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ABSTRACT

Doping control has been a key challenge for electronic applications of van der Waals materials. Here, we demonstrate complementary
doping of black phosphorus using controlled ionic intercalation to achieve monolithic building elements. We characterize the
anisotropic electrical transport as a function of ion concentrations and report a widely tunable resistivity up to three orders of
magnitude with characteristic concentration dependence corresponding to phase transitions during intercalation. As a further step,
we develop both p-type and n-type field effect transistors as well as electrical diodes with high device stability and performance. In
addition, enhanced charge mobility from 380 to 820 cm?/(V-s) with the intercalation process is observed and explained as the
suppressed neutral impurity scattering based on our ab initio calculations. Our study provides a unique approach to atomically
control the electrical properties of van der Waals materials, and may open up new opportunities in developing advanced electronics

and physics platforms.
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1 Introduction

The scaling down and increasing power of modern technology
components has motivated extensive studies during the last
decades on the synthesis and integration of nanomaterials
including nanowires [1-10], nanotubes [11-20], nanocrystals
[21-26], and van der Waals materials [27-37]. For electronics,
doping control is key to developing building blocks and
functional circuits. However, traditional doping techniques such
as ion implantation routinely used in silicon industry may not
be directly applicable to nanomaterials, in particular van der
Waals materials due to their peculiar structures [38-40]. Intensive
efforts have been made recently in developing effective doping
methods such as chemical surface modifications [41-43], atomic
substitutions [44-46], gating [47-49], and layer stacking [50-53]
in the aim to improve the doping controllability, performance
stability, and processing flexibility.

In this work, we demonstrate complementary doping of
two-dimensional (2D) materials using ionic intercalation for
monolithically integrated electronics. Using black phosphorus
(BP) as a model system, we develop both p-type and n-type
transistors as well as electrical diodes as the basic electronic
building elements. BP crystals were synthesized using the
chemical vapor deposition method. Red phosphorus was used
as the reaction source with Snls and Sn as the mineralizer.
The detailed synthesis procedure was reported in our recent
publications [54, 55]. BP has a puckered orthorhombic crystal
structure of P atoms [56] (Fig. 1(a)). Inside a 2D layer, each P
atom forms covalent bonds from the 3p orbitals: A longer
bond connects the P atoms in the top and bottom planes, and

a shorter bond connects the nearest P atoms of the same plane.

The interlayer interaction is based on van der Waals bonding.
Therefore, BP has three characteristic directions denoted as
the armchair (AC), zigzag (ZZ), and cross-plane (CP), which
give rise to their anisotropic properties [57] such as thermal
conductivity [55, 58], and interface boundary resistance [54].
The crystal orientation of the BP is identified using angle-
resolved Raman spectroscopy (Fig. 1(b)): Three of the six Raman
vibrational modes can be detected with laser incident along
the cross-plane direction following the symmetric selection
rule [59]. The three distinctive peaks appearing at 363, 440,
and 467 cm™' represent the vibration modes A;, B,,, and A},
respectively. Note that the intensity of the Raman peaks evolves
with respect to the alignment of the Raman polarization with
respect to the crystal orientation [54, 60]. For example, the
maximum intensity of the A} peak corresponds to the alignment
along the AC-direction (i.e. denoted as 0° in Fig. 1(b)). The
B,, peak is maximized when the polarization is aligned precisely
45° between the AC- and ZZ-direction. Therefore, the Raman
spectra data are used to identify the crystal orientations of
the BP samples used in the following anisotropic electrical
measurements. We also note that Raman measurements taken
at various locations on the samples show consistent results,
indicating the uniform crystalline quality of the sample.

2 Experimental

To control the doping concentration through intercalation, we
design a lithium ion battery device that allows electrochemical
intercalation of Li into BP (Fig. 1(a)). Thin film BP crystals
with clean and smooth surfaces are prepared using mechanical
exfoliation to serve as the cathode of the electrochemical system.
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Figure 1 Controlled ionic intercalation to achieve complementary doping of van der Waals materials. (a) Schematic illustrating the electrochemical
control for local ionic intercalations in black phosphorus (BP). The AC-, ZZ-, and c-axis denote the armchair, zigzag, and cross-plane directions,
respectively. (b) Angle resolved Raman spectroscopy of BP. The intensity of the three visible vibration modes are measured and used to determine the
principle directions of BP. (c) Galvanostatic discharge curve for the lithium-BP devices. Inset shows the optical image of a rectangular thin film black

phosphorus sample. Scale bar is 100 pum.

