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Abstract: We investigate the influence of phonon scattering on the transport properties and performance metrics of
a monolayer n-channel black phosphorus transistor within a four-band tight binding Hamiltonian, employing a recursive
Green’s function algorithm and Buttiker probe scattering model. Our analysis reveals that electron-phonon scattering
significantly degrades the on-state current, while its effects in the subthreshold region are found to be negligible. Further
examination identifies optical phonons as the primary contributors to the degradation of on-state current, with acoustic
phonons playing a less prominent role. The ballisticity of the device declines from 42% to 24% when transitioning from
solely acoustic phonon scattering to the combined influence of acoustic and optical phonons. Expanding the placement of
Buttiker probes from beneath the gate region to cover the entire path from source to drain results in a further 48% reduction
in on-state current. The on-state current exhibits a parabolic relationship with the inverse Kelvin temperature. To quantify
the effects of phonon scattering on device performance, we assess the key parameters, transconductance and unity current
gain frequency. Phonon scattering is observed to severely impact both the parameters. The on-state transconductance
declines from its ballistic value of 24.9 mS/pm to 3.99 mS/um when both acoustic and optical phonons are concurrently
active. Similarly, the unity current gain frequency decreases from 1.18 to 0.2 THz due to phonon scattering. Additionally,
our analysis reveals that approximately 7-9% of the total power dissipated within the device is attributed to phonon
scattering effects, while the remainder is released through thermalization in the device’s contacts. Phonon scattering is
shown to induce both lattice cooling and heating, depending on the presence or absence of potential barriers. When a
potential barrier exists in the channel, electrons injected from the source experience lattice cooling before the barrier region
and lattice heating after crossing the barrier. Including the source and drain contact resistances in our model unveils that
achieving a contact resistance value of approximately 100 Q-pm is crucial for the effective functioning of black phosphorus
devices.
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1. Introduction

The proliferation of electronic devices in recent decades can be ascribed to advancements in semiconductor materials
and transistor technologies. The emergence of ultra-thin two-dimensional (2D) materials has initiated a novel phase in
semiconductor technology, distinguished by their extraordinarily smooth surfaces and outstanding electrical characteristics.
These materials exhibit a high level of carrier mobility, a notable on/off current ratio, and negligible leakage current,
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especially in devices with short channels [1, 2, 3, 4]. Significantly, there has been considerable interest in the possible uses
of 2D materials such as graphene [1, 5, 6] and transition metal dichalcogenides [3] in the field of nanoscaled transistors.
Nevertheless, the domain of 2D materials extends beyond these widely recognized candidates, and a particularly noteworthy
participant in this arena is monolayer and few-layer black phosphorus (BP). In recent years, BP has garnered significant
attention in the academic community, with numerous studies conducted to explore its properties and applications in the
field of 2D materials [7, 8, 9].

In the realm of field-effect transistors (FETs), black phosphorus has been extensively investigated in the literature
[10, 11, 12,13, 14, 15,16, 17, 18, 19, 20, 21, 22]. Of particular significance is the pursuit of understanding the ballistic
performance limits of monolayer BP FETs, which has been a focal point of studies [14, 15, 23, 24]. These investigations
have unveiled intriguing insights into BP FETs’ exceptional performance, notably marked by their high on-state current
and impressive carrier mobility along the armchair direction, attributed to the lighter carrier mass. The superiority of BP
transistors over MoS; transistors in armchair transport has been confirmed through a comparative investigation of their
current-voltage (I-V) properties and carrier mobility [16]. The research conducted by Li et al. [24] has made significant
contributions to the knowledge and comprehension of BP FETs, specifically focusing on the interface engineering and
strategic alignment of the channel in the armchair direction. This technique has demonstrated the potential to achieve an
impressive on-state current of approximately 1.6 mA/um.

