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Abstract
Few layer phosphorene (FLP) devices are extensively studied due to their unique electronic properties
and potential applications on nano-electronics. Here we presentmagnetotransport studies which
reveal electron–electron interactions as the dominant scatteringmechanism in hexagonal boron
nitride-encapsulated FLP devices. Fromweak localizationmeasurements, we estimate the electron
dephasing length to be 30 to 100 nmat low temperatures, which exhibits a strong dependence on
carrier density n and a power-law dependence on temperature (∼T−0.4). These results establish that
the dominant scatteringmechanism in FLP is electron–electron interactions.

The experimental isolation of graphene on insulating
substrates [1] over a decade ago has led to the
explosively increasing interest in two-dimensional
(2D)materials [2]. A plethora of 2D atomic layers have
been investigated, with properties ranging from semi-
metallic, metallic, semi-conducting, insulating and
superconducting, with many fascinating electronic,
optical, thermal andmechanical properties.

One of the recent additions to the family of 2D
materials is phosphorene, which is single- or few-
atomic layers of black phosphorus (BP). BP is themost
stable form of elemental phosphorus, consisting of
layers held together by weak van der Waal’s forces.
Within each layer, the phosphorus atoms are arranged
in a puckered structure [3, 4] It has recently piqued the
interest of the scientific community due to its high
mobility [5], direct band gap that is tunable by thick-
ness or strain [6–12], and large in-plane anisotropy
[4, 7, 12, 13]. These properties make BP a highly
attractive candidate for electronics, thermal and
optoelectronics applications, as well as amodel system
for interesting physics such as anisotropic quantum
Hall effect [14] and emergence of topological order
under an electricfield [15, 16]

The first generation of few-layer phosphorene
(FLP) devices were fabricated on Si/SiO2 substrates,
with reported hole mobility ∼300–1000 cm2 V−1 s−1.

Recent experiments [14, 17] have pushed the charge
carrier mobility to ∼4000–6000 cm2 V−1 s−1 at low
temperatures by using hexagonal boron nitride (hBN)
as substrates, enabling observation of Shubnikov de
Haas oscillations [17–19], andmore recently quantum
hall effect [14]. However, despite the recent progress,
themobility of FLP is still an order ofmagnitude smal-
ler than that in bulk, ∼50–60 000 cm2 V−1 s−1. In
particular, scattering mechanisms in FLP are not well
understood. In this article, we use weak localization to
explore the inelastic scattering mechanism in hBN-
encapsulated FLP at low temperature. The phase
coherence length Lj of charges is measured to be
30–100 nm at 1.5 K, and proportional to T−1 /2. As
charge density n increases, Lj exhibits a superlinear
dependence on n. These observations are consistent
with the theory of electron–electron interactions with
small momentum transfer, which gives rise to electro-
nic dephasing in FLP at low temperatures.

To fabricate hBN-encapsulated FLP devices
[17, 20], we exfoliate FLP sheets from bulk crystals
inside a VTI glove box onto PDMS stamps, and thin
hBN layers on Si substrates with 300 nm of SiO2.
Using a home-built micromanipulator stage, we align
FLP and hBN sheets and bring them into contact. The
PDMS stamp is then peeled off, leaving the FLP/hBN
stack on Si/SiO2 substrate, and the transfer procedure
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is repeated to place a few-layer hBN sheet onto the
stack. The entire assembly process is performed inside
the glove box. The completed hBN/FLP/hBN hetero-
structure is patterned into Hall-bar geometry by stan-
dard electron beam lithography, and the top BN layer
is etched by SF6 gas in an ICP etcher to expose the FLP
sheets. To minimize degradation, Cr/Au contacts are
deposited immediately after the etching process. The
optical image of a typical device is shown in figure 1(a).
The devices are measured in He3 refrigerator or in a
pumped He4 cryostat with a variable temperature
insert. Here we present transport data from two differ-
ent devices that are ∼20 nm thick, with mobility up to
1700 cm2 V−1 s−1.

FLP has a thickness-dependent band gap [11]. For
FLP that are more than 5 layers, the gap is similar to
that of bulk, ∼0.3 eV [11]. Figure 1(b) displays the
two-terminal conductivity σ of device A as a function
of applied gate voltage (Vg) at T=300 mK, and
figure 1(c) displays the four-terminal conductivity of
device B at T=1.5 K. σ∼0 for both devices, when
the Fermi level is within the band gap. For
Vg<−15 V, σ increases linearly (device A) or super-
linearly (device B) with Vg, indicating hole mobility of

∼500 cm2 V−1 s−1 and 1700 cm2 V−1 s−1, respec-
tively. We note that the apparent doping of the device,
i.e. the offset of the charge neutrality points from zero
gate voltage, may result from the charge transfer from
PDMS during the fabrication process, or presence of
small amount of impurities on the hBN sheets. In both
devices, conductivity of electron-doped regime is sig-
nificantly lower, which is likely due to the formation of
Schottky barriers at electrode-BP interfaces. Hence we
focus on transport properties in the p-doped regime.

