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TOPICAL REVIEW — 2D materials: physics and device applications
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Recently, black phosphorus (BP) has joined the two-dimensional material family as a promising candidate for elec-
tronic and photonic applications due to its moderate bandgap, high carrier mobility, and unusual in-plane anisotropy. Here,
we review recent progress in BP-based devices, such as field-effect transistors, contact resistance, quantum transport, stabil-
ity, photodetector, heterostructure, and in-plane anisotropy. We also give our perspectives on future BP research directions.
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1. Introduction

The experimental demonstration of graphene has opened
up a window to the two-dimensional (2D) world of
materials.!! This has subsequently triggered a surge of re-
search interest on various 2D crystals including hexagonal-
boron nitride (h-BN),!>3] transition metal dichalcogenides
(TMDs, such as MoS, and WSez),[4] and black phospho-
rus (BP),[>%! covering the category from insulator to narrow
bandgap semiconductor. The ease of preparing these 2D crys-
tals using mechanical exfoliation for demonstrating various
prototype applications relies on the layered structures where
adjacent layers are held together by the relatively weak van
der Waals bonds. 8!

An inherent advantage of 2D materials for electronic ap-
plications is greatly improved short channel effect at the scal-
ing limit due to their atomically thin channel.[*"!%! Despite the
excellent mobility of graphene, its gapless nature makes it un-
suitable for logic switching, which severely limits its potential
for electronic circuits. In 2011, layered TMDs with tun-
able bandgap properties provided a new option to build ulti-
mately scaled channel device.*!?! Much progress has been
achieved in TMDs-based FETs,[!13-15] logical devices,16:171
and optoelectronic structures.!'®1°1 However, the majority of
the reported TMDs transistors, such as MoS,, have a low car-
rier mobility and the performance of these devices is inferior
to traditional semiconductors such as silicon or GaAs.[?9-2?1
The quest for a new material that bridges the gap between
graphene and TMDs is highly desired. Layered BP is an
emerging 2D semiconductor with a decent bandgap and high
carrier mobility.>%231 Meanwhile, BP exhibits widely tunable
and direct bandgap from 0.3 to 2 eV and remarkable in-plane
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anisotropic electrical and optical properties.>*-26! Therefore,
2D layered BP has attracted significant amount of research in-
terest as a promising candidate for high-performance deeply-
scaled electronics and optoelectronic devices.

In this review, we first discuss some of the most im-
portant characteristics of BP transistors including contact re-
sistance, high-frequency operations, quantum transport, and
stability. We also present the recent progress in electronics
and optoelectronics application, including photodetectors, van
der Waals heterojunction devices, and anisotropic properties.
Lastly, we provide our perspective on the opportunities and
challenges in this research area.

2. Basic structure properties

BP is a single-elemental layered material, which has
three crystalline structures: orthorhombic, simple cubic, and
rhombohedral.!?”-?8] The research on bulk BP could be tracked
back to a century ago and the progress remained slow for many
years. 2321 Following the successful exfoliation of few-layer
BP in 2014,15! a surge of research interest has been focused on
this nanomaterial and excellent electrical properties have been
demonstrated. Theory predicts that the room temperature in-
trinsic hole mobility can be up to 10* cm?/(V-s). The atom-
istic models of few-layer BP are presented in Fig. 1(a).[*”] For
each single layer, each phosphorus atom is covalently bonded
with three adjacent phosphorus atoms to form a puckered hon-
eycomb structure and the thickness of monolayer BP (named
phosphorene) is ~ 5 A. The x and y directions in the BP struc-
ture correspond to the armchair and zigzag directions of BP,
respectively. It is of interest that the different effective mass
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along different directions results in in-plane anisotropic elec-
trical and optical properties, which is very unique in 2D mate-
16.30-32] Figure 1(b) shows the band structure cal-

27331 Compared to

rials family.
culations for BP with various thickness.!
graphene and TMDs, the bandgap of BP is strongly depen-

(b)

dent on thickness due to quantum confinement, ranging from
~ 0.3 eV for the bulk to ~ 2.0 eV for the monolayer.[2>-3433]
This wide tunable bandgap provides an advantage to optimize
the performance of BP-based nanoelectronics and optoelec-
tronics by thickness.
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Fig. 1. (color online) (a) The ball-stick model of few-layer BP. The x, y direction is in-plane vibration along the armchair and zigzag direction,

respectively. (b) Band gap of different layer numbers of few-layer BP calculated by different methods. The dashed lines are power-law fitting curves.