The examination of transport properties in black phosphorus transistors heavily relies on the analysis of electron-
phonon scattering. Black phosphorus, a distinctive 2D material endowed with anisotropic attributes, necessitates in-depth
examination of how electron-phonon scattering phenomena impact its electronic transport properties. Experimental insights
into carrier mobility are primarily available for relatively thick multi-layered black phosphorus structures [7, 25, 26].
Although BP exhibits notably high mobility in thicker films, its mobility deteriorates substantially as the film thickness
decreases to a few layers [27, 28]. The first-principle-based calculations have been employed to unveil anisotropic mobilities
in monolayer BP [29]. However, it is essential to recognize that the behavior of electron-phonon scattering and carrier
mobility may exhibit distinct patterns within the nanoscaled FET environment. Therefore, in order to thoroughly evaluate
the possible usefulness of BP in transistor technology, it is crucial to conduct complete device simulations that include
electron-phonon scattering and quantum non-equilibrium effects. Although only a few theoretical studies [16, 18, 30] have
explored electron-phonon scattering in BP transistors, it is clear that this phenomenon significantly impairs device current,
causing a reduction in ballisticity levels to 42% [18].

Phonon scattering, which results from the interaction between charge carriers and lattice vibrations known as phonons,
is a major contributor to the degradation of performance in black phosphorus transistors and other semiconductor devices.
A deep understanding of the complex interplay between carriers and phonons in black phosphorus transistors is crucial for
devising strategies to mitigate their detrimental effects. In this study, we delve into the realm of electron-phonon interaction
effects within BP transistors using a quantum transport simulation that employs a tight binding Hamiltonian, which has
been validated against first-principle calculations. Notably, in BP transistors, the primary cause of current degradation
is the influence of optical phonons. Electron-phonon scattering within an n-channel BP transistor significantly reduces
its ballisticity to 24%, transconductance drops to 3.99 mS/pum from the ballistic value of 24.9 mS/um, and the cut-off
frequency is diminished to 0.2 THz from the ballistic value of 1.18 THz. The current in the on-state exhibits a precise
inverse temperature relationship characterized by a second-degree polynomial. To attain optimal performance in black
phosphorus transistors, it is imperative to achieve a contact resistance close to 100 Q-pm. It’s worth noting that only 7-9%
of the total power loss is attributable to lattice heating. Furthermore, the spatial distribution of power density suggests that
the presence of a potential barrier in the channel region contributes to both lattice cooling and heating effects.

2. Simulation approach

The monolayer black phosphorus possesses an orthorhombic crystal structure characterized by the basis vectors
@, = (a,0) and @, = (0,b), with the lattice constants a = 4.43 A and b = 3.27 A, as reported in reference [31]. The unit cell
comprises four atoms, and it is modeled by a 4 x 4 Hamiltonian obtained from the methodology described in reference [32].
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This Hamiltonian has been verified against the ab initio outcomes. In order to conduct device simulation, it is necessary to
have access to the unit cell matrix, denoted as /;, as well as the coupling matrix between adjacent cells, denoted as 4;+;

hj (ky) = o, + ﬁuweikyb —l—ﬁ,jwefikyb + ﬁuwfeiZkyb _’_ﬁ;wfefizkyb (1)
hj i1 (ky) = Bu + Buipe™? + Bupe ™"
In these equations, &, represents the wave vector component aligned with the BP zigzag (y) direction, while the
direction from the device’s source to drain coincides with the BP armchair (x) direction. The 4 x 4 matrices ¢, Buw,
Buowss Buis By, and By are provided in Equations (1) to (5) of the reference [31]. The Hamiltonian of the device can be
represented as a block tri-diagonal matrix, where the diagonal blocks are Hj; = 4, ;, and the off-diagonal blocks are H;;+| =
hyjerand Hyp =1,
With device Hamiltonian and potential profile /' from a two-dimensional Poisson’s solver we compute the retarded
Green’s function at energy £ and wave vector k,

M (E.ky) = [E1—H (k) +eV = YO (Eky) = L (Eoky)] @

Here [ is the identity matrix, e is the electronic charge, £ is the source and drain contact self energies, and X¥ is the
retarded electron-phonon scattering self energy. We use Buttiker probe formalism for ¥, Buttiker probes are similar to the
source and train contacts, except that they can not change the electron number in the device, although they can change
energy and momentum of the carriers. This guarantees current conservation in the device [33]. Conventionally, a Buttiker
probe is modeled by a coupling parameter and the probe Fermi potential, where the coupling parameter is determined from
the carrier mobility [33]. In this approach, the different scattering mechanisms can not be separated, rather they are lumped
into the coupling parameter. Peter Greck and coworkers [34, 35] define £¥ in a way where different scattering mechanisms
can be separated. Later, Vaitkus and Cole [36] conducted a more in-depth examination and employed this technique to
investigate the electron-phonon scattering in graphene devices.

