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Semiconductor doping via the intentional introduction of 
charged impurities into a semiconductor host lattice—creating  
either excessive electrons or excessive holes—is the basis of 

constructing an integrated circuit1,2. With monolithic silicon inte-
grated circuits, ion implantation on a single silicon crystal plane is 
a common doping process3,4. However, for two-dimensional (2D) 
van der Waals (vdW) semiconductor layers, which offer diverse 
electronic and optical properties5–14, the construction of monolithic 
integrated circuits remains challenging because of the absence of a 
locally selective doping method.

Typically, 2D semiconductors are transition metal dichalcogen-
ides, MX2, where M is a transition metal and X is a chalcogen atom 
of sulfur, selenium or tellurium. Compared with elemental semi-
conductors or oxide semiconductors, the covalent bond strength 
within the unit monolayers of transition metal dichalcogenides is 
relatively weak (between 2.3 and 2.9 eV) (ref. 15), and therefore, 
their 2D crystals are predisposed to form point defects such as 
vacancies and self-interstitials16–20. These point defects, particu-
larly in the atomically thin host lattices, can be used as donors and 
acceptors, providing tunability for the carrier types and electrical 
conductivity21–23.

In this Article, we report a selective and reversible photo-doping 
effect in few-layer molybdenum ditelluride (2H-MoTe2) and tung-
sten diselenide (2H-WSe2) field-effect transistors (FETs) based on 
photon-energy-dependent defect generation in the visible (2.33 eV) 
to ultraviolet (UV; 3.49 eV) radiation regime. We demonstrate precise 
control over the dopant types and concentrations in a semiconduc-
tor channel, and we use our method to construct reconfigurable inte-
grated circuits on monolithic 2D semiconductors. We demonstrate  

this with a complementary metal–oxide–semiconductor (CMOS) 
invertor that can be reconfigured into a CMOS switch by reversing 
the channel polarities with light illumination.

Reconfigurable doping of few-layer MoTe2 and WSe2 
channels
Few-layer 2H-MoTe2 semiconductors, configured in arrays of 
back-gated FETs on SiO2/p+-Si substrates by electron-beam 
lithography and metal lift-off process, were exposed to two types 
of continuous-wave laser in air: a visible laser (photon energy, 
hv = 2.33 eV, and laser power, Plaser = 20 mW) and a UV laser 
(hv = 3.49 eV and Plaser = 1.5 mW), as shown in Fig. 1a–d. The laser 
beam was focused to globally illuminate all the FET channels, where 
the beam diameter is ~5 μm and the FET channel length and width 
are typically 1 and 3 μm, respectively (Fig. 1a,b, insets). We define 
three different 2H-MoTe2 channels within the array, labelled as 
FET-A, FET-B and FET-C, corresponding to the light illumination 
sequences. Before any illumination, the pristine channel was char-
acterized as lightly n-type doped, presumably due to native defects 
and some off-stoichiometry24.

Under UV illumination at an interval of 10 s, the channel 
becomes gradually more n-type, as verified in the transfer curve  
(Id–Vg) of FET-A, where Id and Vg are the drain current and applied 
gate voltage, respectively (Fig. 1a). Then under successive visible illu-
mination, the identical FET-A channel is systematically converted 
to the p-type (Fig. 1b,e). In turn, when the illumination sequence is 
reversed on FET-B, the channel type is altered in the same way, that 
is, the p-type doping with an initial visible illumination, followed by 
the n-type with UV illumination (Fig. 1c,d,f); this interconversion  
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can be repeated over several illumination cycles (FET-C; Fig. 1g). In 
other words, the channel polarity can be reconfigured with the pro-
grammable choice of different coloured light. We summarized such 
designer doping in Fig. 1e,f by tracing changes in the charge-neutral 
points (Vg,off denotes the Vg at the minimum channel current) in 
each transfer curve, which systematically swings back and forth 
between the n- and p-type states according to the light illumina-
tion sequences. As shown in Fig. 1g, we have achieved ~30 times 
the reversible doping cycle under UV (355 nm, 0.8 mW) and visible 
(532 nm, 10 mW) illumination.