3. Electronics properties

BP is a p-type 2D semiconductor, which has high hole
mobility up to 1000 cm?/(V-s) at room temperature, as demon-
strated experimentally. Although much progress has been
achieved, many challenges still exist toward electronic and op-
toelectronic applications. In this section, we review the elec-
trical transport properties, contact resistance, channel length
scaling, and high-frequency performance. The novel quantum
transport and the development of BP passivation are also dis-
cussed.

3.1. Field-effect transistors

The first few-layer BP field-effect transistor (FET) was
reported by Li et al, exhibiting on/off ratio of 10° and mobil-
ity up to 1000 cm?/(V-s) at room temperature.>! Figure 2(a)
shows a schematic view of BP back-gated devices with 90 nm
Si0; as gate dielectric. The field-effect mobility and Hall mo-
bility of BP at different temperatures are shown in Fig. 2(b).
The mobility of an 8-nm-thick sample first increases with de-
creasing temperature due to reduced electron—phonon scatter-
ing, then saturates around 300—400 cm?/(V-s) when temper-
ature is below 100 K due to the dominated charge impuri-
ties scattering. Liu et al. also reported the similar results
on BP transistors shortly after the first BP publication.®! Fig-
ure 2(c) presents the transfer characteristics of BP transistor
with a channel thickness of ~ 5 nm. A current on/off ra-
tio of ~ 10* and a hole mobility of 286 cm?/(V-s) at room
temperature can be achieved. As expected, the field-effect
mobility shows a strong thickness dependence, as shown in
Fig. 2(d), which can be explained by screening and interlayer
coupling in layered materials, as proposed in several previous

studies. Also, a complementary metal oxide semiconductor

[27]

(CMOS) inverter with combination of BP pMOS transistors
and MoS; nMOS transistors was demonstrated, showing great
potential for BP in future electronic, optoelectronic, and flexi-
ble electronic devices. The anisotropic electronic transport is a
unique property for few-layer BP,*®! which was demonstrated
both theoretically and experimentally. The theory calculations
show that the effective mass of electrons and the hole is m. ~
my ~ 0.3mg along the armchair direction and m, ~ 2.6my,
my, ~ 8.3my along the zigzag direction.!®3”] This anisotropic
property is further supported by polarization-resolved Raman
scattering.[*®] Raman results show that the measurable peak
positions are independent of polarization, while the relatively
intensity of the Ay and A; modes varies significantly with po-
larization directions. This provides a useful method to deter-
The
DC conductivity and IR relative extinction measured along

mine the crystalline direction of few-layer BP flakes.

six directions on the BP flake as shown in Fig. 2(e) show
a ratio of 1.5 for the maximum value at the x-direction at
the band edge and minimum value at the y-direction at the
band edge.3®! This is consistent with a Hall mobility of 650
and 400 cm?/(V-s) for holes along the light (x) and heavy
(y) effective mass directions at 300 K for 15-nm-thick BP
(Fig. 2(f)). Theoretical investigations show that BP transistors
can meet the International Technology Roadmap for Semicon-
ductor (ITRS) target at the 5-nm technology node.**! The per-
formance of BP transistors has been improved with the device
optimization. The maximum extrinsic transconductance (gm)
is over 250 uS/um for locally back-gated BP p-type transis-
tors with 7-nm-thick HfO, as gate dielectrics.!*?! Subthreshold
slope value as low as 126 mV/decade was also achieved for a
4-nm-thick back-gated sample.[*!) Du er al. used a chemical
doping to reduce the resistance and improve the on-state cur-
rent from 211 to 532 uA/um.!*?! Recently, Li e al. demon-
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strated a high current density of 580 pA/um for 10-nm-thick
BP transistors with scandium contacts after 400 K vacuum
annealing.[43] Besides the traditional oxide substrate, the flex-
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ible BP amplitude-modulated demodulator was reported by
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Fig. 2. (color online) (a) Schematic of device structure of a few-layer BP back gate FET.5] (b) Field-effect mobility (red open circles with error
bar) and Hall mobility (filled squares with error bar, three different values of n) as a function of temperature on a logarithmic scale. A power-law
dependence 1 ~ T~%3 (black dashed line) is plotted in the high-temperature region as a guide to the eye.>) (c) Transfer curves of a typical
few-layer BP transistor with a film thickness of ~ 5 nm.[®! (d) Mobility summary of few-layer BP transistors with varying thicknesses.[°! (e)
DC conductivity and IR relative extinction measured along the same six directions on a BP flake in polar coordinates. The optical image of
this device was in the inset figure.!>*! (f) Hall mobility measured at a constant hole doping concentration of 6.7 x 10! cm~2 along the x and y
directions for BP thin films with a thickness of 8 and 15 nm, respectively. >4