Following their approach, we define X% for the acoustic and optical phonon scattering as follows

nDAckgT Th*D?
ot (o) 2 npga (E-+han. k) + (na -+ 1) ga (E = hon, k) 3)
S

ZR (E ky) = —im

Here D4¢ and Dgp are respectively the acoustic and optical phonon coupling strength, kzT is the thermal energy, /
is the reduced Planck’s constant, vy is the sound velocity, np is the Bose-Einstein distribution number, 7@y is the optical
phonon energy, p is the material density, and the density-of-states is

1
84 (E.ky) = — —=<1Im [diag (" (E.k,)] 4)

where 6Q is the grid volume. Equations (2) and (3) are solved self-consistently using recursive Green’s function algorithm
[37, 38]. In our approach, X is a diagonal matrix.

The distribution function of a Buttiker probe p is defined by a linear combination of the distribution functions of
source and drain [34]

Ip (E)= cpfs (E)+(1- Cp)fd (E) = fa(E) +¢p [fs (E) — fa (E)] (5)
where ¢, is a constant to be determined by setting the probe current to zero
2e dE .
W kZ/ 5 HTpfpA +i0,G7} =0 (©)
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Here A is the spectral function, I',, is the broadening function of probe p, and G~ is the lesser than Green’s function.
On the left side we dropped the arguments for compactness. Although ¢, is independent of energy and momentum, it
depends on the position. Expanding the term inside the integral we get a linear system of equations like [M]{C} = {b}
where M is a matrix, C = {cy, ¢, ....., cN—1, ¢y } 18 the unknown vector and b is the right hand side vector. The diagonal
elements of M matrix are

2 dE Al
My, = ;%‘,/2% (Tszerd+q§,lqu - TI’I’) (fs = fa) )

and the off-diagonal elements are

Mpy=—— Z/ fa) (8)

The elements of the right hand side vector b are
2e / dE
= = 7Tps(fs_fd) (9)
7} %: 2r

The transmission coefficient between two probes or between a probe and a contact is defined as
T,, = tr{T,G[,G*} (10)

The transmission matrix calculation requires all the blocks of GX. To avoid the full matrix inversion, we calculate the
left connected Green’s function, g*, as well (see Equations (26) and (27) of reference [39]). With the diagonal blocks of
G® and right connected Green’s function g® from the self-consistent calculation of Equations (2) and (3) and the computed
left connected Green’s function g%, we pick up any diagonal block GX ;. and walk up and down to generate the off-diagonal
blocks of G*

G = glHii1GY | fori>j an
Gij = &iiHiin Gy j fori < j

Finally, the electron density and source lead current is computed as follows

(x,2) Z/—dwg —zG (E, k, Z/—dlag (fsA + faAa + pr ) (12)

N
262/ ( fd) Z Sp(fs_fp)> (13)
p=1

where 4, = GRFp GRT is the spectral function of probe p.

The iterative process involving the interplay between potential and charge density commences with an initial estimate
of the potential profile. The commencement of the inner self-consistent loop for retarded Green’s function G¥, Buttiker
probe self energy XX, and probe weighting factor C occurs with the potential profile. After achieving convergence in the
inner loop for all energy and wave vector grids, the charge density is computed, followed by the solution of Poisson’s
equation in the outer loop. This represents a single iteration of the two nested loops, which persists until the outer loop
reaches convergence. Subsequently, the lead current is computed and the subsequent bias point is initiated. The outer loop
employs Anderson mixing [40] as a means to enhance the convergence rate of the potential profile. The outer loop exhibits
convergence within a range of 6 to 10 iterations. No mixing was employed in the inner loop. The convergence criterion for
the inner loop was defined as the relative change in the total density-of-states, obtained through integration over energy
and wave vector, being less than 107, The inner loop requires approximately 12 to 16 iterations to reach convergence. In
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order to perform energy and reciprocal space integration, uniformly spaced grids are employed, where the energy spacing
AE is set to 3 meV and the reciprocal space spacing Ak is set to 0.057/a. The simulation package utilized in this study is an
internally developed code, implemented using the open source programming language Julia [41].

