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Abstract: In this article, we experimentally demonstrate that the transport gap of phosphorene can
be tuned monotonically from ~0.3eV to ~1.0eV when the flake thickness is scaled down from bulk to
a single layer. As a consequence the ON current, the OFF current and the current ON/OFF ratios
of phosphorene field effect transistors (FETSs) were found to be significantly impacted by the layer
thickness. The transport gap was determined from the transfer characteristics of phosphorene
FETs using a robust technique that has not been reported before. The detailed mathematical model
is also provided. By scaling the thickness of the gate oxide, we were also able to demonstrate
enhanced ambipolar conduction in monolayer and few layer phosphorene FETs. The asymmetry of
the electron and the hole current was found to be dependent on the layer thickness which can be
explained by dynamic changes of the metal Fermi level with the energy band of phosphorene
depending on the layer number. We also extracted the Schottky barrier heights for both the
electron and the hole injection as a function of the layer thickness. Finally we discuss the
dependence of field effect hole mobility of phosphorene on temperature and carrier concentration.
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Introduction

Atomistically thin 2D semiconductors are being extensively investigated for post silicon
nanoelectronics owing to their excellent material properties and aggressive channel length
scalability when used in a field effect transistor (FET) geometry. Graphene, a single layer of
hexagonally arranged carbon atoms, has captured most of the attention for the last 10 years due
to its extremely high carrier mobility and the potential for ballistic transport "2, However, the
absence of a bandgap has limited the use of graphene in logic circuits. Although finite bandgaps
can be engineered in graphene nano-ribbons through size quantization and in bilayer graphene
through electric fields, it is still insufficient for conventional logic operations . More recently
transition metal dichalcogenides (TMDs) like MoS;, MoSe,, WSe, and others have received a lot
of attention due to their layered structure similar to graphene but with the added advantage of an
intrinsic bandgap which ranges from ~0.4eV to ~2.3eV ®%. Phosphorene, a single layer of
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black phosphorus arranged in a puckered honey-comb structure, is the most recent addition to the
exotic class of 2D materials ™ '®. Phosphorene layers are held together by the weak van der
Waals force of attraction in a black phosphorus crystal similar to other natural 2D materials.
However, compared to TMDs the carrier mobility is significantly higher (~1000cm?/Vs in few
layer phosphorene) and in addition phosphorene may enable tuning the bandgap dynamically
through thickness scaling. In this article we validate this claim experimentally. We have devised
a unique way to determine the bandgap associated with the carrier transport which we refer to as
the “transport gap” from the experimental transfer characteristics of phosphorene FETs. Using
this technique we were also able to extract the Schottky barrier heights for the electron injection
into the conduction band and hole injection into the valence band. We found that along with the
bandgap, these Schottky barrier heights also change dynamically with the layer number
impacting the ON current, the OFF current and the ON/OFF current ratio as well as the
asymmetry of the ambipolar conduction. Finally we investigated the dependence of the field
effect hole mobility on temperature and carrier concentration for various phosphorene layer
thicknesses.

Single and few layer Phosphorene flakes were micromechanically exfoliated on 20-nm thick
SiO; layers on highly doped Si substrates used as the back gates. The use of 20-nm thick SiO,
compared to conventionally used 300-nm thick SiO, was motivated by the fact that scaled oxide
reduces the screening length and makes the Schottky barriers more transparent for efficient
carrier injection . Electron-beam lithography was used to pattern the Source/Drain contacts
and electron beam evaporation was used to deposit 60-nm thick Ni as the contact metal. Figure
1a shows the optical image of a prototype phosphorene transistor gated from the back. Figure 1b
shows the transfer characteristics of a monolayer phosphorene FET for different source to drain
biases (Vps). The ON/OFF current ratio was found to be ~10° for the hole conduction and ~10°
for electron conduction which clearly suggests that the Fermi level of Ni is aligned closer to the
valence band of phosphorene. The field effect mobility value was found to be 116 cm?\/s for
holes in monolayer phosphorene by using the conventional equation for gm=pCox(W/L)Vps
(where, gm Is the trans-conductance, p is the field effect mobility and W and L are the channel
width and the channel length respectively. The channel width, W was calculated as the average
width of the flake at the source and the drain contacts. Cox = sox/dox, where gox is the dielectric
constant and dox is the thickness of the gate oxide, dox = 20nm and for SiO,, eox=3.5x10™* F/m,
which gives Cox ~ 1.7x10° F/m?, and finally L ~ 2 um). The peak value of gm was used for the
extraction of the mobility. The electron mobility value was not extracted since the electron
conduction is limited by large Schottky barriers at the contacts.