In the highly p-doped regime, device conductivity
significantly exceeds σq, where σq=e 2/h∼39 μS is
the conductance quantum, thus the device is in the
metallic regime (here h is Planck’s constant, e the elec-
tron charge). However, σ decreases slightly with T.
This is a signature of electron interactions in dis-
ordered 2D thin films. In fact, σ is expected to exhibit a
logarithmic dependence onT,
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where σ0 is the ‘intrinsic’metallic conductivity, T0 is a
characteristic temperature estimated to be t k ,B 0 kB
the Boltzmann’s constant, τ0 the electron scattering

Figure 1. (a)Anoptical image of a typical hBN-encapsulated FLGdevice with hall bar geometry and a top gate. Scale bar: 10 μm. (b)
Two-terminal conductivity as a function of back gate voltage of device A atT=0.3 K. (c) Four-terminal conductivity as function of
back gate voltage of device B atT=1.5 K. (d)The conductivity of device B as function of temperature taken atVbg=−35 V. The
dashed line is a fit to equation (1).

2

2DMater. 3 (2016) 034003 Y Shi et al



time, and C a dimensionless constant that is of order
unity depending on the scattering mechanism [21].
This logarithmic dependence is borne out by exper-
imental data from device B, shown as circles in
figure 1(d). At charge density n∼−1.75×1016 m−2,
σ0∼0.4 mS, and using effective mass m*∼0.26 me

[17], τ0 is estimated fromDrudemodel to be∼0.21 ps,
yielding T0∼36 K. The dashed line is a fit to
equation (1) with C∼1.6 as the fitting parameter, in
agreement with theory. (Device A was only measured
at T=0.3 K and 1.5 K, where conductivity remains
intrinsic and constant).

To further explore the inelastic scattering mech-
anism, we employ weak localization measurements by
applying a perpendicular magnetic field B. Weak loca-
lization (WL) is the quantum correction to the classical
conductivity of a diffusive system [22, 23]. In a 2D sys-
tem, due tomultiple inelastic scatterings, electrons in a
closed trajectory interfere constructively with the
time-reversed path, resulting in enhanced back-
scattering and hence lower conductivity. Application
of a small B destroys the interference, thus con-
ductivity increases. WL has been widely applied to 2D
systems for measuring the inelastic scattering time,
characterized by the dephasing time τf. When the
elastic scattering time is much shorter than the inelas-
tic scattering time, the change inmagnetoconductance
induced byB is given by [23, 24]
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where σ is the device conductivity, h is Planck’s
constant, e is the electron charge, Ψ is the digamma

function, =j
j

ħ
B

eL4 2 is the magnetic field required to

destroy phase coherence, Lj= tjD , and D is the
diffusion coefficient.

Figure 2(a) displays the normalized conductivity

Δσ in units of
p
e

h

2

(color) as a function of n (vertical

axis) and B (horizontal axis). As B is swept from
−0.8 T to +0.8 T, Δσ displays positive magneto-
conductivity with a minimum at B=0 T, consistent
with the time reversal symmetry breaking of phase
coherent back scattering. Themagnitude ofΔσ is rela-
tively large (>1) when the device is highly doped, and
small (<0.1) when the Fermi level is close to the band
edge. Representative line traces Δσ (n) are shown as
solid lines in figure 2(b), and the dashed lines are fits
using equation (2). Satisfactory agreement between
the data and equation (2) are obtained. From the fit-
ting parameterBj, we obtain Lj∼75 nm at n=−1.8

1012 cm−2. Using D=
s
s*



m4 q

∼4.3×10−4 m2 s−1,

the inelastic scattering time is estimated to be
τf∼13 ps, which is two orders of magnitude longer
than the elastic scattering time τ0. This is consistent
with the applicability condition of equation (2), and
establishes that charge transport in these FLP devices is
diffusive but phase coherent over tens of nanometers.
Similar calculations yield that, at n=−1.0 and
−0.7×1012 cm−2, Lj∼60 nm and 40 nm and
τf∼8.4 ps and 3.7 ps, respectively.

