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interactions facilitated by large surface-to-
volume ratio.[3] The generated heat, if not 
dissipated properly and promptly, directly 
affects the performance and reliability, 
and eventually leads to data error from 
integrated circuits consisted of those tran-
sistors. This fundamental problem stimu-
lated us to study the energy dissipation 
in low dimensional nanoscale materials-
based field effect transistors.

Nowadays, two-dimensional (2D) 
layered materials such as graphene, 
hexagonal boron nitride (hBN), black 
phosphorus (BP), and transition metal 
dichalcogenides (TMDCs) have attracted 
extensive attention due to their versatile 
physical properties.[3,4] The atomically 
smooth surface of 2D materials enables 
the formation of the unique and mul-
tifunctional van-der Waals heterostruc-
tures. The 2D materials not only exhibit 

fascinating characteristics but also complement each other in 
van-der Waals structures. hBN substrate provides an atomi-
cally smooth surface free of dangling bonds and charge traps 
causing homogeneous thermal spreading and dramatically 
improves the mobility of devices, which indicates that this mate-
rial is versatile and practical tools for future experiments and  
applications.[4,5] By rightly selecting the constituent mate-
rials from the extended 2D family and assembling them in 
a proper order, one expects to achieve the desired properties. 
For example, the photodetector based on graphene shows high 
dark currents and very fast responses while semiconducting 
TMDCs based photodetectors show small dark currents and 
slow response, resulting in the van-der Waals structures based 
on graphene-TMDCs (MoS2/WSe2) exhibiting lower dark cur-
rents and ultrafast optical responses.[6,7] Similarly, semicon-
ducting 2D materials such as BP, MoS2, and WSe2 exhibit 
smaller thermal conductivities (<100 W m−1 K−1) at room 
temperature,[8] suffering from an early self-heating induced 
breakdown at moderate operating field conditions.[9–11] By iden-
tifying the spatial position of hotspots and the corresponding 
thermal spreading direction in a thermally resistive channel 
and integrating it with highly thermally conductive layered 
materials such as insulating hBN (360 W m−1 K−1)[12] and semi-
metallic graphene (5300 W m−1 K−1),[13] one can effectively avoid 
the premature Joule breakdown of devices.[1–3,14] It is therefore 
possible to design thermally favorable van-der Waals hetero-
structures, in which, heat can be efficiently dissipated from a 
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Black Phosphorus

Removal of excessive heat is one of the key challenges for con-
tinuing progress in the high-frequency electronic devices. The 
shrinking transistor feature size and corresponding increas-
ingly power density are leading to excessive generation of self-
heat in high performance integrated circuits and systems.[1,2] 
This problem is expected to be much more severe in future 
miniaturized devices and circuits based on low dimensional 
materials due to alteration in phonon dispersion induced by 
quantum confinement effects and, enhanced phonon-boundary 
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thermal resistive channel such as semiconducting BP under 
practical operating conditions.

BP is being investigated intensively as an emerging layered 
semiconducting material with promising characteristics, as it 
shows very high carrier mobility ≈100–1000 cm2 V−1 s−1 and 
appreciable on–off ratio ≈103–105 at room temperature[15–17] 
when integrated for solid-state device applications. BP has 
a direct and thickness-dependent bandgap in the range of 
2–0.3 eV from monolayer to multilayers which renders it an 
ideal choice for electronic and photonic applications.[18] How-
ever, BP is very reactive in ambient air and its properties 
degrade under the exposure of oxygen. Therefore, a number of 
passivation approaches have been proposed for BP flakes, for 
example, using atomically thin hexagonal boron nitride, gra-
phene, aluminum oxide, benzyl viologen, and metal-ion-mod-
ification methods.[19,20] These approaches help to maintain the 
stability against oxidation and also enhance the electrical perfor-
mance of BP devices. The thickness dependence study is also 
highly important as it affects the overall device performance, 
but this requires systematic comparison of device perfor-
mances of various structures of the same BP thickness which 
can be extensive. Therefore, in future the effect of thickness of 
BP on power dissipation can be studied. Furthermore, distin-
guishable anisotropic structural properties of BP from other 
2D materials make it a more interesting 2D material for next-
generation applications. Due to the puckered hinge-like struc-
ture, BP induces anisotropic phonon dispersion, and therefore, 
its average thermal conductivity (κ) is merely 28.8 W m−1 K−1 
at room temperature.[21] In addition to in-plane anisotropy, the 
relatively smaller (5%) contribution of the out-of-plane acoustic 
phonon branch compared to that of other 2D materials like gra-
phene (75%) and very low Debye temperature (278 K) are also 
reported as the potential causes of smaller κ value.[22] Although 
its thermally resistive nature in association with higher elec-
trical conductivity (σ) is desirable for thermoelectric energy con-
version applications since it leads to high thermoelectric figure 
of merit (ZT = S2σT/κ, where S is Seebeck coefficient and T 
is temperature),[23] at the same time this hinders the spreading 
of heat generated during device operation, posing limitations 
for practical implementation of these devices.[14] Therefore, it 
is the basic requirement of a functional BP device to effectively 
mitigate the energy dissipation problems by providing the facile 
heat removal paths.

