17(b) and (c) show the Se 3d and
W 4f core levels, respectively, evolved with the deposition of Cs;COs. After 10nm Cs2COs
deposition, Se 3d and W 4f core level largely shifted to the higher binding energy by 0.5 eV
and 0.3 eV, respectively. This reveals the significant downwards band bending in Cs;COs-
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modified WSe,, resulting from the increase of electron concentration thus making the Fermi
level move closer to the conduction band of W Se,.

Cs2COs-functionalized WSe; phototransistors in example 6

Atomically thin TMDs with thickness-tunable bandgap have been predicted as promising
candidates for the next generation optoelectronics. Using the system and methods according
to example embodiment, the photodetecting performances of WSe; phototransistors
functionalized by Cs»CO; has been further investigated, which demonstrates a significant
enhancement of device performance such as photo-responsivity and external quantum
efficiency. In situ photoresponse measurements according to example embodiments were
implemented under the illumination of a 473 nm laser with the light power of 455 uW (spot
diameter 2 mm) immediately after the deposition of Cs;COs layers in high vacuum
conditions. Figure 18(a) exhibits the time-dependent photoresponse characteristics of pristine
WSe, phototransistor at Vsg =1V and Vy = 0 V (nearly off state). The pristine WSe, device
shows reproducible photocurrent of ~0.8 nA, while the photoresponse time is less than 5 ms
(see Figure 19). With the gradual deposition of Cs2COs, the photocurrent was dramatically
increased as shown in curves 1801-1804 in Figure 18(b), e. g. by nearly three orders of
magnitude from 0.8 nA to 0.5 pA after 1.6 nm Cs,COj5 decoration. Such great photoresponse
enhancement is proposed to arise from two different effects: (1) reduction of effective
Schottky barrier after doping improves the photodetecting performance of the WSe, FET
devices; (2) surface modification decreases the recombination probability of photo-activated
charge carriers. At zero gate voltage, the WSe» transistor is nearly in off state, and a non-
negligible Schottky barrier exists between metal contact and WSe; flake. Upon the
illumination on WSe, device with source-drain bias, the photo-generated charge carriers in
the WSe; channel could undergo a thermally assisted tunneling process passing through the
Schottky barrier to the metal electrode, which contributes to the photocurrent. After the
Cs2CO; modification, the Fermi level was dragged upwards to the conduction band of WSe,
which narrows the energy barrier thus reducing the contact resistance. This significantly
facilitates the transport of the photo-induced charge carriers penetrating the barrier to be
collected by metal contacts, leading to the great photocurrent enhancement. Furthermore, the
second effect was corroborated by the photoluminescence (PL) characterizations on Cs;CO3-
doped WSe; flake (see curves 2001 and 2002 in Figure 20). The PL intensity showed a clear
decrease after the Cs2COs coating, which suggests the reduced recombination probability of
photo-induced electron-hole pairs, hence contributing to the giant increase of photocurrent.

The photoresponsivity (R) and external quantum efficiency (EQE), as two critical parameters
of phototransistor performance, were calculated and plotted as a function of dopant thickness
in Figure 18(c). R is defined as the photocurret generated by per unit power of incident light
on the effective area of a phototransistor, while EQE is the number of carriers circulating a
phototransistor per absorbed photon and per unit time:

R=1,/PS ©)
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EQE = heR/ e, ™

Where Ipn is the photocurrent induced by the incident light, S is the effective area under
illumination, P is the light intensity and 4 is the wavelength of incident light, and A, ¢ and e
represent the Plank constant, velocity of light and the charge of electron respectively. After
depositing 1.6 nm Cs,COs3, the responsivity of WSe; device was increased from 0.92 to 575
AW, while the corresponding EQE was improved from 241% to 1500%, which
demonstrates an outstanding performance enhancement for surface-functionalized WSe;
phototransistors. Specific detectivity (D*) is another essential parameter to evaluate the
quality of phototransistors, which is a measure of detector sensitivity and determines how
weak the light signal could be identified from the noise environment. The shot noise from the
dark current is assumed to be the major contributor to the total noise and the specific
detectivity can be given by:

D* :RAI/Z /(Zq[d)l/z (8)

where R is the photoresponsivity, 4 is the area of the detector, ¢ is the unit of charge, and /g is
the dark current. As shown in Figure 18(d), the detectivity D firstly shows a slight decrease
from 4.45 < 10® Jones to 2.5 x 10% Jones at 0.01 nm Cs;COs. This is mainly attributed to the
sharp increase of dark current at the initial doping stage. With further Cs,CO3 deposition, the
detectivity exhibits a gradual enhancement from 2.5 x 108 Jones to 1.57 x 10° Jones due to
the comparable increase of photocurrent to that of dark current.

