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light polarization,[28] making BP a poten-
tial candidate for plasmonic application. 
Although, BP is a potential candidate for 
emerging anisotropic electronic devices, 
its anisotropic properties are still lacking 
reliable experimental characterization 
techniques.

Until now, researchers studied the ani-
sotropic properties of BP field effect tran-
sistors (FETs) with top contact.[2,8,10,11,13] 
However, the 2D top contact geometry 
has two directional components of con-
ductance: one is in-plane and the other is 
out-of-plane as shown in Figure  1a.[29,30] 
Therefore, 2D top contact was unable to 
measure the in-plane conductance pre-
cisely without contribution of the out-of-
plane conductance, resulting in underesti-
mation of in-plane electrical anisotropy. In 
refs. [2, 8, 31] as an example, the in-plane 
anisotropic transport was studied with the 
top-contacted 2 point probe (2PP) con-
figuration by performing angle-resolved 
conductance measurements. The authors 

employed a circular geometry to measure a 2PP conductance 
between the sets of opposite top contacts spaced by 30° or 45° 
and they fitted the angle dependent 2PP conductance by using 
an equation: σ(θ) = σxxcos2θ  + σyysin2θ, where θ is the angle 
between the chosen pair of opposite top contacts and the x-axis. 
They extracted the values of σxx and σyy along both the crystal-
lographic orientation, giving the anisotropy value ranging from 
1.5 to 1.8. However, such top-contacted 2PP measurements are 
susceptible to inaccuracy due to contact resistance, and thus 
are expected to yield large errors in the observed conductance 
anisotropy. In another study, Mishchenko et al. showed that the 
nonlocal response based on anamorphosis relations is a pow-
erful tool to determine the anisotropy in BP.[10] They employed 
Hall bar geometry with top contact along the armchair (AC) 
and zigzag (ZZ) directions of BP and obtained the conductance 
anisotropy of ≈1.66. Unfortunately, such top-contacted Hall bar 
geometry is also inadequate to measure the inherent anisotropy 
of BP. Furthermore, authors in refs. [11,13] employed the 
top contact geometry to study the electrical anisotropy of BP 
FETs and observed the conductance anisotropies of 1.94 and 
2, respectively, which are higher than the previous studies 
but still low as compared to bulk BP.[32] Here, we employ an 
edge contact method that is based on 1D contact geometry 
that is much more suitable to measure the in-plane electrical 
conductance precisely along the AC and ZZ directions of BP 
without the contribution of out-of-plane electrical conductance 

Highly anisotropic black phosphorus (BP) has recently attracted significant 
interest for electronic and optoelectronic devices. To date, in-plane aniso-
tropic properties of BP field effect transistors (FETs) have been reported only 
with top contact. However, the 2D top contact geometry is unable to measure 
the in-plane electrical conductance precisely, due to the presence of the out-
of-plane conductance, resulting in underestimation of anisotropy. Here, 1D 
edge contact method is employed to measure the in-plane conductance pre-
cisely along the armchair and zigzag directions of BP without the contribution 
of out-of-plane conductance. The conductance and mobility anisotropies for 
BP FETs are measured with edge contact at 300 K to be ≈5.5 and ≈7.5, respec-
tively. The results further show that the mobility of BP FETs with edge contact 
weakly depends on temperature, indicating that the edge roughness scat-
tering limits the mobility. In contrast, the mobility of BP FETs with top contact 
strongly depends on temperature, showing that the impurity scattering and 
phonon scattering limit the mobility at below and above 150 K, respectively. 
Finally, a scattering phase diagram is demonstrated to understand the role of 
different scattering mechanisms on the modulation of mobility anisotropy in 
BP FETs with edge and top contacts.
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1. Introduction

In recent years, black phosphorus (BP) has stimulated inten-
sive interest due to its high carrier mobilities,[1–4] high on–off 
ratio,[1,4] and thickness dependent bandgap[5–7] varying from 
0.39  eV (bulk) to 2  eV (monolayer). BP exhibits strong in-
plane anisotropic properties, including an electrical conduct-
ance,[2,5,8–12] carrier mobility,[13–18] thermal conductance,[19–23] 
and optical properties[2,24–27] that occur from its puckered struc-
ture; these anisotropic properties have been used to design 
electronic, thermoelectric, and optoelectronic devices. Fur-
thermore, due to the highly anisotropic nature of plasmons in 
BP, the plasmon resonance frequency could be tuned with the 
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(Figure  1b), in contrast to the previously reported techniques 
lacking accuracy in the measurements. Wang et al.[33] demon-
strated the formation of edge contacts on graphene by depos-
iting a metal to an exposed edge of graphene encapsulated by 
hexagonal boron nitride (hBN), and they achieved low contact 
resistance in the devices and reduced extrinsic scattering in the 
channel, which resulted the enhancement of the mobility of 
graphene. However, to date, no work has been reported on the 
in-plane anisotropic electrical transport in BP FETs with edge 
contact.