By realizing the severity of this issue, Engel et al., first 
studied the energy dissipation in few layer BP channel by com-
puting the Joule temperature rise till breakdown using micro-
Raman spectroscopy.[24] In our previous study, we proposed 
dielectric engineering as an effective mean for efficient removal 
of Joule heat from BP channel.[10] In both the reported studies, 
BP could hardly endure few MV m−1 field values due to poor 
thermal spreading in thermally resistive layered BP channel. 
This fundamental issue impedes the integration of BP for prac-
tical applications, such as high-power devices, high-frequency 
devices, and light emitting devices, that are normally operated 
under very large field conditions.[25] To avoid the early Joule 
breakdown of BP, it is highly desirable to enhance its field 
endurance and power sustainability by providing efficient heat 
removal path. Graphene as a high thermal conductive layered 
material (3500 W m−1 K−1 at room temperature) has been used 

as a heat escaping layer in high power GaN transistors,[26] and 
similarly, graphene might be a useful material for thermal man-
agement in nanoscale devices.[13] Motivated by these studies, we 
sought to employ graphene and hBN as electrodes and gate die-
lectric to improve the heat spreading in thermally resistive BP 
channel. Our detailed analysis based on electrical breakdown 
thermometry and spatial micro-Raman spectroscopy on lateral 
BP devices reveals that thermal spreading is nonhomogeneous 
in BP channel, with the center being 20% high temperature 
than the areas in the vicinity of electrodes. The centrally accu-
mulated Joule heat is mainly dissipated along the out-of-plane 
direction toward the dielectric. Therefore, we engineered the 
device structure by forming a vertical BP/graphene/hBN van-
der Waals heterostructures, that showed ≈230 times higher 
field strength and one order enhancement in power sustain-
ability than those of lateral devices due to interaction with ther-
mally favorable materials and optimal device geometry for heat 
removal.

The schematic diagram of the fabricated lateral BP field 
effect transistor (LFET) with typical metal contacts (5/50 nm 
thick Cr/Au) is shown in Figure 1a, and step by step device 
fabrication is elaborated in Figure S1 in the Supporting Infor-
mation. The electrical measurements were carried out in 
vacuum (5–10 mTorr pressure) at room temperature. Initially, 
we measured the output and transfer curves of LFET at low 
electric field as shown in Figure 1b,c, respectively. The linear 
trend of output curves at all the measured gating conditions 
confirmed the Ohmic contacts between electrodes (Cr/Au) and 
BP channel. Similarly, transfer characteristics were obtained by 
sweeping the back-gate voltage (VG) from 40 to −40 V, where 
the obtained plots showed ambipolar behavior, with a large 
current level at the negative VG region. This p-dominant ambi-
polar behavior suggests that the Fermi level lies close to valence 
band of BP. The observed behavior of BP is further elabo-
rated by the energy band diagram, shown in Figure 1d. When 
a negative VG is applied to a BP device, the Fermi level (black 
dashed line) is lowered due to the accumulation of holes and 
decrease of Schottky barrier height, see Figure S2 in the Sup-
porting Information, resulting in the increase of hole current. 
On the other hand, hole carriers are depleted in BP channel at 
positive applied VG. With further application of more positive 
gating, the Fermi level approaches toward the conduction band 
of BP, and the polarity of BP channel is switched from p-type 
to n-type, as shown in Figure 1e. The field effect mobility (µ) is 
also extracted from the transfer curve using µ = gm(L/WCOXVD), 
where gm is the transconductance, W and L are the channel 
width and the channel length, respectively, Cox is the capaci-
tance of oxide, and VD is the drain voltage. We obtained 418 
and 66 cm2 V−1 s−1 mobility values for hole and electron car-
riers, respectively, at room temperature.

