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Abstract
Neutron-transmutation doping (NTD) has been demonstrated for the first time in this work for substitutional introduction of tin (Sn) shallow donors into two-dimensional (2D) layered indium selenide (InSe) to manipulate electron
transfer and charge carrier dynamics. Multidisciplinary study including density functional theory, transient optical
absorption, and FET devices have been carried out to reveal that the field effect electron mobility of the fabricated
phototransistor is increased 100-fold due to the smaller electron effective mass and longer electron life time in the Sndoped InSe. The responsivity of the Sn-doped InSe based phototransistor is accordingly enhanced by about 50 times,
being as high as 397 A/W. The results show that NTD is a highly effective and controllable doping method, possessing
good compatibility with the semiconductor manufacturing process, even after device fabrication, and can be carried
out without introducing any contamination, which is radically different from traditional doping methods.
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1 Introduction
The library of two-dimensional (2D) layered materials
keeps growing, from elemental 2D materials (e.g. graphene, phosphorene and tellurium, etc.) to metal chalcogenides MXn (for n = 1, there are InSe, SnS, SnSe,
etc., and for n = 2, there are MoS2, WS2, etc.) [1]. Different from their bulk counterparts, 2D layered materials possess novel features, like forming van der Waals
heterostructures with neglecting of lattice mismatch
[2, 3],extraordinary light-mass interaction [4–6], wide
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tunable range of bandgap [7], and strong mechanical
flexibility [8, 9], which contribute to 2D materials great
potential in next-generation electronics and optoelectronics devices. Doping engineering is an important and
effective way to control the electronic, optical, and many
other peculiar properties of 2D materials for the application in logical circuits, sensors, and optoelectronics
devices [10–12]. Various methods have been employed
to realize the doping effect in 2D materials, such as substitutional doping [13], charge transfer doping [14], and
intercalation doping [15]. However, for these methods
additional reagents have to be used during the doping
process, which may bring in contaminants, and the application of the techniques is only possible at specific steps
during material synthesis or device fabrication.
Neutron transmutation doping (NTD), which is a controllable in-situ substitutional doping method that utilizes the nuclear reactions of thermal neutrons with the
atoms nuclei in semiconductors [16], provides a new
way to intentionally dope 2D materials without any extra
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reagents. In addition, NTD can be introduced into any
step, as demanded, during the fabrication of 2D-materials-based devices even after the devices have been
fabricated. The efficiency of capturing neutrons by the
nuclei of lattice atoms depends on the neutron capture
cross-section and relative abundance of a given isotope.
NTD has been successfully developed earlier since 1975
for bulk semiconductors like Si [17], gallium phosphide
(GaP) [18], indium phosphide (InP) [19] etc. In particular, it was reported in 1991 that the tin(Sn)-related shallow donors could be uniformly introduced into the bulk
indium selenide (InSe) crystal by NTD [20]. Recently,
InSe have been rediscovered as a kind of 2D layered
material with tunable bandgap and ultrahigh mobility,
near 1000 cm2 V−1 s−1 at room temperature [21–24].
Meanwhile, 2D layered InSe has also been demonstrated
to possess great potential in broadband and high performance photodetection [25–28]. However, the further
performance improvement of the 2D layered InSe based
photodetectors is limited by the low carrier density of the
unintentionally doped InSe. Therefore, it would be very
interesting if the performances of 2D layered InSe based
photodetector could be manipulated and optimized via
the “clean” method of NTD.
In this work, Sn-doping of 2D layered InSe is realized
via NTD for the first time. The doping level and structure of the Sn-doped 2D layered InSe are characterized
via inductively coupled plasma atomic emission spectroscopy (ICP-AES) and spherical aberration corrected
transmission electron microscope (Cs-corrected TEM).
Narrowing of the bandgap and higher electron mobility
of Sn-doped 2D layered InSe (Sn-InSe) have been proved
by theoretical calculations and microscopic transient
absorption (TA) spectra. The results show a significant
improvement of the transport and photoresponse performance of the InSe phototransistor after it has been doped
by NTD.