In this work, we present for the first time an experimental 
study to measure the inherent in-plane conductance and 
mobility anisotropies precisely in multilayer BP FETs with 
edge contact in the temperature range of 76 to 380 K. We 
encapsulated multilayer BP with hBN and performed Raman 
spectroscopy to identify the AC and ZZ directions. Electrical 
measurements reveal the ultrahigh conductance and mobility 
anisotropies at 300 K from the edge-contacted BP. We further 
show that the mobility of BP FETs with edge contact weakly 
depends on temperature, indicating that the edge roughness 

scattering limits the mobility. In contrast, the impurity scat-
tering and phonon scattering limit the mobility and mobility 
anisotropy of BP FETs with top contact in different temperature 
ranges. Finally, we demonstrate the phase diagram of scattering 
mechanisms to understand the effects of different scattering 
mechanisms on the mobility and mobility anisotropy in BP 
FETs with edge and top contacts.

2. Results and Discussion

Figure  2a displays the atomic structure of multilayer BP, 
showing the AC and ZZ directions. We have measured the 
Raman spectra of a 28.5 nm thick BP encapsulated by top and 
bottom hBN by varying the polarizing angle with an interval 
of 15° using a 532  nm laser (Figures S1 and S2, Supporting 
Information). The fabrication process schematic of hBN/BP/
hBN heterostructure is shown in Figure S1 in the Supporting 
Information. Figure 2b shows the polar plot of the normalized 
Raman intensities of Ag

2  mode with rotating angle. It has 

Figure 1. Transport in top-contacted and edge-contacted BP devices. a) Schematic of a top-contacted BP interface. Arrows indicate the in-plane and 
out-of-plane transport directions in a top-contacted device. b) Schematic of an edge-contacted BP interface. Arrows indicate the in-plane transport in 
an edge-contacted device.

Figure 2. Angle-resolved Raman spectra and conductance of Sample A. a) Electronic structure of BP showing the AC and ZZ directions. b) Polar plot 
of angle-dependent normalized Raman intensities of Ag

2  mode. c) An optical image of a BP device with metal electrodes formed along all the 30° 
directions. Scale bar indicates 5 µm. d) Ids–Vgs curves at different orientations under a bias of 1 V. e) Ids–Vds curves at different orientations under a 
gate voltage of −20 V. f) Polar plot of extracted conductance of BP obtained from different directions. Connected lines are guide for eyes.
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been found that normalized intensities of Ag
2  show maximum 

at 0° and 90°, representing the AC and ZZ directions of BP, 
respectively.[2,10,34] Figure S2c in the Supporting Information 
shows the Raman spectra of BP along the AC, 45° (referred 
to as the middle direction), and ZZ directions. As shown in 
Figure S2c in the Supporting Information, the Raman peaks of 
Ag
1 , B2g, and Ag

2  for BP are observed at 361, 437, and 466 cm−1, 
respectively.[2,34] The Ag

2  Raman peak is found to show higher 
intensity along both the ZZ and AC directions than the other 
directions. Although the intensities of the ZZ and AC direc-
tions are found to be similar, that of AC is found be a little 
larger than that of ZZ. In contrast, the intensities of the B2g 
Raman peak are small, but they show the maximum strength 
at the 45° direction apart from AC and ZZ. The AC and ZZ 
directions are mainly determined from the Ag

2  Raman peaks 
of BP, not B2g Raman peaks. Figure 2c shows that the 28.5 nm 
thick BP FET with edge contact (Sample A) is then fabricated 
by forming 6 metallic electrodes along the 30° directions based 
on the preidentified AC and ZZ directions. The edge contact 
was fabricated by performing SF6 plasma etching on hBN/BP/
hBN heterostructure, as presented in Figure S1 in the Sup-
porting Information.[33,35,36] The device fabrication process 
is described in detail in the Experimental Section. Figure  2d 
shows the 2PP angle dependent Ids–Vgs transfer curves of 
Sample A obtained under a drain bias of 1 V at 300 K and con-
firms the p-type nature of BP FET. The drain current of elec-
trode pairs displays a maximum at 0° (AC) and a minimum at 
90° (ZZ), indicating the anisotropy in the Sample A. Figure 2e 
shows the 2PP angle dependent Ids–Vds output curves of 
Sample A under a gate bias of −20 V at 300 K. The symmetric 
linear Ids–Vds curves indicate the Ohmic-like contacts between 
metal electrodes and BP along the 0°, 30°, and 45° directions 
whereas nonlinearity and asymmetry Ids–Vds curves along 