After basic electrical characterization, we investigated elec-
trical breakdown behavior of BP LFET by applying large field 
values. From our acquired results, we observed that the BP 
LFET endures a certain electrical field and then current sud-
denly drops as shown in Figure 1f. This irreversible trend is 
due to self-heating in BP channel which is induced by interac-
tions of charge and energy carriers, such as electron–electron, 
electron–phonon, and phonon boundary with increasing VD. 
For our measured device, the maximum sustainable current 
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density is 15 GA m−2 at zero gate voltage, and breakdown 
voltage is 17.5 V which is equivalent to electrical field (F = VD/L) 
of 3.51 MV m−1 and maximum sustainable power (P = VD × ID) 
is 36 mW. The measured current density value of BP device is 
found to be higher than the basic electromigration threshold 
for metals[25] as well as maximum current density exhibited by 
multilayer MoS2.[9] In addition, we also measured the electrical 
response of LFET of BP in negative VD regime and observed the 
similar behavior as shown in Figure S3 in the Supporting Infor-
mation. Note that we have not realized any footprints of current 
saturation in the measured BP devices on SiO2 and/or hBN 
substrates, different from normally observed trend in semicon-
ducting devices at high field. We have recently confirmed that 
the current saturation in BP device is overshadowed by carrier 
multiplication due to impact ionization by hot carriers under 
large electrical field.[27] This occurred due to narrow bandgap 
(0.3 eV) of multilayer BP and low dielectric charge screening 
conditions that promote strong electron–electron interactions. 
After electrical breakdown, we inspected the broken device 
under optical microscope (OM) and atomic force microscopy 
(AFM). AFM scanning showed that BP channel suffers a few 
nm wide crack near its center. From the centrally localized 
crack, we initially assumed that generated heat is trapped along 
the center of BP channel. This is further elaborated in the latter 
part of the text.

Generally, when a high field is applied to a semiconducting 
device, it is prone to Joule heating, that is dissipated toward 
the immediate interfaces, i.e., channel–electrode and channel–
dielectric interfaces. The extent of the heat dissipation toward a 
particular interface depends on the interfacial electrical, thermal 
and structural quality. For example, if a material induces very 
large contact resistance with the electrodes, then most of the 
heat will be dissipated along a highly resistive interface. To 
confirm this in BP device, we sought to measure the contact 
resistance along BP–Cr interface. The different devices of  

1, 2, 3, 4, 5.2, and 5.36 µm long and 7 µm wide were fabricated 
on the same BP flake of thickness 16 nm following the transfer 
length method (TLM), as shown in Figure 2a. From TLM 
measurements, we extracted total device resistance (RT), con-
tact resistance (RC), and channel resistance (RCH = RT − 2RC) 
in Figure 2b. For detailed information see Figure S4 in the 
Supporting Information. As expected, RT, RC, and RCH exhibit 
strong VG dependency. The decrease in RC with negative VG 
is due to reduction and thinning of Schottky barrier along the 
interface (see Figure S2, Supporting Information). The smallest 
measured RC for Cr-BP junction is 1.89 kΩ µm (normalized to 
channel width) at VG = −40 V. This value is smaller than that 
for Cr-MoS2 attributed to the small bandgap, weak Fermi level 
pinning effect, and absence of chalcogen vacancies in BP.[28,29] 
Moreover, the decreasing trend of RCH with negative VG is 
understood to be due to electrostatic doping and corresponding 
modulation of Fermi level in BP channel. It is interesting to 
note that RCH is higher than RC in the on-state of the device 
(VG < 10 V), such that RCH contributed around 60% in RT as 
depicted in Figure 2c. Based on this, it is safe to say that the 
channel transport is dominant in BP unlike semiconducting 
TMDCs such as MoS2, WSe2, and MoTe2. As mentioned ear-
lier, the more resistive portions of the device are the cause of 
hotspots formation, and therefore, most of the applied power is 
dissipated inside the BP channel. To further confirm the effect 
of contacts on the dissipated power, in Figure 2d we plotted 
the total dissipated power (PT) in device and power dissipated 
inside the channel (PCH = PT – I2RC), where I2RC is the power 
lost along the Cr-BP contacts. A little change in PT and PCH 
further indicates that majority of power is spread along the 
channel as shown in Figure 3a.