2 Results and discussion
2.1 NTD treatment for 2D layered InSe

The previous research indicates that the main nuclear
reaction occurring upon irradiation of InSe with neutrons focuses on 115In, the indium isotope having the relative natural abundance of 95.7%, which has a very large
thermal neutron capture cross-section of 199 barn [20].
The transmutation reaction of 115In and thermal neutrons (Fig. 1a) can be described as:
 −

115
116
116
49 In(n, γ ) 49 In → 50 Sn β decay ,
which means the unstable 116In isotope is obtained from
115
In isotope by capturing a thermal neutron and is then
transmuted into 116Sn via emission of γ and β−. As shown
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in Fig. 1a, some In atoms in the honeycomb lattice of InSe
would transmute into Sn atoms under thermal neutron
irradiation, serving as shallow donor dopants in InSe.
The doping level (NSn/NIn) of Sn-doped 2D layered InSe
(Sn-InSe) could be optimized by the integrated flux of
thermal neutrons (Fs), as shown in Table S1. The agreement of the theoretical (calculated based on the thermal neutron capture cross-section of 115In and the Fs)
and experimental results (obtained by a spectrochemical method) prove that the NTD method can be theoretically predicted and precisely controlled. When the
Fs was 4.32 × 1017 cm−2, the Sn concentration of 0.008%
would be obtained, indicating the InSe has been heavily
doped. Sn-InSe with 0.008% Sn was used for the following experiments.
2.2 Basic characterizations of 2D layered InSe after NTD

As depicted in Additional file 1: Fig S1, the morphology
of InSe after irradiation does not change significantly,
indicating that InSe can maintain its morphology well
under neutron irradiation. Besides, high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) has been used to examine the
changes of the crystal structure of 2D layered InSe after
it has been treated by thermal neutrons irradiation, and
the image of the Sn-InSe is shown in Fig. 1b. No dislocation has been observed in the image, indicating that
thermal neutrons would dope the 2D layered InSe without changing its crystalline structure or bringing in any
lattice defects. Atomic column intensities can be distinguished in the intensity line profile (Fig. 1c) extracted
from the red dashed rectangle region marked in Fig. 1b.
They are labeled as X1 (green circle), X2 (blue circle), X3
(purple circle), and X4 (orange circle), respectively. The
atomic column intensities from X2 to X4 are expected
to be subsequently occupied by the single Se atoms, the
single In atoms, and the superposition of both In and Se
atoms [29]. The higher intensity of X1 than that of X4 in
the periodic array can be attributed to the superposition
of both In and Se atoms with Sn dopant. It indicates the
formation of substitutional Sn dopants, which is schematically shown in Additional file 1: Fig. S2. The Raman
spectrum (Fig. 1d) is another evidence to show that the
crystal structure remains the same after 2D layered InSe
has been treated by thermal neutrons irradiation. Three
dominant peaks at 114.7, 177.2, and 226.2 cm−1 for the
2D layered InSe samples which have been observed both
before or after irradiation are ascribed to the A1 g1, E2
g1, and A1 g2 vibrational modes of InSe, respectively
[29]. No shift of any peak suggests that the concentration
of Sn dopants is below the detection limit of our Raman
spectrometer.
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Fig. 1 The schematic of the neutron transmutation doping of InSe and the characterizations of Sn-InSe. a Transmutation doping scheme for the 2D
layered InSe, including the capture of thermal neutrons and decay of γ and β− particles. b Atomic-resolution HAADF-STEM image of the Sn-InSe. c
The intensity profile taken from the red dashed line marked in b. d Raman spectrum (excited by 532 nm laser) of 2D layered InSe sample before and
after transmutation

Temporally (0–7300 ps) and spectrally (475–770 nm)
resolved microscope transient absorption (TA) spectra
were used to bring insight into the NTD-induced change
in the energy band structure of 2D layered InSe. As
show in Fig. 2a, d, obvious red shifts could be observed
at both the ground state bleaching (GSB) and excited
state absorption (ESA) peaks after 2D layered InSe has
been treated by thermal neutron irradiation, indicating a
narrowed bandgap of 2D layered InSe and a shift of the
absorption edge of Sn-InSe to longer wavelengths due
to heavy doping of Sn. The ultrafast carrier dynamics of
both InSe (Fig. 2b, c) and Sn-InSe (Fig. 2e, f ) are shown,
which were collected at two probe wavelengths, 532 nm
and 655 nm (the same wavelengths were also used in the
later photoresponse performance tests) with a resolution

of ~ 200 fs. Two decays can be extracted from the data at
532 nm by curve fitting, where the faster one dominates.
Different from the case at 532 nm, the curves at 655 nm
can be well fitted by a single-exponential function. Worth
noting is that each component of the fitted lifetime of
carriers is increased after InSe has been irradiated by
thermal neutrons. The increased carrier lifetime will contribute to the improvement of the carrier mobility, which
would at the same time lead to an increased photocurrent of the 2D layered InSe based photodetector.
2.3 Theoretical simulation of intrinsic and Sn‑doped 2D
InSe