3. Results and discussions

The device employed for simulation is a BP monolayer double gate MOSFET. The device possesses a channel length
Lg of 15 nm, an oxide thickness #,, of 2.15 nm, a source extension Lg of 20 nm, and a drain extension Lp of 25 nm. The
channel is intrinsic and both the source and drain are n-type doped. HfO,, which has a dielectric constant of 19, is the gate
oxide. Figure la depicts a cross-section of the device. The depiction of Buttiker probe scattering is illustrated in Figure 1b.
The circles in this diagram indicate the BP unit cells that interact with the Buttiker probes via acoustic and optical phonon
scattering. In the proposed methodology, every individual unit cell under the gate region is intricately linked to a Buttiker
probe. The phenomenon of acoustic phonon scattering is facilitated by the utilization of an acoustic deformation potential
with a value of 8.31 electron volts (eV), a sound velocity of 6.6 x 10 meters per second (m/s), and a material density
of 1.39 x 1077 grams per square centimeter (g/cm?) [18, 42]. In the context of optical phonon scattering, three optical
branches are employed, which are characterized by optical deformation potential values of 80.7, 66.0, and 66.0 eV/nm,
accompanied by their respective phonon energies of 42.1, 51.9, and 55.0 meV [18, 42].

Oxide
Gate

x

Figure 1. (a) The diagram illustrates a cross-section of a monolayer black phosphorus double gate metal-oxide-semiconductor field-effect transistor. The
source-drain of the device is oriented in the armchair (x) direction, while the device width, which is not depicted in the cross-section, is oriented in the
zigzag (y) direction. The quantization direction, denoted as z, represents the axis along which the gate voltage is applied. (b) The schematic depiction of
Buttiker probe scattering. Pink circles represent unit cells that interact with Buttiker probes through acoustic and optical phonon scattering.

The current-voltage characteristics of ballistic and other dissipative mechanisms are depicted in Figure 2. In the
context of the [-V characteristics, the gate bias Vg is adjusted to a value of zero in correspondence with a source current of
5x 1073 uA/um, which is commonly referred to as the off-state. The dominant scattering process, as indicated by the I-V
characteristics, is the optical phonon scattering. Brahma et al. [18] also observed that the primary cause of on-state current
degradation in black phosphorus n-channel MOSFETs is the optical phonon. The current in the on-state, Vgg = 0.4V,
under various scattering processes is seen to be as follows: 1966 pA/um for ballistic transport, 824 pA/um for acoustic
phonon scattering, 543 pwA/um for optical phonon scattering, and 462 pA/um when both scattering mechanisms are
simultaneously present. If we determine ballisticity based on the ratio of dissipative to ballistic drain current, then the
resultant ballisticity becomes 42% for acoustic phonon scattering, 28% for optical phonon scattering, and 24% when both
scattering mechanisms are active at the same time. For a 10 nm gate length BP nMOSFET, a 42% ballisticity is reported in
[18]. The on-state current is greatly degraded by the larger values of deformation potential associated with the optical
branches. The principal factor contributing to the present state of degradation is associated with the initial optical branch,
which is defined by a Dpp value of 80.7 eV/nm and i value of 42.1 meV. The carrier back scattering process is facilitated
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by the initial phonon branch’s strong deformation potential and low phonon energy, enabling both phonon emission and
absorption. However, the subthreshold behavior is not affected by the phonon scattering process. The I-V characteristics
demonstrate a subthreshold slope of 62 mV/dec.
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Figure 2. The current-voltage characteristics of the double gate MOSFET employed in our simulation. The transport mechanisms include ballistic
transport, acoustic phonon scattering, optical phonon scattering (comprising three branches), and the combined impact of acoustic and optical phonon
scattering.