the 60° and 90° directions indicate the Schottky-like contacts 
between metal electrodes and BP. We extracted 2PP electrical 
conductance from the output curves of Sample A, as shown 
in Figure 2f. The electrical conductance shows a maximum at 
0° (AC) and a minimum at 90° (ZZ), indicating the conduct-
ance anisotropy of ≈4.43 in Sample A. The observed conduct-
ance anisotropy of Sample A is larger than the bulk BP[32] 
and previous experimental reports obtained with top con-
tact,[2,8,10,11,13] suggesting that the 1D edge contact is more suit-
able to measure the electrical conductance precisely along each 
direction of BP without the contribution of other directions. 
The 2PP angle resolved electrical conductance of a 25.2 nm 
thick BP FET with top contact (Sample B) is shown in Figure 
S3 in the Supporting Information. The conductance anisot-
ropy of Sample B is found to be ≈1.4, which is smaller than 
the conductance anisotropy of Sample A, suggesting that the 
2PP angle-resolved conductance measurements of Sample B 
suffer from the contribution of other directions and contact 
resistance, resulting in low anisotropy which is consistent with 
previous experimental results.[2,10] In the next section, we will 
perform the 2PP and 4 point probe (4PP) electrical measure-
ments on a 22.5 nm thick BP FET (Sample C) with edge con-
tact along AC and ZZ (Figure S4, Supporting Information),[2,34] 
to understand the role of contact resistance on the conduct-
ance and mobility anisotropies.
Figure  3a shows a cross-sectional schematic of Sample C 

with edge contact. The fabrication process of device is described 
in detail in the Experimental Section. Figure  3b displays the 
optical image of Sample C with edge contact, showing the AC 
and ZZ, where we perform 2PP and 4PP electrical measure-
ments to reveal the channel and contact properties of Sample C 
with top and edge contacts. Figure 3c shows the transfer char-
acteristics of Sample C with edge contact at temperatures of 76 

Figure 3. Schematic, optical image, and anisotropic electrical performance of Sample C with edge contact. a) Schematic of the edge-contacted devices 
with AC and ZZ directions. b) An optical image of the edge-contacted devices. Purple and black boxes show the AC and ZZ directions of the edge-
contacted devices. Scale bar indicates 5 µm. c) Transfer curves of the edge-contacted device at 76 and 300 K under a bias of 1 V along the AC and ZZ 
directions. d) Output curves of the edge-contacted device at 76 and 300 K under a gate bias of −10 V along the AC and ZZ directions.
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and 300 K along AC and ZZ, respectively, with a channel length 
(L) of 1 µm and a channel width (W) of 4 µm. Similar to Sample 
C with top contact (Figure S5, Supporting Information), Sample 
C with edge contact also exhibits p-type dominant ambipolar 
characteristics along AC and ZZ when back-gate bias is applied 
from −40 to 40 V at Vds = 1 V. At Vgs = −40 V and 300 K, the on-
currents of Sample C with edge contact along AC and ZZ are 
0.18 and 0.1 mA µm−2, respectively, while at 76 K, they are 0.23 
and 0.12 mA µm−2. This indicates that at 300 K, the on-current 
along AC is ≈1.8 times larger than along ZZ, while at 76 K, it is 
≈1.91 times larger. This indicates that Sample C with edge con-
tact has higher anisotropy in drain current than Sample C with 
top contact (Figure S5, Supporting Information). Meanwhile, 
at 300 K, the current on–off ratios are ≈3.5 along AC and ≈5.5 
along ZZ. At 76 K, they are ≈6.22 along AC and ≈9.5 along ZZ. 
Similar to Sample C with top contact (Figure S5, Supporting 
Information), the current on-off ratio increases with decreasing 
temperature. However, Sample C with top contact has higher 
current on-off ratio than Sample C with edge contact. This 
might be due to the possible additional gating effect of top 
contact electrodes, which does not occur from edge contact. 
Figure 3d displays output characteristics of Sample C with edge 
contact at gate voltage of −10 V and temperature of 76 and 300 
K along AC and ZZ. The asymmetric output curves of Sample 
C with edge contact indicate the formation of Schottky-like 
contact between the metal electrodes and BP. The channel and 