The changes in the electronic structures and properties
of InSe and Sn-InSe have been simulated through the
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Fig. 2 Microscopic TA spectroscopy of 2D layered InSe before and after transmutation. a, d Temporally (0–7300 ps) and spectrally (475–770 nm)
resolved TA signals of the 2D layered InSe (a) before and (d) after transmutation. Insets are the optical images of the samples (the scale bar is 20 μm).
b, c, e, f The kinetic signals at 532 nm (b) and 655 nm (c) for the case of 2D layered InSe before transmutation and the kinetic signals at 532 nm (e)
and 655 nm (f) for the case of 2D layered InSe after transmutation

density functional theory (DFT) calculations for a better
understanding of the impact of NTD-induced Sn dopants
on Sn-InSe. As shown in Fig. 3a, c, after one In atom has
been substituted by a Sn atom, the charge density of the
Sn atom mainly contributes to the Sn-In bonds in SnInSe. The electronic band structures of three-layer InSe
and Sn-InSe are shown in Fig. 3b, d. The indirect band
gap of intrinsic InSe is 1.22 eV, but for Sn-InSe, the band
gap decreases to 0.61 eV, which explains the obvious
red shifts in both the GSB and ESA peaks as discussed
above. It also can be obtained from the calculations that
the electron effective mass (m*e) of Sn-InSe (0.13 m0) is
smaller than that of the intrinsic InSe (0.21 m0). In this
case, a higher electron mobility and an enhanced photoresponse performance can be predicted from the calculated smaller m* e and longer carrier lifetime observed
in TA spectra.
2.4 Transport and photoresponse performances of the 2D
InSe before and after transmutation

The resistivity (ρ) measurement has been carried out
by a van der Pauw method on a 2D layered InSe in
24.5 nm thickness (Additional file 1: Fig. S3). After it
has been treated by thermal neutrons, the ρ of the sample decreases from 36.3 Ω·cm to 0.257 Ω·cm indicating

increased electron density induced by Sn shallow
donors. This is in accordance with the prediction of theoretical calculation. The transport and photoresponse
performances of the same 2D InSe sample before and
after transmutation were further investigated by using
a back-gated field effect transistor (FET) configuration,
as schematically illustrated in Fig. 4a. The thickness of
the InSe sheets, the optical image of which is shown
in Additional file 1: Fig. S4a, is determined by atomic
force microscopy (AFM) to be ∼26 nm, corresponding
to ∼30 layers (inset of Additional file 1: Fig. S4b). As
shown in Fig. 4b, the transfer characteristics (Ids-Vg)
at Vds = 0.1 V of the transmutation-doped 2D layered
InSe FET exhibit a typical n-type conduction behavior with an on/off current modulation of 7.46 × 105,
which is higher than that (2.54 × 105) of the nonirradiated devices. The calculated field effect electron mobility (µF) is also significantly improved by two orders
from 1.92 to 195 cm2 V−1 s−1. Besides, as shown in
Additional file 1: Fig. S5c, the Hall mobility (µH) of the
InSe before and after transmutation is 45 and 213.75
cm2 V−1 s−1, respectively. Meanwhile, the carrier concentration of the transmutation-doped InSe sample is
accordingly enhanced by about one order of magnitude,
being as high as 2.04 × 1017 cm−3 (Additional file 1: Fig.
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Fig. 3 DFT calculations of the charge density and band structure of intrinsic and Sn-doped 2D InSe. a, b The differential charge density (a) and the
band structure and partial density of states (b) of intrinsic 2D InSe. c, d The differential charge density (c) and the band structure and partial density
of states (d) of Sn-doped 2D InSe. The Fermi level is set to be 0 eV. The yellow and cyan areas in a, c represent charge accumulation and depletion,
respectively