Although most of the studies focus on p-type BP devices
due to its high hole mobility, some work demonstrated that
BP thin film could exhibit ambipolar or n-type transport prop-
erties. Liu ef al. first reported an ambipolar BP transistor

(431 which is mainly attributed

using a Al,O3 capping layer,
to the reduction of the effective Schottky barrier heights for

electrons due to the fixed charges in the Al,O3 capping layer.

The similar change from p-type to ambipolar is also reported
by Haratipour et al. using locally back-gated BP transistors
with 10 nm HfO, gate dielectric and Al,O3 capping layer. 46!
The n-channel g, is as high as 80 uS/um. Li ef al. mea-
sured an ambipolar BP transistor with a channel length of
0.2 pm and the maximum drain current is up to 85 pA/pum

at room temperature.*”] Very recently, high-performance n-
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type BP transistors have been reported using Al as the con-
tact material.[*3] The electron mobility can reach 275 and
630 cm?/(V-s) at 300 and 80 K, respectively. Much work has
also experimentally demonstrated n-type carrier transport in
BP using doping by cross-linked PMMA, [#1 Cs,C0O3,5% Cu
atoms,>! or Al atoms.!>?! The transport polarity of the BP
channel is closely related with the its channel thickness, con-
tact metal, channel length, and doping. First, thicker body
has small bandgap, leading to small Schottky barriers for
both n- and p-transport, enabling ambipolar operation. 4831
Second, low work function metal favors electron transport
and high work function metal is beneficial to hole transport
due to band alignment. (48] Third, for short channel devices,
drain voltage also has an important effect on Schottky barri-
ers in source/drain and changes the carrier transport.>*! Fi-
nally, the existence of mobile or fixed charges could introduce
doping. ]

Novel electronic device structures have also been demon-
strated based on BP materials. Recently, Liu ef al. re-
ported a theoretical investigation of ballistic transport in
multilayer BP tunneling FETs (TFETs) which can reach
larger on-state current at the same I, /Iog ratio compared to
TMDs-based TFETs.>>! Constantinescu et al. found that the
bandgap of the BP/hBN/BP heterostructure is highly tunable
under electric field and the device exhibits negative differ-
ential resistance behavior.!>®! Kang e al. fabricated a ver-
tical field-effect transistor based on a graphene/BP van der
Waals heterostructure.>’! The on-state current density is over
1600 A/cm? and current on/off ratio exceeds 800 at low tem-
peratures.

3.2. Contact resistance

High contact resistance value limits the flow of current
between the metal contacts and BP, which is critical for the re-
alization of the ultra-scaled low-power transistors and the pho-
tonic devices such as solar cells and phototransistors. >3 Tt
is well known that in conventional Si FETs a substitutional
doping scheme is used to minimize the contact resistance.
However, doping the atomically thin 2D materials is challeng-
ing and there is no available sustainable doping scheme. 0]
Since metal-2D contacts are characterized by Schottky barri-
ers (SBs), one has to minimize the height and width of the SB
to improve the current.®!! One straightforward approach is to
use metals with different work functions to minimize contact
resistance and improve current.[%93] Du e al. observed that
Pd was better than Ni in order to reach higher output current
of BP FETs.’*l The Pd contact resistance is 1.75 kQ - um at
Vbe = —40 V, which is smaller than the Ni contact resistance
of 3.15 kQ - pm at the same back gate voltage. This is be-
cause that the work function of Pd is 5.4 eV which is higher
than 5.0 eV of Ni, resulting in a smaller SB value. Very re-
cently, a chemical doping method was developed to reduce the