contact resistances are measured for both the directions by per-
forming 4PP I–V electrical characterization on Sample C with 
edge contact (Figure S6, Supporting Information). The channel 
resistance along AC is ≈5–6 times smaller than the channel 
resistance along ZZ, suggesting strong anisotropy in Sample 
C with edge contact across the entire tested temperature range 
(Figure S6c, Supporting Information). The contact resistivity is 
obtained by multiplying the contact area determined from the 
geometric contact edge structure (A  =  t  ×  W, where t is the 
thickness of BP and W is the channel width of BP). Note the 
difference in the areal calculation; that is, the thickness of BP is 
used for BP edge-contacted device, whereas, the transfer length 
(Lt) is used for BP top-contacted device. It is found that the con-
tact resistivity along AC is ≈1.8 times smaller than the contact 
resistivity along ZZ for Sample C with edge contact across the 
entire tested temperature range (Figure S6d, Supporting Infor-
mation). This is interesting, in that the channel has higher ani-
sotropy than the contact region for Sample C with edge contact, 
indicating that the contact resistance strongly affects the ani-
sotropy of Sample C with edge contact. In the next sections, we 
will discuss the 4PP conductance and mobility anisotropies of 
Sample C with top and edge contacts, in order to exclude the 
role of contact resistance that affects the anisotropy.

We applied back-gate voltages to modulate the carrier concen-
tration in Sample C with top and edge contacts. Figure 4a dis-
plays the 4PP electrical conductance versus gate bias of Sample 

Figure 4. Conductance anisotropy of Sample C with top and edge contacts. a) Conductance versus gate voltage of the top-contacted device along the 
AC and ZZ directions at 300 K. b) Conductance versus gate voltage of the edge-contacted device along the AC and ZZ directions at 300 K. c) Anisotropy 
in conductance versus gate voltage of the top-contacted and edge-contacted devices at 300 K. Filled black squares show the anisotropy in the conduct-
ance of the top-contacted device. Filled purple circles show the anisotropy in the conductance of the edge-contacted device. d) Conductance versus 
temperature of the top-contacted device along the AC and ZZ directions at Vgs = −10 V. e) Conductance versus temperature of the edge-contacted device 
along the AC and ZZ directions at Vgs = −10 V. f) Anisotropy in conductance versus temperature of the top-contacted and edge-contacted devices at 
Vgs = −10 V. Filled black squares show the anisotropy in the conductance of the top-contacted device. Filled purple circles show the anisotropy in the 
conductance of the edge-contacted device. Connected lines are guide for eyes. Error bars show variation in conductance anisotropy measured for the 
different top-contacted and edge-contacted BP devices.
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C with top contact along AC and ZZ at 300 K. It is observed 
that the increasing rates of conductance are different along AC 
and ZZ due to the anisotropic atomic structure of BP, showing 
a maximum anisotropic conductance of ≈1.096 at Vgs = −30 V. 
This low value of conductance anisotropy of Sample C with top 
contact can be attributed to the uniform doping along the AC 
and ZZ directions.[37] Furthermore, the scattering rate may be 
same along the AC and ZZ directions due to the uniform car-
rier density, resulting in a similar gate modulation along the AC 
and ZZ directions in Sample C with top contact (Figure 4a).[37] 
Table  1 displays the conductance and mobility anisotropies of 
BP FETs obtained in this work as well as those reported in pre-
vious experimental and theoretical works. Table  1 shows that 
the conductance anisotropy of our Sample C with top contact 
is smaller than those of previous works. The observed low value 
of anisotropic conductance may be due to surface scattering in 
Sample C with top contact.[20] The 4PP electrical conductance 
versus gate voltage of Sample C with top contact at different 
temperatures along AC and ZZ has been shown in Figure S7a,b 
in the Supporting Information, respectively. Figure 4b presents 
the 4PP electrical conductance versus gate bias of Sample C 
with edge contact. The maximum conductance anisotropy 
is found to be ≈5.55 at a gate bias of −40 V. The conductance 
anisotropy of Sample C with edge contact is ≈4–5 times larger 
than that of Sample C with top contact (Figure  4c), which is 
even higher than those of previous reports as shown in Table 1. 
Moreover, to date, there have been no experimental reports on 
the modulation of anisotropy in the edge-contacted BP devices. 
We think that, in our Sample C with edge contact, edge rough-
ness scattering or edge boundary scattering dominates surface 