In addition to electrical analysis, we sought to measure the 
local temperature rise by Joule heating using micro-Raman 
thermometry.[10,11,24,30] To confirm the spatial location of a hot-
spot in BP channel, we focused the Raman laser beam at three 
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Figure 1. Electric characteristics of BP/hBN lateral field effect transistor. a) Schematic and circuit diagram of device configuration. b) Output curves 
obtained at given gate voltage values. c) Transfer curves at different drain bias values (VD is increased from 0.2 to 1 V with the step of 0.2). (d) and 
(e) are band diagrams denoting hole (red circles) and electron (green circles) carrier transport at VG < 0 and VG > 0, respectively. f) Current density 
as a function of applied electric field until breakdown point. Top and bottom insets are OM and AFM images of measured BP device after electrical 
breakdown, respectively, with scale bar of 5 µm. Note that these results are obtained from 20 nm thick back-gated BP device supported on 26 nm thick 
hBN substrate with 3.5 µm long and 5 µm wide channel.
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different locations of the device, i.e., near to source contact, at 
the center of the channel and near the drain of the device under 
controlled variation of the electrical bias. We electrically biased 
the device by applying VD from 0 to 9 V with the gradual step 
of 1 V at VG = 0 V and recorded their respective Raman spectra. 
The schematic diagram and OM images exhibiting spatial 
laser beam positions to the measured BP device under micro-
Raman measurements are shown in Figure 3a,b, respectively. 
The Stokes and anti-Stokes Raman spectra of BP showed three 
representative high-frequency phonon modes A1

g, B2g, and 
A2

g, which are spectrally located at ±368, ±446, and ±475 cm−1, 
respectively, at VD = 0 V, almost similar to that of reported pre-
viously.[11,31] These obtained spectral positions of Raman modes 
are almost similar at all three measured locations of BP device. 
However, with increasing applied electrical bias, all the Raman 
peak positions are gradually redshifted as shown in Figure 3c,d. 
The softening in Raman modes is attributed to the thermally 
induced strain and the excitation of higher order phonon 
modes by Joule heating.[10,11,24,30] Besides the redshift in Raman 
modes the Stokes and anti-Stokes Raman peak intensities of all 
phonon modes are also changed with increasing applied elec-
trical bias. It is interesting to note that the variation in Raman 
intensities is different at all three measured locations and this 
anticipates nonuniform heating of BP channel, as shown in 
Figure 3a.

Furthermore, to calculate the exact temperature values along 
the indicated locations, we extract the intensity ratios of Stokes 