Figure 2a shows the transfer characteristics of phosphorene FETs with different layer thicknesses
ranging from bilayer to ~25 layers. It is interesting to note that the OFF state current increases
monotonically as the layer thickness increases while the ON state current shows a non-
monotonic trend as depicted in figure 2b and 2c respectively. Figure 2d shows the current



ON/OFF ratio as a function of the layer thickness. The non-monotonic trend of the ON current
can be easily explained using a resistive network model (see inset of figure 2c) comprised of
Thomas-Fermi charge screening and inter-layer resistive coupling that we successfully employed
before to describe transport in multi-layer MoS; systems @ 9. In general, the use of a finite
number of phosphorene layers is beneficial for the ON state performance since the impact of the
substrate on the device performance can be eliminated. The highest field effect hole mobility was
extracted to be ~315cm?/Vs for a 6nm (~10 layers) thick flake. The monotonic increase of the
OFF state current and decrease in the current ON/OFF ratio, however, indicates that the transport
gaps of the phosphorene flakes are changing as a function of the layer thickness. In order to
extract the transport gap from the transfer characteristics of phosphorene FETs we have devised
a novel technique which we will describe next.

Figure 3a shows the room temperature back gated transfer characteristics of a bilayer
phosphorene FET for large Vps = -1.0V. For large negative back gate biases (Vgg) the band
positions in the phosphorene channel allow easier injection of holes from the source Fermi level
into the valence band and hence the device operates in the ON state as a p-type FET as shown in
the purple semi-transparent box in figure 3b. Note that this ON-state current (Ips) has two
components - thermionic emission current over the top of the Schottky barrier and the thermally
assisted tunneling current through the Schottky barrier. As the back gate bias is made less
negative, the tunneling component of the current starts to decrease and ultimately disappears at
the flat band condition (Vgg = V) as shown in the brown semi-transparent box in figure 3b. For
|Vsa| < |V, the device current is pure thermionic emission current and hence the slope of the
log(lps) versus Vgs curve is a constant, being equal to 603 mV/decade (where B is the band
movement factor: B = [1 + (Cr+Cq)/Cox], where Cy, Co and Cox are the interface trap
capacitance, quantum capacitance and oxide capacitance respectively. B does not contain any
depletion capacitance (Cq4) contribution as frequently relevant in bulk type MOSFET devices
since for ultra-thin body devices Cy¢=0. In the subthreshold regime of the device operation Cq is
negligible and, therefore, the band movement factor becomes approximately constant. VF,
therefore, can be determined by finding the point on the subthreshold regime of the device
characteristics where the slope of the loglps versus Vge curve deviates from the linear trend as
marked by the black dotted line. Note, that this is not the threshold voltage V- of the device and
that the above definition of flat band voltage only applies to Schottky barrier devices. In fact Vy
lies at higher positive gate voltages than Ve as discussed by us before ©. The device current I¢ at
the flat band voltage (V) is the thermionic emission current over a barrier height ®p which also
happens to be the height of the Schottky barrier at the corresponding metal-to-semiconductor
interface. Fig. 3c shows the thermionic emission current (ltuermionic) calculated using (1) as a
function of the barrier height.
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We have used Landauer formalism assuming ballistic transport ®* 2% to calculate Itermionic. In
equation 1, g is the electronic charge, h is the Plank constant, kg is Boltzmann constant and T is
the temperature. M(E) (in units of (€V-m-s)™) is the number of conducting modes calculated as
the product of the density of states and the average velocity corresponding to 2-D parabolic band
structure, mp, is the electron effective mass and f(E) is the Fermi distribution. The reader should
note that scattering in the channel is not included in our ballistic injection model since most of
our analysis is performed in the OFF state of the device characteristics. In the OFF state, the
injection of carriers across the Schottky barrier into the channel is limiting current flow rather
than scattering in the channel. Using the experimental data for the flat band current (I¢) the
height of the Schottky barrier was determined to be 0.21eV for hole injection into the valence
band of phosphorene from Ni contacts. In order to verify the accuracy of our technique, we also
performed temperature dependent measurements and extracted the Schottky barrier height using
the conventional Arrhenius approach as described in great details in our earlier article ©. The
extracted Schottky barrier height for the Arrhenius case was found to be 0.22eV which is similar
to the one extracted using the simple technique described here. The reader might question the
accuracy of determining the flat band current. However, note that even for an order of magnitude
variation in I, the barrier height extraction changes by only ~50meV, which is comparable to
typical device-to-device variations as well as the error bar when employing the Arrhenius
technique. Note that the Schottky barrier height was extracted at large Vps=-1.0 V in order to
eliminate the impact of the barrier at the drain end. It is also worth mentioning that the Schottky
barrier extracted by swapping the contact electrodes was found to be 0.23eV for the same device
which suggests that the Schottky barrier is symmetric at the source and the drain end.