We note that the channel off-current at each charge-neutral 
point (marked with grey asterisks in Fig. 1e–g) gradually increases 
as the illumination times are prolonged. This suggests that it is the 
amount of accumulating defects that determines the maximum 
number of doping reversals. This also suggests that by tuning the 
wavelengths and optical powers, the reliability of reversible doping 
can be further increased. For example, we have achieved ~80 times 
doping in submicrometre short channels, whose conductance can 
be precisely tuned in multiple steps under UV (0.8 mW, 1 s) and vis-
ible (10 mW, 1 s) illumination conditions (Supplementary Fig. 1).  
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Fig. 1 | Reconfigurable doping on few-layer 2H-MoTe2 channels using different photon energies. a–d, Schematics of the photo-induced doping and 
transfer characteristics of 2H-MoTe2 back-gated FETs with illumination by a UV laser (λ = 355 nm, Plaser = 1.5 mW) (a) and subsequently a visible laser 
(λ = 532 nm, Plaser = 20 mW) (b) on FET-A, and the visible laser (c) and subsequently a UV laser (d) on FET-B. Each transfer curve was obtained in 10 s 
increments of light illumination at a bias voltage (Vb) of 10 mV. The dashed arrows indicate the direction of the shift (n-type doping for red and p-type 
doping for blue) of transfer curves. Insets in a and b: optical images during the laser illuminations. e–g, Charge-neutral gate voltages (Vg,off, black circles) 
and the channel off-current (Ioff, grey asterisks) upon varying the light sources for FET-A (e), FET-B (f) and FET-C (g). Visible (λ = 532 nm, Plaser = 10 mW) 
and UV (λ = 355 nm, Plaser = 0.8 mW) lasers were alternately illuminated on FET-C with the illumination time of 10 s. The background colours indicate 
the doping state of the channel (n-type for red and p-type for blue). h, Transfer characteristics of reconfigurable doping on 2H-MoTe2 FETs. Black circles 
show the trace of the transfer characteristics during instantaneous doping in the −20 V < Vg < 20 V range. The UV laser was illuminated on the 2H-MoTe2 
channel at Vg = 5, 10 and 15 V and then the visible laser was illuminated at Vg = −5, −10 and −15 V. The background colour traces show the transfer 
characteristics of pristine (cyan) and static doped channels under different doping conditions, namely, 10 s UV (orange), 20 s UV (magenta), 30 s UV (red) 
and 30 s visible (blue) illumination.
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In addition, we later discuss a reversible de-doping process on WSe2 
channels by defect healing. In Fig. 1h, we also show ‘the dynami-
cally reconfigurable doping scheme’, where one can dynamically 
and reversibly change the specific doping states in less than ~10 s 
during measurement of the transfer curves: the coloured line traces 
are from various static photo-doping under fixed light illumination 
conditions, and the black circle trace denotes instantaneous doping 
by each light illumination sequence during the I–Vg measurements.

We have recorded the time stability of the doped channels by 
tracing the channel conductance in time of up to 20 days (Fig. 2a  
and Supplementary Fig. 2). The doping states are stable under 
each condition; however, the channel conductance of the n-doped 
channels decays by a certain degree. We will discuss more on this 
observation later. This doping can immediately tune the channel 
resistivity over five orders of magnitude in the time scale of a few 
tens of seconds, as evident in the temperature-dependent resistiv-
ity of various MoTe2 channels doped under different illumination 
conditions (Supplementary Fig. 3). We also monitored the changes 
in the FET carrier mobility of both n- and p-doped channels, which 
initially increases after the first doping (presumably due to the low-
ered contact barriers by the increasing channel conductance) and 
slightly decreases over the repeated doping due to the accumulat-
ing dopant defects (see the temperature-dependent FET mobility in 
Supplementary Fig. 4).

The observed doping strategy can be generally applied to other 
vdW semiconductor channels. We performed similar light-induced 
doping on few-layer 2H-WSe2 crystals, which possess a higher bond 
dissociation energy of ~2.69 eV than that of MoTe2 (2.40 eV)15. As 
shown in Fig. 2b,c, we observed qualitatively the same selective 
doping: p-type doping with visible illumination (2.33 eV, 20 mW) 
and n-type doping with UV illumination (3.06 eV, 1.5 mW) in an 
exchangeable manner. In this case, there is no increase in the chan-
nel off-current during the illumination cycles, which is indicative of 
the higher photochemical stability of 2H-WSe2. Taking this selec-
tive doping a step further, we attempted a reversible de-doping pro-
cess by eliminating the pre-formed Se vacancy and Se interstitial 
(VSe/Seint) point defects. For that, the UV-illuminated WSe2 chan-
nels were initially passivated by additional Se layers using dimethyl  