(IS) to anti-Stokes (IAS) peaks from respective Raman spectra 
and plotted against the applied electrical power. We observed 
that the intensity ratios increase as a function of electrical 
power with different slopes for Raman modes at all three meas-
ured locations as shown in Figure 3e. By using the equation, we 
convert the Raman peaks ratio into temperature as[10,24]
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where TPh is phonon temperature, To is ambient temperature, 
EPh is phonon energy, kB is Boltzmann constant, ( / )AS S 0I I V , and 
( / )AS S DI I V  are the Raman intensity ratios at VD = 0 V and VD  > 0 V,  
respectively. We obtained maximum temperature values of 580, 
600, and 720 K near the source, near the drain and at the center 
of the channel, respectively, and this indicates that center of BP 
channel is hotter than the sides, as more Joule heat is trapped 
across that location. In fact, it is due to poor thermal spreading 
between BP channel and dielectric interface that causes to 
increase the temperature rise along the center of BP channel. 
The decrease in the amount of temperature near the electrodes 
is due to the high thermal conductivity of metal electrodes that 
causes lateral heat spreading; however, at the center of channel 
there is no path for heat spreading due to relatively smaller κ 
of dielectric which deposits the self-heat along the channel–
dielectric interface. As a result, the center of channel is hotter 
and experiences crack thereon. From spatial micro-Raman 

Adv. Mater. Interfaces 2018, 1801528

Figure 2. Effect of contact resistance on Joule heat spreading. a) Optical microscope image of TLM structured BP device supported on hBN, scale 
bar is 8 µm. b) Total device resistance, contact resistance at Cr–BP interface, and BP channel resistance as a function of back gate bias. Inset shows 
zoom-in plots in negative gate voltage region. c) The proportion of Cr–BP contact resistance and channel resistance in total BP resistance device. 
d) Total dissipated power and power dissipated inside channel of device with applied electrical field.
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spectroscopy, we confirm that the temperature distribution is 
nonuniform in BP flake and the hotspot is located at the center 
of the channel.

As we discussed earlier, ≈40% of the power is collectively dis-
sipated along both the BP–Cr contacts. To further reduce this 
proportion, it is desirable to employ a contact material that not 
only reduce the RC but at the same time effectively spreads the 
dissipated power. Therefore, we sought to employ graphene as 
an electrode with BP, as it may form an electrical and thermal 
intimate interface with BP channel.

Graphene has been used as an electrode with several 2D 
semiconductors and provides an atomically sharp and inti-
mate interface with small Rc.[32,33] Besides this, graphene 
exhibits very high κ of 5000 W m−1 K−1,[13] expected to be more 
appropriate as a contact material for thermal management in 
nanoscale devices.[26]

To implement this, we fabricated BP LFET on hBN sub-
strate with atomically thin graphene contacts as shown in 
Figure 4a. The low electrical field results of graphene contacted 
BP device is shown in Figure 4b,c. This device exhibits strong 
p-type behavior unlike ambipolar trend shown in Figure 1c. 
The thicker BP flakes usually exhibit only p-branch perhaps 
because their Fermi level lies very close to valence band due 
to narrow bandgap. The p-trend is further explained by energy 
band diagrams shown in Figure 4d,e. By applying more nega-
tive VG, the Fermi level of both graphene and BP moves down, 
forming ultrasmall Schottky barrier, and as a result current level 
increases at negative VG. Following this, we carried out the elec-
trical breakdown test for graphene electrodes-based BP device 
under large electrical field at VG = 0 V, as shown in Figure 4f. 
The obtained maximum current density is 34 G Am−2 that is 
approximately two times higher than metal contacted devices. 
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Figure 3. Position-dependent Raman measurements. a) Schematic diagram of experimental setup and side view of device illustrating thermal spreading 
in hBN supported BP device. b) Optical microscope images of BP devices at specific laser irradiation, scale bar is 6 µm. (c) and (d) are anti-Stokes 
and Stokes spectra of BP device taken at different positon with various VD, respectively. Here, Raman spectra are offset horizontally to improve the 
visibility. (e) is anti-Stokes to Stokes intensity ratios at three different measured position as a function of applied electrical power. f) Comparison of 
obtained temperature values by analyzing A2