Ni contact resistance to 1.3 kQ- um at Vpg = —40 V.1*?] Mean-
while, the increase of electrostatically doped carrier density in
BP under the metal contacts can also lead to a narrower Schot-
tky barrier and reduce contact resistance. This was demon-
strated by Haratipour ef al., using a locally back-gated BP FET
with 7-nm-thick HfO, gate dielectrics. The contact resistance
value is as low as 1.14 kQ - um using the Ti contact.l*) Al-
though it is reported that graphene is a good contact material
for TMDs, %4 the studies on using graphene for BP are still
lacking. % Padilha ef al. used ab initio simulations to study
the contact properties of phosphorene and graphene and pre-
dicted that it was possible to achieve an ohmic contact for the
bilayer system. 6]

To understand the switching mechanisms in few-layer BP
transistors, Du et al. studied the effect of contact materials
and channel length on transport behaviors of BP FETs. !> Tt
is observed that ambipolar behavior becomes much more pro-
nounced if low-work-function-metal Ni is used for BP FETs at
shorter channel lengths. This indicated that the Ni metal Fermi
level is closer to the conduction band with minimal Fermi level
pinning at the metal/BP interface. Due to the small band gap of
BP, the transport types are closely correlated with the channel
length, back gate voltages, and drain biases. For the long chan-
nel devices, the effective SB is only determined by gate bias.
However, when reducing the channel length to sub-100 nm,
the drain voltage can also modulate the effective SBs. An
increase of the drain bias causes the decrease of the source
barrier, leading to the injection of electrons into the conduc-
tion band, and the devices would exhibit stronger ambipolar
behavior with enhanced n-type currents.

3.3. Radio frequency electronics

BP transistors are promising candidates for radio fre-
quency (RF) applications because of the high mobility and
velocity. The first RF transistor based on few-layer BP was
demonstrated by Wang et al.,!®”l with a short-circuit current-
gain cutoff frequency ft of 12 GHz and a maximum oscilla-
tion frequency fmax of 20 GHz from a 300 nm channel length
device (Figs. 3(a) and 3(b)). Then Zhu et al. reported the
first RF flexible BP thin-film transistors on highly bendable

1681 The measured results showed an in-

polyimide substrate.
trinsic maximum oscillation frequency fiax of 14.5 GHz and
cutoff frequency ft of 17.5 GHz at a channel length of 0.5 um
(Figs. 3(c) and 3(d)).

~ 6 x 10° cm/s is more than an order of magnitude higher than

The extracted saturation velocity of

the effective velocities achieved for MoS,, IGZO, and poly-Si.
Meanwhile, Chowdhury et al. investigated various BP-based
RF circuits such as amplifier, mixer and AM demodulator with
megahertz operating frequencies.(® These results clearly re-
veal the great potential of BP transistors for power and voltage
amplifiers in high-frequency electronics.
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Fig. 3. (color online) Radio-frequency performance of the BP RF transistor. The short-circuit current gain /1, MSG/MAG, and unilateral power
gain U of the 300 nm channel length device (a) before and (b) after de-embedding. 1671 (¢) Short-circuit current gain |h; | before (extrinsic) and
after (intrinsic) standard de-embedding of the 500 nm channel length device.[%®! (d) Unilateral power gain, U, featuring extrinsic and intrinsic

fumax ~ 10.3 and 14.5 GHz of the 500 nm channel length device. %!