Doping of the BP sample through ionic intercalation is
carefully controlled by applying a localized potential using a
metal probe tip. The battery composes of a Li pellet metal (MTI
Corp.) as the reference electrode and 1 M LiPFs salt in 1:1 w/w
EC/DEC (Sigma Aldrich) as the electrolyte. More details
regarding device fabrication and the in-situ electrochemical
setup can be found in our recent publication [55]. A typical
galvanostatic discharge of the BP battery discharge potential
versus lithium concentration (represented by x in Li.P) is shown
in Fig. 1(c). Starting from the pristine BP with x = 0, discharging
drives more lithium intercalation into Li.P electrode and ends
at the fully discharged state with x = 3. Note that there are
three main structural phases for Li.,P [61, 62]. For low ion
concentration (0 < x <0.3), the intercalation mainly involves
physical intercalation and the delithiation is highly reversible.
Further discharge will induce irreversible P-P bond breaking
and alloying effects [63], corresponding to a potential drop
and then a wide plateau in the voltage window (0.3 < x < 2.6).
Discharging beyond induces phase change; at this point, the
electrode becomes a mixture of Li,P and LisP.

3 Results and discussion

We first measured the electrical transport along the cross-plane
direction as a function of lithium concentrations (i.e. x in
Li,P). Parallel metal electrodes are deposited on the top and
bottom surfaces of the BP sample to distribute the electric flux
uniformly (inset, Fig.2(a)). The cross-plane resistivity (p.)
of pristine BP is measured to be 650 Q-cm, in agreement
with reported values in Ref. [64]. With ionic intercalation, the
measured cross-plane resistivity of Li.P shows a monotonic
and gradual decrease from pristine BP to LisP, as expected from
the increased doping that leads to the higher concentration
of carriers (Fig. 2(a)). Simultaneously, the in-plane electrical
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transport across the Li.P is also reported (inset, Fig. 2(b)). In
contrast, the in-plane resistance (Ry) shows a step-wise decrease
with increasing lithium concentrations but maintains minute
changes within each crystal phase. R, drops by over an order
of magnitude at the lithium concentrations corresponding to
the phase transitions as identified by the galvanostatic discharge
measurement shown in Fig. 1.

To determine the anisotropic in-plane electrical resistivity (ps)
of lithium intercalated BP, we performed four-terminal Van
der Pauw measurement. In general, the anisotropic electrical
resistance is described by a second-rank tensor, defined in
terms of the vector electrical field intensity and the vector
current density. For BP and intercalated BP system, the tensor
is symmetrical and reduces to three parameters. The principal
directions of the resistivity tensor are previously identified
from the Raman measurements. Therefore, the in-plane
resistivity tensor can be determined by measuring the voltage—
current ratios of a rectangular sample (Fig.3) [65]. First,
in-plane measurements are taken on a rectangular sample:
R,s =V, /1, and R;;,, = V;3/1,, are measured by placing
voltage and current probes on two adjacent electrodes indicated
by their respective subscripts at opposing ends (inset, Fig. 3(a)).
Then a similar measurement is made with all connections
rotated by a quarter turn (Fig. 3(a)). The previously measured
cross-plane resistivity (p1) of Li.P (Fig. 2(a)) is used as input
for the analysis. From multiple measurements and using the
analysis model to map the anisotropic solid to an equivalent
isotropic solid [65], pi along the ZZ- and AC-direction are
determined (Fig. 3(c)). To verify the measurement accuracy,
we use the determined equivalent isotropic resistivity, sample
length, and width to reconstruct the equivalent isotropic solid
and predict the current response, which is subsequently com-
pared with the direct measurement on the anisotropic sample
(Fig. 3(b)). The measurement and modeling results of the I-V
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Figure 2 Two-terminal electrical measurement and cross-plane electrical resistivity. (a) Ionic concentration dependent cross-plane resistivity (p1).
Dashed line indicates the pristine BP value. Inset, schematic illustrates the cross-plane measurement configuration. (b) Ionic concentration dependent
in-plane resistance (Ry) of thin film BP. Dashed line indicates the pristine BP value. Inset, schematic illustrats the in-plane measurement configuration.
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Figure 3 Four-terminal electrical measurement and anisotropic in-plane electrical resistivity. (a) Van der Pauw measurement of the resistance (R),
determined by the ratio of voltage between two adjacent electrodes to the current between the other two electrodes. Inset, schematic illustrates the
notations for R, sample dimensions, as well as the measurement concept of mapping transformation between the real anisotropic sample to the equivalent
imaginary solid with isotropic resistivity (p). (b) Simulated response current (I-V) based on the equivalent solid model, in comparison to the experimental
measurement. (c) Measurement results of the in-plane electrical resistivity as a function of ionic concentrations, in the AC- and ZZ-directions.

curves of R, ,, for different samples (the pristine BP, Lio.sP,
and LiosP) show very good agreement and indicate the
modeling assumption is valid for our experiment. From these
measurements, the in-plane electrical resistivity of pristine
BP in the ZZ- and AC-directions are found to be 0.89 and
1.12 Q-cm, respectively, consistent with literature values
[66, 67]. Furthermore, measurements are performed for Li.P
of different lithium concentrations with x from 0 up to 3. The
measured in-plane resistivity along ZZ- and AC-directions as
a function of lithium concentrations are plotted in Fig. 3(c),
showing a continuous reduction in resistivity with increased
intercalation level. Similar to the cross-plane resistivity, there
is a plateau corresponding to the steady discharge window and
phase transitions.