g Raman mode of BP as a function of applied electrical power.
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Meanwhile, the maximum field endurance and power sustain-
ability are 5.85 MV m−1 and 98 mW, respectively, higher than 
metal contacted BP devices. This improvement is due to better 
thermal properties of graphene that provides the efficient 
and homogeneous thermal spreading. We also made detailed 
electrical characterization in negative VD regime, as shown in 
Figure S5 in the Supporting Information. The obtained results 
clearly showed that there are symmetric ID − VD results in both 
positive and negative VD regimes. Similarly, after Joule break-
down, we sought to confirm the nature and location of failure 
by using both OM and AFM, as shown in top left and bottom 
right insets of Figure 4f, respectively. As observed in metal con-
tacted lateral BP devices, a physical crack appeared at the center 
of the BP channel, confirming hot spot formation inside the 
channel. Interestingly, this observation is different from some 
of the previous studies conducted for layered materials such 
as graphene, MoS2, and BP on SiO2 substrate, where cracks 
appear along the drain contact after Joule breakdown. This was 
attributed to sharp doping profile underneath the channel in 
the vicinity of biased contact,[34] large contact resistance,[10] and 
current crowding effect.[35] However, in our measured devices, 
the low resistive electrical contacts and ultrasmooth hBN sub-
strate enable homogeneous thermal spreading in BP channel. 
Therefore, hBN enables intimate phonon–phonon coupling to 
the BP channel causing homogeneous thermal spreading or 
centrally localized.[5,11]

As we have reported in our previous study that κ of BP is 
suppressed with increasing temperature due to competition 
between higher frequency optical phonon modes and flexural 
phonon modes. As a result, the lateral heat propagation is 
significantly impeded and hot carriers are confined along the 

center of a channel under large field values. In addition, the 
layered BP naturally exhibits higher thermal conductance along 
c-axis as its out-of-plane cross-sectional area (L × W) is several 
orders larger than in-plane cross-sectional area (t × W). There-
fore, the net thermal power dissipation occurs along the out-
of-plane direction toward the substrate. For that reason, it will 
be thermally favorable to fabricate a vertical device structure, in 
which heat sink is placed underneath the channel. Motivated 
by this, we fabricated vertical hBN/graphene/BP van der Waals 
heterostructure as explained subsequently.

We fabricated the vertical device and studied the effect of 
device geometry to the electrical breakdown of BP. We sought to 
engineer the device structure, which is thermally favorable and 
provides the efficient and homogenous heat spreading path to 
excessively generated heat during device operation. In layered 
BP, each phosphorus atom is chemically bonded with three 
other phosphorus atoms and contains a lone pair of electrons 
that can be delocalized in-plane as well as out of-plane.[36] This 
makes BP a preferable choice to fabricate vertical field effect 
transistor (VFET) as it exhibits higher out-of-plane electrical con-
ductivity compared to other semiconducting 2D materials such 
as MoS2 and WSe2.[37] Therefore, it would be electrically as well 
as thermally favorable to design a BP VFET. In addition, as men-
tioned earlier, the thermal conductivity of graphene is very high, 
but it suffers due to low heat capacity, limiting its usage as an 
efficient heat sink. Therefore, we employed hBN dielectric in 
association with graphene due to its sufficient heat capacity. The 
high thermal conductivity of graphene and large heat capacity of 
hBN complement each other and thereby form an efficient heat 
sink for 2D materials-based devices. Furthermore, hBN exhibits 
250 times higher κ and twice energetic surface optical phonon 
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Figure 4. Electrical characteristics of graphene contacted lateral BP device. a) Schematic of graphene contacted BP lateral device on hBN substrate. The 
channel length is 4.2 µm, the width is 6 µm, the thickness of BP is 20 nm, and thickness of hexagonal boron nitride is 27 nm. (b) and (c) are output 
and transfer curves of measured BP device with geometry shown in (a). Energy band diagrams of graphene-BP-graphene device with decreasing VG 
and increasing positive VD from (d) to (e). f) High field breakdown of the device, where inset shows optical microscope and AFM images after Joule 
breakdown, scale bar is 5 µm.
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modes compared to SiO2,[38] which further facilitates better 
thermal spreading during high field operation. Therefore, by 
simultaneously using graphene and hBN, graphene is expected 
to provide a facile path to spread self-heat while hBN has a poten-
tial to capture more heat that is dissipated toward the substrate.