3.4. Short channel and quantum transport

The smallest channel length of the BP transistors is re-
ported by Miao et al. with a channel length of 20 nm, which
has an on-state current of 174 pA/um at V4 of 0.1 V.7 To
fully explore the advantages of few-layer BP, reducing the
contact resistance is of great importance to improve perfor-
mance (particularly for short-channel devices). Only a few
studies on metal-BP contacts have been published and more
work is needed to understand the contact properties both the-
oretically and experimentally.©>63] Hexagonal boron nitride
(h-BN) is an ideal substrate to achieve high mobility of BP,
which has been demonstrated to preserve the ultra-high mo-
bility of graphene previously.[”!’?! The schematic of the de-
vice is shown in Fig. 4(a). Due to the fact that the surface of
the h-BN substrate is ultraflat and free of dangling bonds with
greatly reduced scattering centers for BP, BP/BN heterostruc-
ture allows for a record-high field-effect mobility for both
holes (3900 cm?/(V-s)) and electrons (1600 cm?/(V-s)) at T =
1.5 K.[3! Pronounced Shubnikov—de Haas (SdH) oscillations
are observed with both hole doping (V, < 0) and electron dop-

ing (Vg > 0). The filling factors v at each valley indicated that
the transport is already in the extreme quantum limit as shown
in Fig. 4(b). Chen et al. fabricated a BN/BP/BN heterostruc-
ture with a high field-effect mobility of 1350 cm?/(V-s) at
room temperature as shown in Figs. 4(c) and 4(d).[”* Quan-
tum oscillations in BP two-dimensional hole gas are also ob-
served at low magnetic fields. Figure 4(e) shows the tem-
perature dependence of resistivity AR, producing a cyclotron
effective mass 0.27 +0.02me at Vy; = —60 V. Gillgren et al.
also demonstrated that h-BN/phosphorene/h-BN heterostruc-
tures with 1D edge contacts enable exploration of gate-tunable
SdH magneto-oscillations and Zeeman splitting.!>! After that,
the SdH oscillations were also observed in a 47 =1 nm two-
terminal BP FET on SiO, substrates.!”®) Kim et al. realized
a widely tunable band gap and anisotropic Dirac semimetal
state in few-layer BP by means of depositing potassium (K)
atoms in situ.l””] This result provided great flexibility in de-
sign and optimization of BP-based electronic and optoelec-
tronic devices.
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3.5. Stability

Few-layer BP materials exhibit high reactivity with water
and oxygen, resulting in compositional and physical changes
of the material with consequent degradation of its electronic
properties. This poses a severe challenge for practical device
applications in semiconductor technology and flexible elec-
tronics. Figure 5(a) compares the electrical properties of few-
layer BP FETs in vacuum and after exposure in air.”’8! It is
clear that the threshold voltage shifts toward more negative
values and the drain current decreases dramaticlly. Figure 5(b)
shows the evolution of transfer curves of BP transistors at dif-
ferent exposure times, indicating a strong p-type doping af-
ter absorbing water. Much work has been focused on under-
standing of the degradation process and a reliable method to-
wards stable BP materials.[”>-8?1 The degradation is mainly
attributed to the formation of oxidized phosphorus species by
reacting with O, and H,O in air.[*”) Wood er al. reported that
AlO, capping layer can effectively suppress the degradation
of BP materials to maintain stable condition for over 2 weeks
in ambient.!83] Kim et al. further improved the air stability by
using double layer capping with dielectric and fluoropolymer

films. 84! Favron et al. reported detailed transmission electron

microscopy (TEM), electron-energy loss (TEM-EELS) and
Raman spectroscopy characterizations that elucidate the rate
of oxidation depends linearly on oxygen concentration and
light intensity and exponentially on the square of the energy
gap. ] Figure 5(c) presents time dependence of the integrated
intensity of the Aé Raman mode in different conditions, show-
ing that encapsulation with a 300 nm of parylene C can ef-
fectively protect BP. Other capping layer, such as poly(methyl
methacrylate) (PMMA) and BN, have also been demonstrated

76.86-88] Very recently, Ryder et al. proposed a co-

recently.
valent modification scheme to passivation BP and improves
the electrical properties.3%) Ziletti et al. showed that oxygen
chemisorption onto phosphorene caused the formation of neu-
tral defects and metastable electrically active defects by using
first-principles calculations.?%!1 Utt et al. theoretically stud-
ied the degradation dynamics of BP and found that intrinsic
defects lower the chemisorption barrier of ideal BP, thus en-
abling the photoinduced oxidation of BP and the dissociation
of oxygen dimers.[”?l We believe that with more and more
theoretical and experimental studies of the oxidation mecha-
nisms, ultimate control or suppression of degradation can be

realized to achieve stable BP devices.
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Fig. 5. (color online) (a) Transfer characteristics of the BP FET device
in vacuum before exposure (black curve) and directly after breaking
the vacuum (red curve) taken at V4, = 100 mV. Inset shows an optical
image of a BP flake before longterm ambient exposure (scale bar is
10 um).78 (b) Transfer characteristics at selected times over the first
hour of exposure.!”8! (c) Time dependence of the integrated intensity of
the A2 Raman mode in different conditions: air, vacuum, mixture of (073
and H, O, and in air but encapsulated under a 300 nm layer of parylene
cap. (8]