Next, we focus on the minimum current point (Vu, Iv) of the device characteristics. Since the
minimum current is a result of the transition from an electron to a hole current it is the
superposition of two equal components:

1. The thermionic hole emission current (I, = 0.5ly) injected from the source over the top of
the effective thermal barrier ®p +A®, where, AD is the band movement due to an applied
gate voltage of V-V shown on the left semi-transparent green box in Fig. 3b.

2. The Schottky barrier electron current (Iy = 0.51y) injected from the drain which comprises
of both the thermionic emission current and thermally assisted tunneling current as shown
in the right semi-transparent green box in Fig. 3b.



The effective barrier height (®p +A®) for hole injection was found to be 0.36eV from Fig. 3c
using the same technique as described above in the context of the ®p-extraction, which
corresponds to a A® of 0.15eV. In essence we are comparing the minimum current level
measured with the predicted thermal emission current over a barrier with height ®p +A®. An
alternative way to determine A® is from the band movement factor B using the relation A®’ =
(Ve-Vm)/B. We extracted A®’ = 0.16eV in good agreement with the above quoted 0.15¢V.

Next, we analyze the electron conduction current (ly) to extract the Schottky barrier height for
the electron injection at the drain terminal. The band bending situation at the drain end is
depicted in Fig. 3e with Wpgrive as the bias across the tunneling barrier, A as the band bending
length and ®y as the barrier height. Fig. 3d shows the Schottky barrier current Itynner (Which is
the sum of both the thermionic emission current Iy; and the thermally assisted tunneling currents
Inz and Ins) as a function of the Schottky barrier height calculated using (2) %Y.
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Note, that the assumption Wprive = qVps + AD is justified since the device operates in the off-
state without substantial short channel effects as evident from the measurements. At the same
time our evaluation takes place for very low current levels where the injection of carriers into the
channel is not expected to impact the band position in return. Hence most of the Vps drop will
occur in the drain region. WKB approximation for a triangular potential barrier has been used to
calculate the tunneling probabilities. The expression for the geometric screening length A % %
could be simplified for an ultra-thin body channel material in FET geometry as the field-lines
between the source and the drain contacts lie mostly in the “environment” rather than the inside
of the channel. epoqy, therefore, should be replaced by €environment, Which in a back-gated transistor
geometry can be assumed to be the average of the dielectric constant of air, epogy and €ox. FOI, In
= 1.7x10° pA/um, @y = 0.49eV was extracted from Figure 3d.Note that the extraction of ®y
also has an error bar of around 50meV due to finite temperature effects and device-to-device
variations. Since the bandgap of the material is the sum of the Schottky barrier height for the
holes and the Schottky barrier height for the electrons, we can calculate it to be about 0.72eV for
bilayer phosphorene.