selenide vapour, which were then removed by thermal heating at 
200 °C. At low temperatures (4 K), the photoluminescence spectra of 
WSe2 monolayers are known to split into two sub-peaks: free exci-
tonic photoluminescence peak by an interband transition and local-
ized excitonic peak from localized defect states within the bandgap 
at lower emission energy25. After UV illumination, we observed 
that the localized excitonic peak intensity substantially increases  
(Fig. 2e, red curve); subsequently, upon Se passivation/removal, 
it reversibly decreased (Fig. 2e, green curve). This result confirms 
that the pre-formed defects can be healed with Se passivation, thus 
enabling the de-doping process. We verified that the transfer curve 
recovered to the pristine channel state under Se passivation/removal 
from the UV-induced n-type doping strategy.

Doping polarity versus light frequency and intensity
To more closely investigate the doping selectivity of 2H-MoTe2 
channels, we recorded the changes in the transfer curves (Fig. 3) by 
varying the monochromatic light energy (2.33–3.06 eV) and light 
power (0.1–20 mW); an extended version of the doping diagram 
is shown in Supplementary Fig. 5. The principal observations can 
be summarized as follows. First, at 2.33 eV illumination, the p-type 
doping is more pronounced at a higher optical intensity. Second, at 
a constant optical power of 1.5 mW, the channel polarity starts to 
shift to the n-type direction, when hv increases from 2.33 to 2.58 eV, 
and becomes the more distinct n-type in a higher photon energy 
range. Third, at 3.06 eV illumination, n-type doping is much more 
noticeable up to almost degenerate levels at a higher intensity of up 
to 20 mW. It is interesting to note that the transition from the p-type 
to n-type doping occurs within 2.33 < hv < 2.58 eV, which is just 
below and above the bond dissociation energy of 2.40 eV, respec-
tively15, as shown in Fig. 3, inset. This suggests that our observations 
on photo-selective doping can be discussed within the framework 
of light–lattice interactions. Upon optical absorption across the 
energy bandgap of ~1 eV in 2H-MoTe2 (ref. 26), the absorbed light 
delivers the characteristic photon energy to the host lattices. When 
hv is comparable or greater than the bond dissociation energy of 
~2.40 eV, it can induce photochemical decompositions, that is, the 
creation of vacancies and interstitial atoms in the host lattices.
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Light absorption also provides heat to the lattices, which is pro-
portional to the light intensity. For example, we estimate that the 
equilibrium temperature can go up to ~477 °C at an optical power 
of 20 mW under 532 nm laser illumination. Consequently, near hv 
of ~2.40 eV, the photon energy primarily decides whether the pho-
tochemical decompositions occur and the optical power defines the 
local temperature at such reactions. Then the types and number of 
point defects can be determined by two similar variables under a 
given illumination condition. In the following section, we verify 
such light–lattice interactions on selective doping by atomic-scale 
defect observations obtained using scanning transmission electron 
microscopy (STEM), scanning tunnelling microscopy (STM) and 
scanning tunnelling spectroscopy (STS).

Atomic-scale observations of individual dopants
Figure 4a,b shows the in-plane lattice images after UV and visible 
illumination, taken by a high-angle annular dark-field (HAADF)–
STEM instrument, where the representative types of point defect 
in the hexagonal host lattices are marked with different coloured 
arrows. Here we have taken images from the 2H-MoTe2 bilayers 
to highlight the clearer atomic contrast of the individual defects. 
After UV illumination (Fig. 4a and Supplementary Fig. 6), the most 
prominent defects were identified as Te vacancies (VTe, red arrows) 
and Te self-interstitials (Teint, blue and green arrows) with a smaller 
portion of Mo vacancies (VMo). Specifically, VTe mostly comprised 
single or double vacancies and the lateral positions of Teint were 
either right on the Te of the MoTe2 lattice or within the Mo–Te  