4. Optoelectronics properties

Extensive research on photodetectors based on novel
2D materials have been carried out recently because of
their wide application in photodetection, imaging, and

telecommunications.®3>-%! Graphene photodetectors provide

broadband detection from ultraviolet (UV) to Terahertz (THz),
ultrafast response time, and tunable optical properties.[?%%7]
One issue is that its gapless nature causes low responsivity and
low photoconductive gain which could limit its application. >3]
Compared with graphene-based photodetectors, TMDs pos-
sess sizable energy gap which leads to lower dark currents
and higher responsivity as long as they are direct bandgap,
but the operation speed and response spectrum range are
limited.['398] The direct bandgap from monolayer to bulk
(2.0 eV to ~ 0.3 eV) of BP covers a regime otherwise un-
available from other 2D layered materials.?>! It bridges the
band gap ranges between that of graphene (zero band gap)
and TMDCs (~ 1.0 to 2.5 eV). Such a narrow bandgap cov-
ering the spectral range from visible to near-infrared makes
BP a very promising candidate for broadband optoelectronic
applications. For example, infrared photodetectors are highly
desired for various demanding applications, e.g., telecommu-
nication, thermal imaging, biological imaging, and remote
sensing.[”%10% In addition to the high carrier mobility, the di-
rect bandgap nature and strong light absorption efficiency in
broadband spectrum makes BP ideal candidate for high perfor-
mance photodetection. More importantly, BP exhibits in-plane
anisotropy, which is not readily found in other 2D crystals de-
rived from layered materials. This can be manifested in the op-
tical, electrical, thermal, and mechanical properties of the re-
sulting devices, and has potential for the realization of concep-
tually novel electronic, optoelectronic, and nano-mechanical
devices.

4.1. Photodetectors

Photodetectors are devices used for the detection of light,
which could convert light into electrical signals used in many
applications, such as video imaging, optical communications,
biomedical imaging, security, night-vision, gas sensing, and
motion detection.[3] Here we discuss two different types of
photodetector (photodiodes and photoconductors). A photodi-
ode is a p—n junction or PIN structure which creates electron—
This
mechanism is also known as the inner photoelectric effect. If

hole pairs when photons of sufficient energy strike.

the absorption occurs in the junction’s depletion region, or
one diffusion length away from it, these carriers are swept
from the junction by the built-in electric field of the deple-
tion region. Thus holes and electrons move toward opposite
directions and a photocurrent is produced.®l When light is
absorbed by a material such as a semiconductor, the num-
ber of free electrons and electron holes increases and raises
its electrical conductivity and this is the photoconductive ef-
fect.
ters for evaluating the optical properties of photodetectors, in-

There are several significant figure-of-merit parame-

cluding responsivity, internal and external quantum efficien-
cies, noise-equivalent power, detectivity and time response,
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(99,101,102 Responsivity (R) is the ratio of the photocurrent