The schematic diagram of fabricated BP VFET is given in 
Figure 5a. The electrical transport results of VFET at the low 
electric field are shown in Figure 5b. The output curve in inset 
and transfer curve in the main panel show ambipolar electrical 
transport. The atomically thin layer of graphene has a potential 
to tune the position of Fermi level with respect to BP through 
the application of the external electric field. This allowed the 
gate modulation in graphene-BP heterostructures. The elec-
trical transport is governed by either tunneling or thermionic 
emission. Tunneling current is due to passing of carriers across 
the barrier and it is independent of temperature. However, 
thermionic emission current flows over the barrier height and 
it is strongly temperature dependent. To confirm this transport 
mechanism, we investigated temperature-dependent character-
istics of the same device, as shown in Figure S6 in the Sup-
porting Information, which showed no significant change in 
electrical transport with temperature, indicating that tunneling 
is a dominant transport mechanism.

Afterward, we measured the VFET by applying high electrical 
field with positive VD without gating as shown in Figure 5c. In 
this device, the current flows from graphene to the top metal 
electrode (Cr/Au) through semiconducting BP channel. There-
fore, the effective channel length of VFET is 16 nm (thickness 
of BP) as determined by AFM. The measured device current 
is normalized by the overlapping area of the bottom graphene 
and the top metal electrode to compute the current density. 
Our measured VFET showed the appreciable current density 
(0.7 GA m−2) shown in Figure 6a where this value is compared 
with the graphene-MoS2 vertical device.[39] These results reveal 
the potential of high performance of VFET for electronics appli-
cations. Note that VFET exhibits very high ultimate electrical 
breakdown field strength, F = VD/t = 875 MV m−1, since we 
took advantage of the third dimension (thickness) of layered BP 
channel. Interestingly, the broken VFET does not exhibit crack 
after Joule breakdown as realized in LFETs. Instead of crack, the 
BP channel is perhaps sublimated between bottom graphene 
and top metal electrode, as shown in inset of Figure 5c and for 
more detail see Figure S5 in the Supporting Information. This 

observation gives credence to our understandings that BP can 
withstand high temperature in VFET geometry as it provides 
smooth heat spreading path since instead of crack, BP is subli-
mated. To further analyze these results, we compared all these 
device geometries subsequently.

Finally, we summarized the experimental results of dif-
ferent device geometry (LFET and VFET). For the fair com-
parison, we firstly plotted JD–F curves, as shown in Figure 6a. 
The VFET exhibits smaller current density than LFET due to 
lower electrical conductivity in out-of-plane direction induced 
by weak van-der Waals interactions between BP layers and dif-
ferent normalized parameter. Furthermore, we converted these 
results into the electrical field and power in Figure 6b. We 
have observed early breakdown at 3.51 MV m−1 field value and 
36 mW electrical power in planer hBN/BP device. This can be 
substantially improved to 5.85 MV m−1 field value with 98 mW 
power, by replacing graphene as the electrode instead of metals. 
Further improvement in electrical breakdown was achieved 
in vertical heterostructure of hBN/graphene/BP device geom-
etry as shown in the main panel of Figure 6b, where the elec-
trical field strength and corresponding sustainable power 
values are 875 MV m−1 and 320 mW, respectively. The vertical 
devices are more thermally stable and can sustain more than  
230 times higher electrical field and eight times higher elec-
trical power than lateral devices due to favorable thermal prop-
erties of graphene and hBN that provide efficient and homo-
geneous thermal spreading paths. We compare the breakdown 
field and power values in our measured device with those of 
other reported typical nanoelectronic materials such as TiS3,[40] 
SnO2,[41] MoS2,[9] Graphene,[25] and BP[11] in Figure 6c and pre-
viously reported studies which are related to BP devices at high 
field in Table 1. The comparison indicated that our proposed 
BP based heterostructure sustained the highest value among 
the previously reported.