scattering, resulting in higher conductance anisotropy in con-
trast to the top-contacted BP devices.[38–44] Furthermore, the 
scattering rate may be different along the AC and ZZ direc-
tions due to nonuniform carrier density, indicating that the 
gate modulation of conductance of Sample C with edge con-
tact along AC is larger than ZZ (Figure  4b).[14] The 4PP elec-
trical conductance versus gate voltage of Sample C with edge 
contact at different temperatures along AC and ZZ has been 
shown in Figure S7c,d in the Supporting Information, respec-
tively. Figure 4c also shows the variation in conductance anisot-
ropy with applied gate voltage of Sample C with top and edge 
contacts. The applied gate bias strongly modulates conduct-
ance anisotropy of Sample C with edge contact in contrast to 
Sample C with top contact, indicating the existence of different 
scattering mechanisms in the edge-contacted and top-contacted 
BP devices. Furthermore, Figure  4d,e shows the 4PP conduct-
ance versus temperature at a gate bias of −20  V for Sample 
C with top and edge contacts, respectively. The 4PP conduct-
ance versus temperature of Sample C with top and edge con-
tacts at different gate voltages has been shown in Figure S8 
in the Supporting Information. The conductance decreases 
with increasing temperature indicating the metallic behavior 
of Sample C with top contact, showing that phonon scattering 
limits conductance (Figure 4d).[45,46] However, the 4PP conduct-
ance of Sample C with edge contact weakly depends on tem-
perature, indicating that edge roughness scattering or edge 
boundary scattering limits conductance (Figure  4e).[38–44] The 
conductance anisotropy of Sample C with top and edge contacts 
do not depend on temperature, suggesting that phonon scat-
tering does not affect the conductance anisotropy (Figure  4f). 

Table 1. Comparison of the conductance and mobility anisotropies of the BP FETs with edge and top contacts.

Thickness Anisotropic parameters Contact method Theoretical/experimental Anisotropy ratios Refs.

22.5 nm Mobility/conductance Edge contact Experimental μAC/μZZ = 7.5
GAC/GZZ = 5.5

This work

8, 15 nm Mobility Top contact Experimental μAC/μZZ = 1.8 [2]

8 nm Mobility Top contact Experimental μAC/μZZ = 1.96 [4]

1L Effective mass Top contact Theoretical meff.ZZ/meff.AC = 42.3 [5]

2L Effective mass Top contact Theoretical meff.ZZ/meff.AC = 12.1 [5]

3L Effective mass Top contact Theoretical meff.ZZ/meff.AC = 7.47 [5]

4L Effective mass Top contact Theoretical meff.ZZ/meff.AC = 6.92 [5]

5L Effective mass Top contact Theoretical meff.ZZ/meff.AC = 6.36 [5]

14.8 nm Mobility Top contact Experimental μAC/μZZ = 1.94 [11]

10 nm Transconductance Top contact Experimental gm.AC/gm.ZZ = 1.65 [12]

13 nm Mobility Top contact Experimental μAC/μZZ = 1.4–2 [13]

1L Mobility/relaxation time Top contact Theoretical μAC/μZZ = 3.5–4
τm.ZZ/τm.AC = 5

[14]

1L Mobility Top contact Theoretical μAC/μZZ = 15.1 [18]

2L Mobility Top contact Theoretical μAC/μZZ = 7.52 [18]

3L Mobility Top contact Theoretical μAC/μZZ = 5.4 [18]

4L Mobility Top contact Theoretical μAC/μZZ = 4.97 [18]

5L Mobility Top contact Theoretical μAC/μZZ = 4.55 [18]

75 nm Electrical conductivity Top contact Experimental σAC/σZZ = 1.8 [23]
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Moreover, the conductance anisotropy of Sample C with edge 
contact is larger than that with top contact across the entire 
tested temperature range, suggesting that the edge roughness 
scattering or edge boundary scattering in BP strongly modu-
lates the conductance anisotropy in Sample C with edge con-
tact.[38–44] Furthermore, we extracted 2PP and 4PP conductance 
anisotropies from the transfer characteristics (Figure S9, Sup-
porting Information) and 4PP measurements of another 25 nm 
thick BP FET (Sample D) with top and edge contacts as shown 
in Table S1 in the Supporting Information. This indicates that 
the 2PP and 4PP conductance anisotropies of Sample D with 
edge contact are larger than those with top contact. This further 
suggests that the edge roughness scattering enhances the con-
ductance anisotropy in BP.[38–44]

We now address the modulation of the mobility anisotropy 
of Sample C with top and edge contacts by back-gate voltage 
and temperature. We extracted the 4PP field effect mobility 
from the linear region of 4PP conductance by using the fol-
lowing equation[1,2]