Using the system and methods according to example embodiments, a significant performance
enhancement of WSe, phototransistors waq clearly demonstrated, through in situ surface
functionalization with Cs,CO3 overlayers. The electron mobility of WSe, was found to be
remarkably enhanced by almost one order of magnitude after 1.6 nm Cs2CO; modification.
For the photodetecting performance of CsyCOs-functionalized WSe; phototransistors, the
photoresponsivity and EQE was dramatically increased by almost three orders with 1.6 nm
Cs2COs decoration. The results promise a simple and controllable method to significantly
electron dope WSe», thus effectively tailoring the electronic and optoelectronic properties of
WSe; to realize the high performance WSe; based functional optoelectronic devices.

Sample preparation and device fabrication in example 6.

WSe, flakes were mechanically exfoliated from bulk WSe, crystals (hq-graphene) using a
scotch tape and transferred onto degenerately p-type doped silicon wafers coated with 300
nm SiO;. Exactly after locating the exfoliated WSe; flake by using high-resolution
microscope (Nikon Eclipse LV100D), photoresist PMMA was immediately spin coated onto
the sample to protect the flake from being degraded in the air ambient. The source and drain
electrodes were precisely patterned on the flake using the conventional e-beam lithography
technique, followed by thermal evaporation of Ti (20 nm) and Au (50 nm) as the metal
contacts. After liftoff, the as-made devices were wire bonded onto a leaded chip carrier
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(LCC) and loaded in the custom-designed vacuum system (~10-® mbar) for in situ electrical
measurements.

In situ device characterization according to example embodiments, used in example 6.

FET characterizations were carried out using an Agilent 2912A source measure unit at room
temperature. Cs;CQO; was evaporated in situ from a Knudsen cell onto the devices in a high
vacuum chamber. The nominal thickness of Cs,CO; layers was calibrated by a quartz crystal
microbalance exactly located in front of the sample stage. In situ photoresponse
measurements according to example embodiments were also conducted right after the
deposition of the surface modification layers under high vacuum condition. The sample was
illuminated by a 473-nm laser with power of 455 uW (spot diameter 2.0 mm).

In situ UPS and XPS characterization in example 6.

In situ UPS and XPS measurements on CsyCOs-coated bulk WSe, were carried out in an
ultrahigh vacuum system (101° mbar) with He I (21.2 eV) and Mg Ko (1,253.6 eV) as
excitation sources, respectively. By applying a sample bias of 5 V, the sample work function
was determined by the secondary electron cutoff at the low kinetic energy region. The
nominal thickness of in situ deposited Cs,CO;3 layers was calibrated by quartz crystal
microbalance and further confirmed by atomic force microscope.

Figure 21 shows a schematic diagram illustrating a system 2100 for in-situ characterization of
functional devices, according to an example embodiment. The system 2100 comprises a
vacuum chamber 2102; a pump system 2104 coupled to the vacuum chamber 2102 for
evacuation the vacuum chamber 2102 to near ultra high vacuum pressures of about 10 mbar
or lower; a sample holder 2106 for a functional device based on nanostructured materials
disposed inside the vacuum chamber 2102 and configured to provide electrical connection to
the functional device for measuring electrical properties of the functional device; and a
source system 2108 for exposing a surface/interface of the functional device to a modification
species; whereby the system 2100 is configured to measure the electrical properties of the
functional device in-situ upon the exposure to the modification species.

The system 2100 may comprise an optical microscope system 2110 external to the vacuum
chamber 2102 and configured to illuminate the surface/interface of the functional device
when disposed on the sample holder 2106 in the vacuum chamber 2102, whereby the system
2100 is configured to measure optoelectrical properties of the functional device in-situ upon
the illumination.

The vacuum chamber 2102 may comprise a view port 2112, and the microscope system 2110
is configured to illuminate the surface/interface of the functional device when disposed on the
sample holder 2106 in the vacuum chamber 2102 through the view port 2112.
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The sample holder 2106 may be moveable to position the functional device in a fine focus
position for the illumination of the surface/interface of the functional device.

The system may comprise a vibration reduction or elimination mechanism 2114 coupled to
the vacuum chamber 2102, the optical microscope system 2110 and the sample holder 2106.

The source system 2108 may comprise one or more of an evaporation cell for evaporating
various materials inside the vacuum chamber and a gas-inlet for introducing various gases
into the vacuum chamber.

The evaporation cell may be configured to direct the evaporated material towards the
surface/interface of the functional device when the sample holder 2106 is in a deposition
position.

The evaporation cell may be configured to direct the evaporated material towards the
surface/interface of the functional device when the sample holder 2106 is in a deposition
position at a non-zero angle relative to an optical axis of the microscope system 2110.

The system 2100 may comprise an evaporation rate measurement mechanism 2116 disposed
inside the vacuum chamber 2102 to monitor the evaporation rate of the evaporation cell.

The evaporation cell may comprise a molecular beam epitaxy, MBE, source.