S5d). These are consistent with the prediction from
DFT calculation and TA spectra.
For the photoresponse performance, the drain-source
current Ids at Vg = 0 V (see Additional file 1: Fig. S6) of
the transmutation-doped 2D layered InSe FET is found
to be about 2 orders higher than that of the nonirradiated devices under the illumination with each laser at the
same intensity. Correspondingly, significant improvements in the responsivity (R) (Fig. 4c), external quantum efficiency (EQE) (see Additional file 1: Fig. S7a) and
specific detectivity (D*) (see Additional file 1: Fig. S7b)
of the device have been observed after it has been transmutation doped. The R and D* reach their maximum to
be 397 A/W and 2.89 × 1011 Jones respectively under
the illumination of a 405 nm laser. Besides, there is an
increase of EQE from 42.6% to 3067.5% at 1064 nm, suggesting the red shift of InSe’s absorption edge. Figure 4d
shows the time-resolved photocurrent measurements of
the 2D layered InSe device under different wavelengths

illumination before and after it has been irradiated by
thermal neutrons. The shorter rise time of the transmutation-doped device is mainly attributed to the greater electron mobility in Sn-doped InSe. However, the prolonged
fall time of the device after transmutation doping is coming from a longer carrier lifetime, which is in accordance
with the formerly presented microscopic TA spectra. In
addition, the current can be reproducibly switched from
the “on” state to the “off ” state by periodically turning
the light on and off (see Additional file 1: Fig. S8), which
indicates a good reproducibility of the device. It is worth
mentioning that a response at 1064 nm is activated only
after neutron irradiation, which is attributed to the Sninduced narrowed bandgap of InSe, which is another evidence for a red shift of the InSe’s absorption edge from
1016 to 1127 nm as revealed by the DFT calculations.
In addition, we also performed the NTD experiments
on some other 2D layered materials, such as graphene,
black phosphorous (BP), and molybdenum disulfide
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Fig. 4 Electrical characteristics and photoresponse of the 2D layered InSe FET before and after transmutation. a Scheme for the 2D layered InSe FET.
b Transfer characteristics of the device before and after transmutation, with Vds = 0.1 V. Inset is the zoom in the image of the transfer curve before
transmutation. c The responsivity at 1 V bias of the devices before and after transmutation under the illumination of lasers at different wavelengths
(405, 532, 655, 808, and 1064 nm) with the intensity of 102 mW cm−2. d Time response (R: rise time, F: fall time) of the device before and after
transmutation at 1 V bias illuminated by the pulse signal at various wavelengths

(MoS2). Unfortunately, no similar improvement of the
optoelectronics properties as in the case of InSe has been
observed. This is attributed to the limited integrated flux
of thermal neutrons, and small capture cross-section of
these elements as shown in Additional file 1: Table S2, or
the instability of the materials (Additional file 1: Fig. S9).

3 Conclusion
In summary, NTD has been successfully employed to
precisely dope 2D layered InSe with Sn shallow donors
without using any additional reagent, leading to a narrowed bandgap and prolonged carrier lifetime. The field
effect electron mobility of 2D layered InSe FET is significantly increased from 1.92 to 195 c m2 V−1 s−1 after it
has been treated by thermal neutrons. Consequently, the
responsivity of the photodetector is improved by about
50 times to 397 A/W and specific detectivity is increased
by one order to 2.89 × 1011 Jones at 405 nm. Moreover,
the device also exhibits a broadband response from visible to near infrared because of a narrower band gap produced by NTD heavy-doping.

NTD holds great promise in future materials research,
enabling new material-based technologies. Examples of
some strong merits from the device technologies perspective are:
(1) In the NTD method, the concentration of a dopant
can be precisely estimated by the nuclear reaction
formula of NTD and controlled by integrated flux
of thermal neutrons.
(2) Substitutional doping can be carried out even after
the accomplishment of device fabrication, which is
different from traditional doping methods.
(3) The NTD method allows for doping at atomic level
as well as for nano-patterned doping, when someday in future neutron beam can be controllably
focused like in electron beam lithography.
(4) The NTD method would allow for the first time. A
fundamental study of in-situ gradual doping effect
on the carrier behavior, band structure, energy
transfer etc. of 2D materials.
(5) The NTD method could be applied in sensor technology where an FET device structure with a con-
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trolled optimized doping level can serve as a highly
suitable platform for detection of gases as well as
biological species. In addition, NTD doping can
also be used for building a neutron sensor, if the 2D
materials contain elements with high neutron capture cross-section, like indium (In, capture crosssection 199), tungsten (W, capture cross-section 37)
or rhenium (Re, capture cross-section 74).