L
WC V

I
V
d
dds

ds

gsg
µ =  (1)

where, L, W, and Cg are the channel length (1  µm), channel 
width (4 µm), and gate capacitance per unit area (12 nF cm−2) 
for Sample C with top and edge contacts, respectively. Figure 5a 
shows the 4PP hole mobility as a function of the applied 
gate voltage of Sample C with top contact along AC and ZZ 
at 300 K. Initially, the mobility increases with applied gate 
voltage up to −25 V and then slowly decreases with gate voltage 
up to −40  V, indicating that the mobility of Sample C with 
top contact weakly depends on the carrier density at 300 K. 
Moreover, the mobility of Sample C with top contact is larger 
along AC than along ZZ indicating the significant anisotropy 
in mobility. The smaller change in the mobility with applied 
gate voltage suggests that phonon scattering limits the mobility 
of Sample C with top contact at 300 K. Figure  5b shows the 
4PP hole mobility as a function of the applied gate voltage of 
Sample C with edge contact along AC and ZZ at 300 K. The 
mobility of Sample C with edge contact along AC increases 
with the applied gate voltage, whereas along ZZ, it weakly 
depends on the applied gate voltage. This indicates that the 
mobility along AC depends more strongly on the gate voltage 
as compared to ZZ because of different scattering rate along 
the AC and ZZ directions due to nonuniform carrier density.[14] 
Moreover, top-contacted devices show high mobilities similar 

Figure 5. Mobility anisotropy of Sample C with top and edge contacts. a) Mobility versus gate voltage of the top-contacted device along the AC and 
ZZ directions at 300 K. b) Mobility versus gate voltage of the edge-contacted device along the AC and ZZ directions at 300 K. c) Anisotropy in mobility 
versus gate voltage of the top-contacted and edge-contacted devices at 300 K. Filled black squares show the anisotropy in the mobility of the top-con-
tacted device. Filled purple circles show the anisotropy in the mobility of the edge-contacted device. d) Mobility versus temperature of the top-contacted 
device along the AC and ZZ directions at Vgs = −20 V. e) Mobility versus temperature of the edge-contacted device along the AC and ZZ directions 
at Vgs = −20 V. The solid black lines in panels (d) and (e) serve as guidelines for the Tµ ∼ γ−  relation. f) Anisotropy in mobility versus temperature 
of the top-contacted and edge-contacted devices at Vgs = −20 V. Filled black squares show the anisotropy in the mobility of the top-contacted device. 
Filled purple circles show the anisotropy in the mobility of the edge-contacted device. Connected lines are guide for eyes. Error bars denote variation 
in mobility anisotropy measured for the different top-contacted and edge-contacted BP devices.
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to previous studies[1,2,4] while edge-contacted devices exhibit low 
mobilities as compared to top-contacted devices. As a possible 
reason for low mobility of edge-contacted devices, we think 
that device processing to form edge contacts has not been opti-
mized yet, e.g., plasma etching, cleaning of contact interfaces, 
and annealing to improve the contact quality. We find that the 
optimization process involves various complicated factors and 
therefore is still under development, requiring more extensive 
study. Figure 5c shows the mobility anisotropy as a function of 
the applied gate voltage for Sample C with top and edge con-
tacts. The maximum mobility anisotropy of Sample C with top 
contact is found to be ≈1.14 at Vgs = −10 V, which is lower than 
the previously reported values, as shown in Table 1.[2,13] In con-
trast, the maximum anisotropy in mobility of Sample C with 
edge contact is ≈7.5 at Vgs  =  −40  V, which is higher than the 
top-contact BP device, and the previous experimental reports 
are shown in Table  1. The higher mobility anisotropy and the 
increase of mobility anisotropy with applied gate voltage in 
Sample C with edge contact can be attributed to edge rough-
ness or edge boundary scattering.[39,40,47,48] In contrast, low 
mobility anisotropy and the decrease of mobility anisotropy 
with the applied gate observed in Sample C with top contact 
can be attributed to phonon scattering.[16,49]

To understand the role of scattering mechanisms on the 
mobility and mobility anisotropy of Sample C with top and 
edge contacts, we plotted the 4PP mobility of Sample C with 
top and edge contacts with temperature in Figure 5d,e, respec-
tively. Figure  5d displays two characteristics: one is that the 
mobility of Sample C with top contact is different along AC 
and ZZ, suggesting that the anisotropy in mobility in the entire 
temperature range of 76 to 380 K; the other is that the mobility 
of Sample C with top contact decreases with increasing tem-
perature. In Sample C with edge contact, the mobility along 
AC is larger than that of along ZZ, indicating strong mobility 
anisotropy in the entire temperature range of 76 to 380 K 
(Figure 5e). The mobility of Sample C with edge contact along 
AC and ZZ weakly depends on temperature in the entire tem-
perature range of 76 to 380 K, suggesting that the edge rough-
ness scattering limits the mobility (Figure 5e).[38–44] We further 
fitted the results of the mobility versus temperature of Sample 
C with top contact along AC and ZZ to the relation, Tµ ∼ γ−