We have experimentally proved that the electrical breakdown 
in the BP channel is due to the nonuniform temperature dis-
tribution in BP device during operation and found high oper-
ating temperature at the center of the channel than electrodes. 
Furthermore, we also demonstrated that atomically thin layer 
of graphene with hBN can be used as an efficient heat sink in 
2D material-based devices. The vertical field effect transistors 
incorporating BP is ideal for high field environments to sustain 
high applied power by providing efficient heat removal path. 
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Figure 5. Electrical characteristics of BP-graphene vertical device. a) Schematic diagram of vertical BP-graphene device supported on hBN substrate. 
The channel length is 5.8 µm, the width is 4 µm, the thickness of BP is 18 nm, and thickness of hexagonal boron nitride is 25 nm. b) Transfer curve 
of graphene-BP vertical device at VD = 1 V. Inset shows output curve as a function of gate bias. c) Electrical response of vertical device at high electric 
field. Inset shows optical image of device after high field breakdown, scale bar is 5 µm.
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This work opens a new area for unique device designs in future 
to fabricate the energy efficient and thermally stable 2D elec-
tronics and optoelectronics at nanoscale.

Experimental Section
For device fabrication, exfoliated multilayer hBN as a dielectric, 
multilayer black phosphorus as a channel, and few-layer graphene as 
electrode were used. Three different types of device heterostructures 
are fabricated: LFET of BP with direct metal electrodes, LFET with 
graphene electrodes, and VFET of BP. The results provided in the paper 
are obtained from hBN supported devices, unless otherwise stated.

To fabricate LFET of BP, 22 nm thick dielectric hBN was selected 
carefully by using optical microscope that was mechanically exfoliated 
on Si covered with 300 nm thick SiO2. The transfer stage inside a glove 

box having oxygen concentration less than 1 ppm was used to transfer 
the BP flake on selected hBN. Polymethyl methacrylate was coated on 
heterostructure assembly under the controlled Ar environment, followed 
by electron beam lithography used to define contact area. The electron 
beam deposition was used to deposit the Cr/Au metal electrodes 
5/50 nm thickness to complete device configuration. Finally, the 
additional deposited metal layer was lifted off by putting the samples in 
acetone for few hours.

In the meantime, to fabricate graphene electrode based LFET and 
VFET of BP, parallel strips of mechanically exfoliated graphene flakes 
were selected to make LFET and a large area (mono or bilayer) graphene 
for VFET by using optical microscope. Next, thin layer polycarbonate 
was used which was supported by polydimethylsiloxane mounted on a 
glass slide to pick up very thin mechanically exfoliated graphene and 
dropped down it on the top of hBN using transferred stage. During 
the transfer process, 120 °C temperature is required to peel-off the thin 
layer graphene from the silicon substrate and 210 °C is found enough 
to drop down the picked graphene on target dielectric hBN position. 
Subsequently, flakes of BP were transferred on the top of graphene. 
The position of graphene and BP flakes were carefully aligned by optical 
microscope and precisely stacked on respective target. The distance 
between two graphene strips defines the channel length of the graphene 
electrode-based BP device, Electron beam lithography and electron 
beam deposition were used to deposit the metal 5/50 nm of Cr/Au to 
complete device configuration. The complete schematic illustration of 
each device fabrication step and respective optical microscope image 
are provided in Figure S1 in the Supporting Information.

The thicknesses of hBN, graphene, and BP were confirmed using AFM 
for all the device structures. The electrical measurements of each device 
were carried out in the vacuum environment using an electrical probe 
station which was connected to semiconductor analyzer. The Raman 
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Table 1. Comparison of maximum field endured and power sustained of 
typical BP devices at high field.

Device configuration Pmax [mW] 
Vg = 0 V

Fmax [MV m−1] 
Vg = 0 V

Reference no.

BP device 33 2.25 [11]

BP device 34 2.01 [24]

BP-LFET 36 3.51 This work

BP/Gr-LFET 98 5.85 This work

BP/Gr-VFET 320 875 This work

Figure 6. Comparison of breakdown phenomena from different nanodevices and heterostructures at high field. (a) and (b) are current density and 
power as a function of applied field. Insets show the results from lateral device. c) The comparison of maximum field endured and power sustained 
by different nanomaterials.[9,11,25,41]
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spectra were obtained under vacuum 10−5 torr with increasing applied 
electric field to BP device using Micro-Raman thermometry system 
equipped with 532 nm laser and spot size 1 µm with power 100 mW.

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