etc.
to the incident light power on the effective area. It is given by
R=1Iy /Po, where Iy is the effective area and F, is the inci-
dent light power. The external quantum efficiency (EQE) is
the ratio of the number of the charge carriers in the photocur-
rent and the total number of incident photons. It can be written
as: EQE = (Iph/q)/(Po/hv) = R(hc)/(gA), where q is elec-
tron charge, h Planck’s constant, ¢ is the speed of light, A the
wavelength of light, and v frequency of light. EQE can be
increased by increasing the optical absorption of active layer
and preventing the recombination or trapping of carriers be-
fore they are collected. Internal quantum efficiency (IQE) de-
notes the number of measured charge carriers divided by the
number of absorbed photons. The IQE is always larger than
the EQE. A low IQE indicates that the active layer of the de-
vice is unable to make good use of the photons to generate
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charge pairs. Noise-equivalent power (NEP) is the minimum
illumination power that delivers a unity signal-to-noise ratio at
1 Hz bandwidth. It can be expressed as NEP = PSD/R where
the PSD is the current noise power spectral density in dark
(in A-Hz~'/2) at 1 Hz bandwidth. Detectivity (D*) can be
expressed as D* = R/(2¢J4)"/?, where R is the responsivity,
q is the elementary charge, and Jy is the dark current density
when the dark current is dominated by the shot noise. Time re-
sponse is usually defined as the time necessary to increase the
photoresponse from 10% to 90% on the rising edge or reduce
the photoresponse from 90% to 10% on the falling edge. The
photoconductive gain is the ratio of the photogenerated carrier
lifetime (7) and the transit time (Tyapsi¢), Which can be calcu-
lated by G = Tir/ Tyyongir- Tiransit 1S defined as Tiansic = L?/(uv),
where L is the channel length of the transistor, u the charge
carrier mobility, and V the source-drain bias.

~4 ms

~1 ms

I4s (nA)

(d) 10°
@ 20K
3 e @ 150K
10"k TR
§ 10°F~ . _ -3
x
10°L (/R
10°L S
100 200 500 1000

Channel length (nm)

Fig. 6. (color online) (a) Responsivity versus excitation wavelength at constant power (red squares) of a BP photodetector. The dashed red
line is a linear fit to the data.!'%3! (b) Photocurrent measured in one period of modulation of the light intensity (A = 640 nm, Py = 6.49 uW,
Vs = 100 mV). We can estimate a rise (fall) time of 1 ms (4 ms).['%3] (c) R of the device at different incident laser power at 900 nm wavelength
at room temperature and low temperature.'!%) (d) Photoresponsivity of the different channel length devices under the same driving voltage.[1%%)

Buscema et al. made few-layer BP phototransistors for
broadband and fast detection. The substrate is 285 nm SiO;
and the contact materials are Ti/Au.l'*! Owing to the high
mobility and large on/off ratio of few-layer BP, the devices
have a rise time of about 1 ms and can reach a photorespon-

sivity of 4.8 mA/W at wavelength of 640 nm, with an oper-

ational range from 400 nm to 997 nm (Figs. 6(a) and 6(b)).
Deng et al. demonstrated a responsivity of 223 mA/W using
a few-layer BP on 90 nm SiO,. This improved responsivity
is due to the fact that metals with larger work function (Pd)
as contacts can significantly reduce the SB height for hole

injection on a BP FET and improve the collection of photo-
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induced carriers. Wu et al. revealed that the BP devices can
also be configured as an excellent UV photodetector with a
photoresponsivity of ~ 103 A/W.[1941 However, the response
speed is relatively slow and the photoresponsivity drops dra-
matically for almost five orders of magnitude as the excita-
tion wavelength increases beyond 500 nm. One strategy to
improve the photoresponsivity for this class of devices is to
reduce the channel length, which has been demonstrated by
Huang et al. The record-high photoresponsivity reaches up to
about 7 x 10 A/W at 20 K and 4.3 x 10° A/W at 300 K for
the 100 nm BP device in a broadband spectrum (Figs. 6(c) and
6(d)).1"%1Viti ef al. demonstrated BP terahertz photodetectors
due to the excellent on—off ratios.!'%®! Very recently, Guo et al.
showed BP mid-infrared detectors at 3.39 pm with high inter-
nal gain, resulting in an external responsivity of 82 A/W.[107]
These findings indicate that 2D BP semiconductor are highly
suitable for high-performance photodetectors in a variety of
applications