, where γ is the critical exponents that depends on scattering 
(Figure 5d). In the temperature range of 76 to 140 K, the fitted 
values of γ along AC and ZZ are ≈0.23 and ≈0.25, respectively, 
suggesting that the mobility along AC and ZZ weakly depends 
on temperature which indicates that the impurity scattering 
limits the mobility of Sample C with top contact along AC 
and ZZ.[14,15,50] In the temperature range of 160 to 280 K, the 
fitted values of γ along AC and ZZ are ≈0.44 and ≈0.47, respec-
tively, indicating that the γ values are higher than those in the 
temperature range of 76 to 140 K. This suggests that acoustic 
phonon scattering dominates over the impurity scattering and 
limits the hole mobility of Sample C with top contact along AC 
and ZZ.[1,16,49,51] In the temperature range of 300 to 380 K, the 
fitted values of γ along AC and ZZ are ≈0.88 and ≈0.86, respec-
tively, indicating that the mobility strongly depends on temper-
ature. This suggests the presence of optical phonon scattering 
in Sample C with top contact in the temperature range of 300 
to 380 K.[1,16,49,51] In contrast, in Sample C with edge contact, in 

the entire temperature range of 76 to 380 K, the fitted values of 
γ along AC and ZZ are ≈0.22 and ≈0.15 (Figure 5e). These low 
values of γ along AC and ZZ indicate that the mobility weakly 
depends on temperature. This suggests that the edge rough-
ness scattering or boundary scattering limits the mobility of 
Sample C with edge contact in the entire temperature range of 
76 to 380 K.[47,48] Figure 5f compares the mobility anisotropy of 
Sample C with top and edge contacts. The mobility anisotropy 
of Sample C with edge contact is ≈5 to 7 times larger than that 
of Sample C with top contact. This indicates that, in Sample 
C with edge contact, the edge roughness scattering enhances 
the mobility anisotropy.[39,40,47,48] In contrast, in Sample C with 
top contact, the presence of strong surface scattering reduces 
the anisotropy of electron–phonon interaction, resulting in 
the reduction the mobility anisotropy as compared to previous 
reports as shown in Table  1.[10,20] Compared to the previous 
reports, Sample C with edge contact enhances mobility anisot-
ropy up to 2 to 3 times, as shown in Table  1, suggesting that 
the BP edge-contacted devices are potential candidates for ani-
sotropic electronic devices. Furthermore, we prepared an edge-
contacted and top-contacted ReS2 devices to study their aniso-
tropic properties for the purpose of investigate the extendibility 
of this work. Similar to BP edge-contacted devices, the edge-
contacted ReS2 device shows higher conductance anisotropy 
than the top-contacted ReS2 device (Figure S10, Supporting 
Information).

Finally, Figure  6 shows the phase diagram of scattering 
mechanisms that we propose, which is based on differently 
obtained values of γ for Sample C with top and edge con-
tacts along AC and ZZ. In Sample C with top contact along 
AC and ZZ, the impurity scattering phase exists at the gate 
voltage range of −10 to −40  V and the temperature range of 
76 to 140 K, indicating that the impurity scattering limits the 
mobility at higher carrier concentration and low temperature 
(Figure  6a,b). But, if impurity concentration is similar to car-
rier concentration in the voltage range of −10 to −40  V, the 
impurity screening marginally increases at higher carrier den-
sity as shown in Figure  6a,b.[15] The acoustical phonon scat-
tering phase exists at the gate voltage range of 0 to −10 V and 
the temperature range of 76 to 150 K, suggesting that acous-
tical phonon scattering limits the mobility of Sample C with 
top contact at low carrier concentration and low temperature 
(Figure  6a,b). However, acoustical phonon scattering phase 
also exists at the gate voltage range of −10 to −40  V and the 
temperature range of 150 to 300 K (Figure 6a,b). This suggests 
that the acoustical phonon scattering also limits the mobility of 
Sample C with top contact at higher carrier concentration and 
high temperature. The optical phonon scattering phase exists 
at the gate voltage range of 0 to −40  V and the temperature 
range of 300 to 380 K. This indicates that the optical phonon 
scattering limits the mobility at higher temperature and any 
carrier concentration. In contrast, the obtained low values of γ 
in Sample C with edge contact along AC and ZZ at the entire 
temperature range indicates the presence of edge roughness 
scattering (Figure 5e). The single phase in Figure 6c,d suggests 
the presence of edge roughness scattering or edge boundary 
impurity scattering in Sample C with edge contact along AC 
and ZZ at the gate voltage range of 0 to −40 V and the entire 
temperature range. The proposed phase diagram would be very 
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helpful to understand the role of different scattering mecha-
nisms on mobility and mobility anisotropy of BP FET devices.