4 Methods
4.1 Devices fabrication

For both the 4-probe test and FET devices, 2D layered
InSe samples were exfoliated from a bulk InSe crystal
using Scotch tape and transferred onto a Si substrate
coated with 285 nm SiO2 by PDMS stamps. The thickness of the samples was firstly determined and chosen by
the color observed via optical microscope. Au electrodes
were patterned by e-beam lithography (RAITH Pioneer
Two), followed by subsequently e-beam deposition of
10 nm Chromium (Cr) and 60 nm Au in a high vacuum
chamber (4 × 10–6 Torr). Lift off was performed at room
temperature using acetone, followed by rinse with isopropyl alcohol and nitrogen drying. The effective area
of the FET devices is 57 μm2 calculated from the optical
microscopic image of the devices.
4.2 Characterization and measurements

The optical images of the samples and devices were
taken by a high-resolution microscope (Olympus BX3MLEDR). Transmission electron microscopy (TEM) and
high angle annular dark field scanning TEM (HAADFSTEM) were performed on a FEI Titan Cubed Themis
G2 300 transmission electron microscope equipped
with energy dispersive x-ray spectroscopy (EDS) signal
detector. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) was performed to quantitatively analysis the relative concentration of transmuted
Sn (NSn/NIn). The Raman data were obtained via a Horiba Jobin–Yvon LabRam HR-vis high-resolution confocal Raman microscope equipped with a 532 nm laser
as the excitation source and an XYZ motorized sample stage controlled by LabSpec software. Pump–probe
technique was utilized to study the carrier dynamics via
transient absorption (TA) spectrometer. A mode-locked
Ti:sapphire laser (Spectra Physics, Tsunami) delivered
laser pulses at 800 nm and then divided into two components by means of a 9:1 beam splitter. The major component as pump light was sent to an optical parametric
amplifier (OPA, TPR-TOPAS-U, America) to generate
the 400 nm (1.2 mW) pump pulse. The remaining component was sent into a CaF2 crystal and generated the visible
probe pulse (475–770 nm). The delay time between pump
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pulse and probe pulse can be automatic adjusted through
a delay device controlled by the computer with temporal
resolution of 200 fs. Eventually, probe light through the
sample were detected by a CMOS linear image sensor. All
the transient absorption measurements were carried out
at room temperature. Atomic Force Microscope (AFM,
BRUKER DIMEWSION) and stylus profiler (Dektak XT,
BRUKER) were performed to measure the samples’ and
devices’ surface topographic morphology and thickness.
4-probe and FET measurements were carried out using
a semiconductor characterization system (Keithley 4200)
at room temperature. The devices were illuminated by
405, 532, 655, 808 and 1064 nm lasers with the same
intensity of 101.86 mW cm−2, respectively. For the timeresolved photocurrent measurements, a Ø1/2′′ beam
shutter (≤ 4.08 ms close activation time, SH05, THORLABS) was employed to transform the continuous lasers
into pulse signals.
Hall mobility and carrier concentration of the InSe was
conducted with a Hall Effect Measurement System (Bio
Rad, HL5500 PC) at room temperature via van der Pauw
method.
4.3 Neutron transmutation doping of 2D layered InSe
samples and devices

The prepared 2D InSe samples and devices on SiO2/Si
wafers, which had been fully characterized and measured, and bulk InSe crystal were packaged into a vacuum
loader. The vacuum loader was customized as shown in
Additional file 1: Fig. S10. The samples were irradiated
at a temperature no higher than 70 °C in vertical channels of the active zone of a VVR-ts water-cooled and
water-moderated reactor, with the flux density of thermal
neutrons being φs = 1 × 1012 cm−2 s−1 for 5 days. After
irradiation, the devices and samples were taken out of
the vacuum loader after passing the radiation monitoring
step for further characterization and measurements.
The relative concentration of transmuted Sn can be calculated with the formula [19]:

NSn = NIn kσ Fs ,
where NSn is the concentration of Sn atom, NIn is the total
number of In isotopes per unit volume, k is the relative
natural abundance of 115In, σ is the thermal neutron capture cross-section of 115In, and Fs is the integrated flux of
thermal neutrons.
4.4 Computational method of DFT

Density functional theory (DFT) calculations are performed through Vienna Ab-initio Simulation Package
(VASP) code [30]. Exchange and correlation interactions are treated by generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE)
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function [31, 32]. The van der Waals interactions are
treated using DFT-D2 approach of Grimme. The energy
cutoff for the plane-wave basis is set as 500 eV. The convergence criterion is set to 1.0 × 10–4 eV for energy and
0.02 eV/Å for the force in each direction. A vacuum
space of 30 Å is applied along z direction to avoid the
any interaction between periodic images. Two Monkhorst–Pack k-point mesh of 7 × 7 × 1 is adopted to
sample the first Brillouin zone for 2D InSe.
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