At this stage it is worth noting the limitations of the approach described above. If e.g. the
source/drain metal Fermi level is aligned with the middle of the semiconducting band gap, the
flat band point (Vg, Ig) and the minimum current point (v, Im) become indiscriminable. In this
case our technique cannot be employed for obvious reasons. Moreover, in order to identify both,
the minimum current and the current at flat band with satisfactory accuracy A® > ~kgT/q should
be satisfied. Also increasing the magnitude of Wprive by applying increasing drain voltages
increases the minimum current up to the point that it obscures the flat band point entirely. This
effect will be more pronounced for semiconductors with smaller bandgaps. In essence, as long as
the two pairs (Vg, Ig) and (Vw, Im) are clearly resolved, our approach is believed to provide
straight forward access to the Schottky barriers at the source/drain metal interface and bandgap
of the channel material.

Figure 4a shows the transport gap of phosphorene as a function of the layer number extracted
using the technique described above. The transport gap decreases monotonically as the layer
thickness is increased and ultimately saturates at the bulk value of ~0.3 eV. Note that scaling the
thickness of any bulk material will change the bandgap due to quantum confinement effects.
However, for natural 2D crystals the boundary conditions do not change when layer thickness is
scaled. So the monotonic change in the bandgap of phosphorene cannot be explained within the
conventional theory of quantum confinement. Overlap of the atomic orbitals in the neighboring
layers will certainly cause perturbation in such system but the changes in the bandgap as a result
of that is expected to be much smaller than what we have observed in phosphorene. In fact for
other 2D crystals like MoS, the change in the bandgap as a function of the thickness is
insignificant (from bilayer to bulk the bandgap changes from 1.3eV to 1.1eV). The abrupt



change from direct bandgap of 1.8eV in monolayer MoS; to indirect bandgap of 1.3eV in bilayer
MoS; is an entirely different physical phenomenon of stacking and has nothing to do with the
quantum confinement effects. This is true for other semiconducting layered transition metal
dichalcogenides as well . So in principal the extreme tunability of bandgap of phosphorene by
a factor of 3x over a relatively large flake thickness range is unique and unexpected and requires
further theoretical investigation into the electronic structure of phosphorene. Figure 4b shows
the extracted Schottky barrier heights for electron injection into the conduction band and hole
injection into the valence band and figure 4c shows the relative position of the conduction band
minima (red) and valence band maxima (green) with respect to the Ni Fermi level as a function
of the flake thickness. Figure 4d shows the ratio of the hole current (Ip) and the electron current
(In) as a function of the flake thickness. For thinner phosphorene flakes the height of the
Schottky barrier for electron injection is significantly higher which results in reduced electron
current and hence higher lyoie/ liectron ratio. For thicker flakes the barrier heights for electron and
hole injection are more symmetric which results in smaller I/ Igiectron ratio.

Next we evaluated the temperature dependence of the field effect hole mobility of phosphorene
as shown in figure 5a for two different flake thicknesses. The mobility values are found to
increase as the temperature is reduced from 300K to 100K indicating reduced phonon scattering.
The temperature dependence of mobility in this range can be approximated using a power law
a T7. The exponent y depends on the flake thickness and ranges from 0.54 for bi-layer
phosphorene to 0.26 for 10 layer phosphorene. Finally, we extracted the field effect mobility as a
function of the charge carrier concentration for different flake thicknesses as shown in figure 5b.
The mobility follows a power law dependence p oo Q™ which indicates that the surface roughness
scattering dominates the transport. The exponent n also depends on the flake thickness and
ranges from 0.16 for bi-layer phosphorene to 0.43 for 10 layer phosphorene.

In the conclusion, we have successfully demonstrated how the transport gap of phosphorene can
be tuned dynamically by scaling the layer thickness. We also report a new technique to extract
the transport gap of an ultra-thin body semiconductor from the transfer characteristics of a field
effect transistor of the same material. We also discussed the impact of bandgap and band
alignment on the device performance of phosphorene FETs.
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non-monotonic trend of the device ON current. The error bars represent device to device variation.
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