hexagonal hollows (Fig. 4a, bottom); here such additional Te atoms 
are termed as ‘Te interstitials (Teint)’ regardless of the specific inter-
stices. On the other hand, under visible illumination (Fig. 4b), the 
defects were predominantly Te vacancies filled with another light 
element, and therefore a substitutional light atom, with a smaller 
portion of VTe and VMo. The HAADF and annular bright-field (ABF) 
STEM images, as well as the corresponding line profiles (Fig. 4b, 
bottom), show the contrast between VTe and the light-element-filled 
VTe in the host lattice (Supplementary Fig. 7). We assigned such 
light elements to oxygen (O), as we detected notable O content from 
the cross-sectional energy-dispersive X-ray spectroscopy from 
the TEM specimen under investigation (Supplementary Fig. 8),  
which is similar to our earlier work27. This assignment is also con-
sistent with recent reports on O-substitutional defects as the most 
stable species, directly probed by low-temperature atomic force 
microscopy in conjunction with theoretical calculations25,28–33. 
Indeed, from our atmosphere-controlled FET experiments, we have 
observed a strong p-type channel conversion exclusively in air and 
O2 gas under visible illumination; under either a vacuum or N2 gas, 
we observed the opposite n-type conversion (Supplementary Fig. 9).  
We termed these oxygen-filled Vi as ‘Vi–O pairs’ (i = Te or Mo). 
Therefore, the distinctive defects that pertain to each light colour 
were identified: Teint for UV illumination and Vi–O pairs for visible 
illumination. Further, VTe and VMo were commonly found regardless 
of the light colours.

We then investigated the local electronic structures near such 
characteristic defect sites by using STM/STS, performed on in situ 
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cleaved 2H-MoTe2 surfaces in an ultrahigh vacuum after each light 
illumination (Supplementary Fig. 10); here note that we employed 
thicker crystals (~30–50 layers) to reproducibly obtain the cleaved 
surfaces, which were originally imbedded within the bulk vdW gaps. 
The STM topography images of the defects (Fig. 4c,d) and the dif-
ferential conductance(dI/dV) line spectra, which are proportional 
to the local density of states (LDOS), largely confirm the similar 
defect types defined by STEM. For example, upon UV illumination, 
Teint was consistently observed on the Te lattice atoms or within the 
hollows (Supplementary Fig. 11) for the large-area scanned images. 
The LDOS near such Teint (Fig. 4c,d, bottom) show that the LDOS 
substantially shifts by ~30–50 meV towards the occupied states. This 
local band bending implies that Teint acts as an electron donor to 
the neighbouring lattices, while we have detected little variation in 

the LDOS at the VTe. The electron-donating characteristic of Teint is 
directly consistent with the n-type FET conversion under UV illu-
mination (Fig. 1). Meanwhile, after visible illumination, we observed 
additional O-paired species, such as VMo–O pairs or O clusters  
(Fig. 4g,h). These O clusters are stable over repeated tip scanning, 
implying that they are bonded to the host lattices, presumably to either 
VTe or VMo, although the atomic positions cannot be resolved due to 
the cluster size. For both the O-paired species, we commonly observed 
a strong LDOS shift towards the unoccupied states by 140–150 meV 
with clear mid-gap states near the valence band maximum, which is 
also consistent with recent observations of substitutional O resonant 
states near the valence band maximum in MoSe2 and WS2 (ref. 28).

The band bending in our case showed a substantial spatial extent 
of over 1 nm (Fig. 4g,h, bottom). The signal decay length is shown 
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in Supplementary Fig. 12. This signifies that these O-paired defects 
are shallow-level electron acceptors, responsible for the p-type con-
version (Fig. 1). These features of shallow-doping-level states are 
consistent with the shift in the photocurrent onset edges at low tem-
peratures (4 K) (Supplementary Fig. 13) and the local band-bending 
directions at the metal contacts, as verified by the photocurrent 
mapping (Supplementary Fig. 14).

Based on the STEM and STM/STS results, the net photochemical 
reaction (Fig. 3, middle) can be expressed as

MoTe2 !
hv

αO2

MoTe2�δ þ δVTe þ δTeint þ 2αO; ð1Þ

where the α and δ indicate the arbitrary small numbers. Then 
we summarize our selective doping processes as follows: the 
photo-induced Teint formation, which is mainly responsible for the 
n-type conversion as an electron donor, is substantially dominant 
when hv > 2.40 eV. At hv < 2.40 eV, substantial heat—provided by the 
large enough optical power—efficiently incorporates oxygen from 
the atmosphere into either the VTe or VMo sites to form Vi–O pairs 
(i = Te or Mo), which, in turn, act as electron acceptors for p-type 
conversion. That is, Teint formation and Vi–O pair formation are two 
competing processes at a given photon energy and light intensity. In 
our work, the n-type conversion is stabilized under UV illumina-
tion (hv > 2.40 eV) at a smaller optical power (1.5 mW) and p-type 
conversion is facilitated under visible illumination (hv < 2.40 eV) at 
a larger optical power (up to 20 mW).