Next, we develop electrical diode device based on the
demonstrated complementary doping. Spatially controlled doping
is achieved using ebeam lithography defined patterning [10,
68]. For example, a diode junction is formed at the interface
between pristine BP and Lio,/P (Fig. 4(a)). Under the optical
image, there is a distinct contrast indicating a clear interface:
LiosP shows up in a dark brown in color, which has been
attributed to intercalation induced phase transition and has
been observed in other systems such as lithiated MoS, [69].
The difference in the Fermi levels across this heterogeneous
interface forms a potential barrier (@) and is expected to
introduce non-linear electrical transport [70]. Our experimental
measurements of such diode devices from pristine BP to LiosP
(Fig. 4(b)) verify such expectation: The Is—Vas curves evolve
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Figure 4 Diode device and transport characterizations. (a) Schematic illustrating the formation of a diode through ionic intercalation, and optical image
of a BP-Lio7P diode device with the clear interface shown by optical contrast. (b) Is—Vas data for BP-LixP devices with different ionic concentrations.
(c) Temperature dependent Is— Vs data measured for a fully intercalated BP diode device.
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from linear to nonlinear and show an increased rectification
effect for higher lithium concentrations. When a positive bias
is applied to the diode, the Fermi energy (for holes) of the LisP
is lowered with respect to the Fermi energy in the BP which
results in a smaller potential drop across the junction. The
balance between diffusion and drift is disturbed and more holes
will diffuse towards the LisP than the number drifting into the
BP. This leads to a positive current through the junction at a
voltage comparable to the potential height. When a negative
voltage is applied, the Fermi energy of the Li;P is raised and
now the potential across the BP now increases and further
restricts the hole transport to the LisP, so that the flow of holes
is limited by that barrier. As a result, this Li;P-BP junction with
positive barrier height has a pronounced rectifying behavior.
A large current exists under forward bias, while almost no
current exists under reverse bias. In addition, the measurement
shows a gradual increase in the threshold voltage of Vi from
around 1 V to ~ 2 V with increased doping concentrations
corresponding to increased barrier height. We further measure
the temperature dependent transport of the diode from 300 to
79 K (Fig. 4(c)). The diode current reduces with lowering tem-
perature due to the suppressed thermal energy of charge carriers.
The barrier potential extracted from transport measurement
is ~ 0.1 V for LisP and note that this barrier potential remains
consistent throughout the whole temperature range, indicating
high stability of the intercalation doping.

As a further step, we develop both p-type and n-type field-
effect transistors (FETS) based on complementary intercalation
doping. For p-type devices, lithium intercalated BP is used as
the semiconductor channel. The devices are fabricated using
HfO, high-x gate dielectrics through atomic layer deposition
and metal top gate electrodes. More details regarding the
fabrication have been reported previously [8, 71, 72]. Typical
output and transfer characteristics recorded from the pristine
and intercalation devices are show in Fig. 5. The I~ Vs curves
of BP and Li.P devices show that the drain current I increases
linearly with Vi indicating ohmic source and drain contacts;
the Ia— Vj curves also show that Is increases as the gate voltage
V¢ decreases from 0 to —1 V representing a p-type enhancement-
mode FET. In comparison with BP transistors (Fig. 5(b)), the
turn on threshold voltage (of V;) for lithium-intercalated BP
transistors (Fig. 5(d)) shifts slightly towards negative voltage,
consistent with hole accumulation resulted from p-type doping
by lithium intercalation.

To achieve n-type FETs, we create n-type doping by using
zero-valent Cu for intercalation. We use tetrakis (acetonitrile)
copper (I) hexafluorophsphate precursor in mix with acetone
(1 mg: 5 mL) and BP samples at 45 °C for 40 minutes to enable
sufficient intercalation [73]. The samples are then washed
with acetone and dried for transistor fabrication. The Ios—Vas
and Ius— Vg curves are measured for the Cu intercalated device
(Figs. 5(e) and 5(f)). The Ius—Vas shows linear curve indicating
ohmic contact; the Is—Vy curves show that Ius increases as
the gate voltage V; increases from -2 V to positive voltage,
representing an n-type depletion-mode FET. Note that in
comparison with p-type devices, the Cu-intercalated device has
a higher electrical resistance, possibly due to lower electron
carrier density when converted from p- to n-type doping.