Figure 22 shows a flow chart 2200 illustrating a method of in-situ characterization of
functional devices, according to an example embodiment. At step 2202, a vacuum chamber is
provided. At step 2204, the vacuum chamber is evacuated to near ultra high vacuum
pressures of about 10 mbar or lower. At step 2206, electrical connection is provided, inside
the vacuum chamber, to the functional device for measuring electrical properties of the
functional device. At step 2208, exposing a surface/interface of the functional device is
exposed to a modification species. At step 2210, the electrical properties of the functional
device are measured in-situ upon the exposure to the modification species.

The method may comprise providing an optical microscope system external to the vacuum
chamber and illuminate the surface/interface of the functional device when disposed inside
the vacuum chamber, and measuring optoelectrical properties of the functional device in-situ
upon the illumination.

The method may comprise illuminating the surface/interface of the functional device when
disposed in the vacuum chamber through a view port.

The method may comprise moving the functional device in the vacuum chamber to position
the functional device in a fine focus position for the illumination of the surface/interface of
the functional device.

The method may comprise coupling a vibration reduction or elimination mechanism to the
vacuum chamber, the optical microscope system and the functional device.
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The method may comprise using one or more of an evaporation cell for evaporating various
materials inside the vacuum chamber and a gas-inlet for introducing various gases into the
vacuum chamber.

The method may comprise configuring the evaporation cell to direct the evaporated material
towards the surface/interface of the functional device when the functional device is in a
deposition position.

The method may comprise configuring the evaporation cell to direct the evaporated material
towards the surface/interface of the functional device when the functional device is in a
deposition position at a non-zero angle relative to an optical axis of the microscope system.

The method may comprise monitoring the evaporation rate of the evaporation cell.

The evaporation cell may comprise a molecular beam epitaxy, MBE, source.

In summary, systems and methods according to example embodiments for in situ vacuum
optoelectronic characterization of surface/interface engineered functional devices have been
described.

Embodiments of the present invention can have one or more of the following features and

associated benefits/advantages:

ow noise electrical measurements in near vacuum conditions (
ultra-high vacuum conditions mbar) are rarely achieved in current
commercial vacuum electrical measurement
system, especially for such easy sample
loading and pumping configurations. In our

system, the UHV condition is achieved for

ear ultra-hig

the thermal evaporation for MBE growth, as
well as the low noise electrical measurements
on devices.

In situ thermal evaporation of various | Combination of the electrical transport
materials measurements with molecule beam epitaxy
(MBE) technique, which is a unique feature
that is not found in current commercial
vacuum electrical characterization systems.
In situ evaporation of materials onto devices
in the vacuum can ensure a clean interface
between materials and underlying devices,

thus eliminating the influence of air
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molecules during this process.

Fine focusing of light beams for illumination | Incorporating the fine focused light beam
into an in situ characterization system, with
features such as linear movement of sample
stage and use of long working distance
objectives, preferably taking the vibration
level of the whole system into account. Such
fine focusing of light beam can not only
remarkably enhance the power intensity of
incident light, but also confine the light beam
to a tiny spot for selective illumination on
particular areas.

Embodiments of the present invention advantageously integrates vacuum electrical
measurements with in situ MBE deposition. Embodiments of the present invention can
provide a relatively low production cost and straightforward assembly procedure for
incorporating various functions in a single vacuum system, compared to existing
characterization systems.

The above description of illustrated embodiments of the systems and methods is not intended
to be exhaustive or to limit the systems and methods to the precise forms disclosed. While
specific embodiments of, and examples for, the systems components and methods are
described herein for illustrative purposes, various equivalent modifications are possible
within the scope of the systems, components and methods, as those skilled in the relevant art
will recognize. The teachings of the systems and methods provided herein can be applied to
other processing systems and methods, not only for the systems and methods described
above.

The elements and acts of the various embodiments described above can be combined to
provide further embodiments. These and other changes can be made to the systems and
methods in light of the above detailed description.

In general, in the following claims, the terms used should not be construed to limit the
systems and methods to the specific embodiments disclosed in the specification and the
claims, but should be construed to include all processing systems that operate under the
claims. Accordingly, the systems and methods are not limited by the disclosure, but instead
the scope of the systems and methods is to be determined entirely by the claims.

37




10

15

20

25

30

35

40

45

WO 2019/164454 PCT/SG2019/050106

Unless the context clearly requires otherwise, throughout the description and the claims, the

words "comprise," "comprising," and the like are to be construed in an inclusive sense as

opposed to an exclusive or exhaustive sense; that is to say, in a sense of "including, but not
limited to." Words using the singular or plural number also include the plural or singular

number respectively. Additionally, the words "herein," "hereunder," "above," "below," and

words of similar import refer to this application as a whole and not to any particular portions
of this application. When the word "or" is used in reference to a list of two or more items,
that word covers all of the following interpretations of the word: any of the items in the list,
all of the items in the list and any combination of the items in the list.
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