Reconfigurable CMOS inverter–switch
Our light-colour selective doping on 2D semiconductors allows us 
to demonstrate a proof-of-concept device, where the circuit func-
tions are reconfigurable. Figure 5a shows a CMOS inverter in which 
the left and right channels are indicated as p-type and n-type chan-
nels with visible- and UV-light illumination, respectively, as verified 
by the corresponding back-gate voltage transfer characteristics. The 
red curve in Fig. 5c shows a CMOS inverter, where the output volt-
age (Vout) is zero for a positive input voltage (Vin), and Vout is equal 
to supply voltage (Vdd) at a negative Vin. Then, by interchanging the 
light colours, we interconverted the polarity of each channel, as 
shown in Fig. 5b, to form a CMOS switch, where the Vout–Vin rela-
tionship is opposite to the inverter (blue curve in Fig. 5c). That is, 

with the choice of light colours, the circuit can be reconfigured from 
a CMOS inverter to a CMOS switch, and vice versa (Fig. 5d).

Conclusions
We have reported a reconfigurable doping method for 2D vdW 
semiconductors that is based on selective light–lattice interactions 
for different photon energies. The control of the carrier type and 
doping levels in few-layer MoTe2 and WSe2 FETs was demonstrated 
and used to fabricate reconfigurable CMOS integrated circuits. In 
addition, we provide visual and spectroscopic evidences of indi-
vidual n- and p-type dopants, which dynamically interact with the 
light. The working principles of our photo-doping method could be 
used to develop monolithic integrated circuits on 2D semiconduc-
tors, similar to ion implantation in silicon CMOS technology. Point 
defects as dopants in the host semiconductor lattice, such as vacan-
cies and interstitials, can often be less stable than substitutional 
dopants with foreign atoms, which form stronger chemical bonds 
in the lattice, and are thus subject to additional interactions (such 
as diffusion and oxidation). While the p-type channel in our work 
remains stable under air exposure for over a month, the polarity 
of the n-type channel tends to persist in air when encapsulated by 
hexagonal boron nitride (hBN) layers (Supplementary Fig. 15). Our 
work on photo-induced doping may call for further investigations 
into substitutional doping, such as substitutional n- and p-dopant 
atoms with stronger bonding strength.

Methods
Device fabrication. Our 2H-MoTe2 crystals were mechanically exfoliated from 
a commercially available crystal (2D semiconductors labelled with purity of 
99.9999% and a defect concentration of ~1012 cm−2). We fabricated back-gated 
2H-MoTe2 FETs on SiO2 (300 nm or 100 nm)/p+Si substrates using electron-beam 
lithography and electron-beam evaporation for electrodes (Ti 1 nm/Au 40 nm).

Photo-induced doping of 2D vdW semiconductors. The incident laser beam was 
illuminated on the 2D vdW semiconductor channels under global illumination 
conditions, where the beam diameter is ~5 µm. We tuned the global illumination 
condition by setting the z-axis offset (~2 µm) in the piezocontroller of a home-built 
confocal microscope system.

TEM analyses of bilayer 2H-MoTe2. Mechanical exfoliation method was used 
to prepare a bilayer 2H-MoTe2 specimen on 200 mesh gold quantifoils using a 
blue Scotch tape and a poly methyl methacrylate (PMMA) stamp. TEM analyses 
were carried out using a JEOL ARM200F instrument equipped with a fifth-order 
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spherical aberration (Cs) corrector (ASCOR/CEOS). The acceleration voltage of 
80 kV was chosen to minimize electron-beam damage to the specimen. The camera 
length was chosen as 5 cm for ABF imaging under 80 kV. The image simulations 
were conducted using Dr. Probe (Ernst Ruska-Centre for Microscopy and 
Spectroscopy with Electrons, version 1.8), an open-source simulation software.

STM/STS analyses on individual dopants of 2H-MoTe2. STM/STS measurements 
were performed using low-temperature STM (Unisoku) and Nanonis (SPECS) 
instruments. Light-illuminated 2H-MoTe2 layers are prepared under ambient 
conditions similar to the fabrication of the FETs; then, they were transferred into 
an ultrahigh vacuum (<1 × 10−10 torr) STM chamber. Most of the top layers were 
delaminated by in situ cleavage under the ultrahigh vacuum condition at room 
temperature27. We employed electrochemically etched tungsten tips, and we used 
the lock-in technique with 500 Hz, 10–50 mV a.c. modulations. All the STM/
STS measurements were performed at 78 K, and the data were analysed with both 
WSxM and Gwyddion software.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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