It is interesting to note that an increase in mobility after
intercalation is observed. In general, a reduction in carrier
mobility is expected for common semiconductors due to stronger
impurity scattering. Here, the lithium intercalated BP samples
retain p-type characteristics for different concentrations, but
the hole mobility is measured to be ~ 380 cm?/(V-s) for pristine
BP and increases to ~ 820 cm?/(V-s) for LiosP. To better
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Figure 5 Complementary field-effect transistors (FETs). ((a), (c), (e))
Ias—Vas data for FET devices based on BP, LioP, and CuP, respectively. ((b), (d),
(f)) Ias— Vg data for FET devices based on BP, Lio»P, and CuP, respectively.
The former two devices represent p-type enhancement-mode FET, while
the latter device represents n-type depletion-mode FET.

understand this phenomenon, we perform ab initio calculation
of the band structure, density of states, and mobility for
intercalated BP. The electronic band structures are calculated
using density functional theory [74-79] and shows a direct
gap of 0.18 eV at Z point for bulk BP (Fig. 6(a)). Both the valence
bands and conduction bands are mainly contributed by the p and s
orbitals of P atoms. When Li ion is intercalated into BP, the
Fermi level is shifted to the bottom of the conduction band,
resulting in a p-type doping trend. The calculated density of states
(DOS) shows that Li* does not significantly change the overall
DOS since the main contribution to the total DOS is located in the
deep valance band. For Cu intercalation, the Fermi level shifts to
the conduction band resulting in n-type doing. The Cu 3d states
are hybridized with P 3p states at the top of the valence band.
A small proportion of Cu 3d electrons will couple with the
conduction bands. These hybridized states around the Fermi level
are partly filled. To study the effects of intercalation on the charge
mobility, we constructed ab-initio electronic transport model
with explicit solution to the linearized Boltzmann transport
equation [80, 81]. The mobility is obtained from [82]

#:lfv(k)[ijz[‘g]dk
’ f[%] fdk

Here, E is electric field, and v (k) is the electron group velocity.

1

f and g are electron distribution and perturbation to the

electron distribution, respectively, which can be solved explicitly
from Boltzmann transport equation with relaxation time
approximation considering several scattering mechanisms

vel(k):vii(k)+vpe(k)+vde(k)+vdis(k) (2)

where v, v, V., V4, and vy, stand for the elastic, ionized
impurity, piezoelectric, deformation potential, and dislocation
scattering rates, respectively. The presence of electrical neutral
impurity (such as oxygen and water) can lead to defect scattering
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Figure 6 Electronic band structures and charge mobility by density functional theory (DFT) calculations. (a) Band structures and density of states
(DOS) calculated for different ionic concentrations. Fermi level shift confirms p-type doping under lithium intercalation and n-type doping under Cu
intercalation respectively, in consistency with the experimental observations. (b) Effects to carrier mobility from different scattering mechanisms including
neutral impurity scattering and ionized impurity scattering. The competing effects result in an overall mobility enhancement during the intercalation.

in addition to natural p-type dopants (such as Sn during growth)
[83]. When the neutral impurity has a concentration higher
than 10" ¢m™, the calculation results of Fig. 6(b) show that
impurity scattering will significantly reduce the mobility of
BP. For example, the hole mobility decreases from 816 to
336 cm?/(V-s) when the impurity concentration reaches
10'® cm™. Although ionization leads to more impurity during
lithium intercalation, the ionized impurity scattering can be
relatively weaker in comparison with neutral impurity scattering
due to the large 2D interlayer spacing and unique phase
structures of LixP. Thus, we attribute the mobility enhancement
to the suppressed neutral impurity after intercalation. Note that
literature shows that increased hole mobility with addition of
Li* dopant is not an isolated case in semiconductor materials.
The improvement due to p-type doping has been reported and
investigated for organic semiconductor [84] and oxide materials
[85]. Previous study found that the effect is related to the
existence of intermediate trap sites in the host crystal [86].
Trap sites are localized energy states within the bandgap that
came from defects in the material. Excited carriers can fall into
the trap sites instead of into the conduction band, thus reducing
the overall mobility. Intercalation increases the number of carriers
and fills up the trap sites, effectively increasing carrier mobility
and conductivity.

4 Conclusion

In summary, we have demonstrated complementary doping
of 2D materials using ionic intercalations to achieve p-type
and n-type transistors, as well as diode devices. Through the
anisotropic transport study, we show that widely tunable
electrical properties of black phosphorus can be achieved with
high device stability and performance. In addition, mobility
enhancement through ionic doping is observed for lithium
intercalated BP and verified using density functional theory
based ab initio calculations based on density functional theory.
Our study provides a generic routine to control 2D building
blocks with precise and local doping to achieve monolithic
circuits and advanced functionalities. More generally, further
extending the diversity of 2D host materials, dopants, in com-
bination with modern semiconductor processing, this approach
could open up many new opportunities through the rational
design of nanomaterials with atomic-level control.
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