To explore the scattering mechanism, we examine
the temperature dependence of Lj in device B. In gen-
eral, the dephasing time τj∼T−α, where the expo-
nent α depends on the scattering mechanisms. In
particular, α∼2 for electron–phonon scattering. On
the other hand, if electron–electron interaction is the
dominant mechanism, two separate processes may
occur depending on the impurity density of the system
[23, 25]—the first involves direct scattering between
electrons and large momentum transfer, with a rate
that scales with (kBT)

2, so α=2; the second process
involves small momentum transfer, and considers not

Figure 2.Weak localization data fromdevice A. (a). Normalized conductivityΔσ in units of e2/πh vs. carrier density andmagnetic
field. Note that below−0.38×10−12 cm−2 the device no longer displays the suppression of weak localization. This is attributed to the
device entering the insulating state. (b) Solid lines: line tracesΔσ(B) at−1.8,−1, and−0.7×0−12 cm−2, respectively (top to
bottom). Dotted lines:fits to the data using equation (2).
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individual collision events but instead the interaction
of an electron with the fluctuating electromagnetic
environment produced by the movement of other
electrons. The latter process is similar to that in the
Nyquist noise, with a rate that scales linearly with kBT
in 2D, henceα=1 [23].

Figure 3 displays Lj(T) at four different hole den-
sities. As expected, Lj increases asT decreases from15 K
to 2 K, then saturates forT<2 K.We fit the data points
above 2 K to a power law dependence Lj∼T−β. The
measured values of β=α/2 are found to be
∼0.4±0.02 for all densities, which is close to the value
of β=0.5 or α=1 expected from the theory of elec-
tronic interactions with small momentum transfer.
Quantitatively, the Altshuler-Aronov-Khmelnitsky the-

ory predicts
t s s

s s=
j
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lnB
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the expression forD, the dephasing length is given by
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From equation (1), σ exhibits a weak logarithmic
dependence on T, thus Lj should scale with T−1/2ln
(T), and the ln(T) term accounts for the observed
deviation of β from the expected value of 0.5. Thus the
Lj(T) data establish that the main dephasing mech-
anism at low temperatures arise from electron–elec-
tron interactions with small momentum transfer,
though the saturation of Lj at T<2 K may suggest a
differentmechanism at ultra-low temperatures.

Lastly, we explore the dependence of Lj on charge
density. Figure 4(a) plots Lj(n) for device A at
T=0.3 K, and that for device B at T=1.5 K and 4 K.
Clearly, Lj is strongly dependent on carrier density,
varying by almost 1 order of magnitude from 30 nm to
110 nm when n increases from 0.5 to 2×1012 cm−2.

In fact, Lj appears to have power-law dependence on
n, Lj∼np, where p appears to be less than 1 for device
A at T=300 mK, and ∼1.5 and 2 for device B at
T=1.5 K and 4 K, respectively.

Such Lj(n) dependence can be readily understood
from equation (3), which shows that Lj should be
slightly superlinear in σ, and the latter is in turn linear
or superlinear in n. This is explicitly verified by plot-
ting Lj/σ for device A at T=0.3 K and device B at
T=1.5 K and 4 K, respectively (figure 4(b)). All 3
curves are relatively independent of n at relatively high
hole density. The slight rises in the curves at lower car-
rier density is attributed to the larger Schottky barriers
and increasing contact resistance towards the band
edge. This deviation is largest in the two-terminal data
of Device A, and much smaller but still present in the
invasive four-terminal data of Device B. Taken toge-
ther, these results again confirm that inelastic scatter-
ing processes at low temperature in FLP are
dominated by electron–electron interactions.

In short, we have observed the weak localization in
hBN-encapsulated FLP devices. The dephasing length
is measured to be ∼30 to 100 nm, and exhibits power-
law dependences on temperature and charge density.
Our results demonstrate that the main dephasing
mechanism in these few layer BP devices is electron–
electron interactions. Finally, during the preparation
of the manuscript, we become aware of a similar work
[26] on thinner (4.5–8.2 nm) FLP devices on Si/SiO2

substrates. The similarities between the results from
devices on different substrates suggest that, at low
temperatures, scattering in these systems with mobi-
lity 500–2000 cm2 V−1 s−1 is dominated by disorder-
mediated electron–electron interactions, and not lim-
ited by substrates or dependent on thickness (down to
∼5 nm). On the other hand, for very thin FLP sheets
with significantly larger band gaps and different mobi-
lity bottlenecks, other factors such as screening, impu-
rities and electron interactions with large momentum
transfer may play different roles. Thus further studies
are warranted to reveal scattering mechanism in
higher mobility samples or very thin FLP (down to
monolayer) devices. Another interesting topic is the
angular dependence of scattering and dephasing
mechanism, which, given the large lattice anisotropy,
may vary along different crystallographic directions
and await further investigation.
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Figure 3.Temperature dependence of dephasing length of
device B at different hole densities. Dashed lines arefits to
power-law dependenceT−0.4.
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