4.2. Heterostructure

The p—n junctions are the building blocks of modern op-
toelectronic devices. One strategy to further improve the ef-
ficiency and photoresponsivity of these devices is to create
heterojunctions based on BP and other 2D materials.[108-10°]
BP is a typical p-type semiconductor and MoS; is a n-type
semiconductor. Deng et al. firstly demonstrated a gate-tunable

van der Waals p—n diode by vertically stacking MoS, and BP

(Fig. 7(a)).!''% These ultrathin p-n diodes show a maximum
photodetection responsivity of 418 mA/W at the wavelength
of 633 nm and photovoltaic energy conversion with an EQE
of 0.3%. The responsivity reaches 1.27 A/W and 11 mA/W
for forward and reverse bias, respectively (Fig. 7(b)). The im-
provement in responsibility is due to the fact that the built-
in electric field in the heterojunction can allow for more ef-
ficient separation of the electron-hole pairs. However, the
EQE of these devices is not good enough due to the rela-
tively low carrier mobility in the lateral transport channels.
Ye et al. reported a similar device structure with MoS; and
BP for the near-infrared photodetector.!!'!) The photorespon-
sivity is 153.4 mA/W measured at A = 1.55 pum with a re-
sponse time of 15 ps. Chen et al. fabricated WSe,-BP van der
Waals heterojunction devices with improved EQE.'!?] In ad-
dition, Buscema et al. used two local gates to control the local
charge carrier type as well as density and realize a short-circuit
current with illumination wavelengths up to 940 nm.!'!3] Re-
cently, BP also demonstrates potential in high-speed data com-
munication by integration on a silicon photonic waveguide op-
erating in the near-infrared telecom band with a high response
bandwidth exceeding 3 GHz.!''*l Due to the finite bandgap,
BP photodetectors can operate under bias with very low dark
current and attain an intrinsic responsivity up to 135 mA/W
at room temperature. The development of BP-based van der
Waals heterostructures is at its early stage and more applica-
tions will be demonstrated in future

v, =40V
— V=2V
— V=2V

\

1 10
P e (HW)

laser

Fig. 7. (color online) (a) Schematics of the device structure. A heavily doped silicon wafer capped with 285 nm SiO, is used as the global
back gate and the gate dielectric. Few-layer black phosphorus flakes were exfoliated onto monolayer MoS; in order to form a van der Waals
heterojunction. (b) Photodetection R calculated as a function of incident power.[!1]

4.3. Anisotropy

The most exciting advantage of BP is its in-plane

1,381 phonon, 8! and

[115]

anisotropy in the electronic,[®! optica
mechanical properties compared to graphene and TMDs,
which provides opportunity and platform for new devices
and applications.!'%) Hong ef al. reported spatially resolved
polarization-dependent scanning photocurrent measurements
on the BP FET.[!!7] The anisotropic feature of the photocur-
rent response near the BP-metal contact area primarily re-
sults from the direction-dependent absorption of the BP crys-

tals. Recently, they also performed polarization-dependent
photocurrent measurements of the BPMoS, p—n junction un-
der laser illumination with different wavelengths.!!!8! If the
incident photon energy is above the direct band gap of MoS,;
the photocurrent response at the p—n junction primarily de-
pends on a competitive effect between BP and MoS;. When
the energy is below the direct band gap of MoS;, the pho-
tocurrent response results from the direct band gap transition
in BP. Wang et al. presented polarization-resolved photolu-

minescence spectra of some BP monolayer samples.!3! Ex-
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citon photoluminescence with large in-plane anisotropy is at-
tributed to the reduced symmetry and screening, which is con-
sistent with previous theory studies.!' ") Yuan er al. addressed
a polarization-sensitive broadband photodetector using a black
phosphorus vertical p—n junction with an electric-double-layer
transistor configuration. These results show that BP might pro-
vide new design and functionalities in novel optical and elec-
tronic applications.

5. Conclusion and perspectives

In this review, we have summarized the recent progress
in BP-based electronic and optoelectronic devices. Benefiting
from the direct bandgap, high carrier mobility, and excellent
anisotropy, BP devices exhibit superior performance in various
applications. To better assess the potential of BP, we provide
our perspectives for future investigation.

(i) Producing large area and high-quality BP material at
low cost is essential for future applications.

(i1) Fabrication of silicon-compatible top-gated BP tran-
sistors with optimized interface is an important direction.

(iii) Improving the contact scheme and reducing the con-
tact resistance are important for high-performance transistors.

(iv) High-field and ballistic transport for short channel de-
vices need further investigations. The degradation mechanism
and reliability need to be assessed.

(v) Develop high-performance BP radio frequency tran-
sistors and circuits.

(vi) Design novel van der Waals heterostructures with
stacked 2D materials.
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