3. Conclusion

We performed for the first time an experimental study on the 
modulation of electronic anisotropy in the multilayer BP FETs 
with edge contact, based on different scattering mechanisms in 
the temperature range of 76 to 380 K. The experimental results 
revealed that for the BP FETs with edge contact at 300 K, the 
conductance and mobility anisotropies were ≈5.5 and ≈7.5. We 
further observe that the mobility of BP FETs with edge con-
tact weakly depends on temperature, indicating that the edge 
roughness scattering limits the mobility. In contrast, for the BP 
FETs with top contact at 76–150 and 150–380 K, the impurity 
scattering and phonon scattering limit the conductance and 
mobility anisotropy, respectively. We showed that the edge-con-
tacted BP device reveals higher conductance and mobility ani-
sotropies as compared to previous experimental reports on the 
top-contact BP devices, making BP a potential 2D material for 
use in anisotropic electronic devices such as polarized sensitive 
photodetector, polarized pulse generator and digital inverters. 
Finally, we demonstrated the phase diagram to help understand 
the role of different scattering mechanisms on the modulation 
of mobility anisotropy in BP FETs with edge and top contacts.

4. Experimental Section

Exfoliation of hBN and BP: Thin hBN layers were exfoliated by scotch 
taping onto 285  nm thick SiO2 deposited on heavily p-doped Si wafer. 
Thickness of the exfoliated hBN was in the range of 20–40 nm. BP was 
also exfoliated on a SiO2/Si wafer, and its thickness was in the range of 
20–30 nm.

Fabrication of the hBN/BP/hBN Stack: The exfoliated hBN and BP 
were subjected to a transfer process to form an hBN/BP/hBN stack. The 
hBN and BP were picked up in order by using polycaprolactone (PCL) at 
42–58 °C.[52] The hBN/BP stack that was picked up by PCL was dropped 
down at 80 °C on the exfoliated hBN. The polymeric residues remaining 
after the transfer process were removed in acetone at 70 °C (Figure S1, 
Supporting Information). The thickness of the prepared hBN/BP/hBN 
stack was measured by atomic force microscopy.

Fabrication of the Edge-Contacted BP Device: Raman measurements were 
performed on hBN/BP/hBN heterostructure to identify the AC and ZZ 
directions of BP using micro-Raman thermometry system equipped with 
a 532 nm laser and a spot size 1 µm with a power 100 mW and a polarizer. 
Onto the wafer with the direction identified BP, poly(methylmethacrylate) 
(PMMA) A6950 was applied by spin coating at 4000 rpm for 60 s, followed 
by baking at 180 °C for 90 s. Subsequently, patterns for metal electrodes 
were drawn by electron beam lithography, followed by the development 
of electron beam resists in a developing solution of deionized 
water:isopropyl alcohol = 1:3. For complete removal of the PCL and PMMA 
residues, UV ozone treatment was carried out for 90  s. The patterned 
samples were subjected to plasma etching using an inductively coupled 
plasma (ICP) etcher at the following processing condition: ICP power 
of 20 W, working pressure of 30 mTorr, and SF6 gas flow of 30 sccm.[36] 
An 80 nm thick Au layer was then deposited onto the sample by electron 

Figure 6. Carrier scattering phase diagram for Sample C with top and edge contacts. Phase diagram as a function of the applied gate bias and tem-
perature of the a) top-contacted device along the AC direction, b) top-contacted device along the ZZ direction, c) edge-contacted device along the AC 
direction, and d) edge-contacted device along the ZZ direction.
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beam deposition, followed by lift-off process in acetone for 1 h (Figure S1, 
Supporting Information). The fabricated device was subjected to electrical 
characterization in a vacuum probe station.

Electrical Measurements: The semiconductor parameter analyzer (Agilent 
4155C) and the probe machine (MSTECH MST-1000B) with a vacuum level 
of 10 mTorr were used to perform all the electrical measurements of the 
fabricated devices. The vacuum chamber was MSTECH M6VC.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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