To gain insight into the underlying physics of current flow mechanisms and electron energy relaxation, we have
illustrated the conduction band diagrams for both the off-state and on-state, along with the corresponding source and drain
current profiles, Js and Jp respectively, in Figure 3. In the on-state, the source conduction band, E¢g, is positioned at
—0.048 eV, whereas in the off-state, it resides at —0.032 eV, with the conduction band apex situated at 0.28 eV. The source
and drain Fermi levels are pg =0 and up =—0.4 eV.
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Figure 3. Plots displaying conduction band profiles and energy spectra of source and drain currents in both the off-state (VGS = 0) and on-state
(VGS =0.4V).
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The currents that flow from the source and from the drain exhibit equal magnitudes, although their energy distributions
differ significantly in the on-state. The injection of current from the source lead into the device occurs within the energy
window E¢g < E < ug + 5kT in the on-state. In the off-state, this energy window is extended to Ecs < E < ug + 15kT. This
energy window is solely governed by the characteristics of the source lead [43].

When electrons are injected, they undergo energy relaxation by emitting phonons and subsequently occupy states
with progressively lower energies, each reduced by the energy of a phonon, 7®@. As electrons undergo relaxation in energy,
they also tunnel out into the drain lead. The occupation of energy levels below Ecg is determined by the ratio between the
rate of phonon relaxation and the rate of tunneling into the drain lead [43]. The presence of a considerably high magnitude
of on-state drain current spectrum below E¢g provides strong evidence for the occurrence of many phonon scattering in the
on-state.

In the hypothetical scenario when phonon scattering is not present, the value of Jp below the energy Ecg would be
zero. Furthermore, both Jg and Jp would look similar but have the opposite sign. The off-state current spectra closely
resemble this scenario, indicating that phonon scattering exerts negligible influence on the off-state currents. This is further
supported by the I-V characteristics presented in Figure 2, where phonon scattering is minimal in the subthreshold region
but becomes prominent in the on-state.

The characteristics of the distribution functions of the Buttiker probes also undergo considerable variations across the
gate bias range. Figure 4 illustrates the weight factors associated with these probe distribution functions. In our simulation,
we have considered 136 BP unit cells in the transport direction, with unit cells 45 to 81 positioned beneath the gate region.
Consequently, the plotted data encompasses unit cells ranging from 45 to 81.

1F
0.8F
. 0.6F
@] [
0.4F
0.2F
45 50 55 60 65 70 75 80
unit cell number

Figure 4. Graphs illustrating the weight factors of Buttiker probes’ distribution functions in both the off-state and on-state.

Under lower biases, the system operates in a state of near equilibrium. Consequently, the probes located close to
the source adhere to the source Fermi distribution (C, = 1), while the probes near the drain adhere to the drain Fermi
distribution (C,, = 0), as illustrated for Vs = 0. When the gate bias is at zero, the initial and final probes exhibit C, values
of 1 or 0, respectively. Meanwhile, the probes positioned in the middle of the gate region manifest distribution functions as
weighted averages of both the source and drain Fermi functions.

However, when the system is in the on-state, with Vg = 0.4V, it operates far from equilibrium, causing the probe
distribution functions to significantly deviate from the equilibrium source and drain distribution functions. Now, the
distribution function of each probe represents a weighted combination of the two equilibrium source and drain distribution
functions. Even the first probe nearest to the source lead exhibits a mixture with a 22% contribution from the drain Fermi
function.

The transconductance, denoted by g,,, and the unity current gain frequency, denoted by f7, of a MOSFET are key
parameters for designing and optimizing electronic circuits for various applications, such as radio frequency amplifiers,
analog signal processing, and high-frequency communication systems. g,, defines the correlation between the input voltage
and the output current of a MOSFET, whereas f7 is the frequency at which the current amplification of a MOSFET is
equal to one. While the gain of an amplifier is determined by g,,, the upper operating frequency limit of the MOSFET
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as an amplifier is provided by f7. Greater values of both parameters indicate that the MOSFET is capable of effectively
amplifying signals at higher frequencies.
To determine the values of g, and f7, we employ the following calculations

di
gm - #CL;S VDS (14)
f 27:Cgs

Here Cy; is the gate-source capacitance, which is calculated as Cys = d0,;/dvis, Where Q. is the channel charge. It
is important to emphasize that parasitic capacitances are not considered in this equation. Hence, f7 represents the intrinsic
cut-off frequency. Nonetheless, the intrinsic f7 provides a valuable insight into how phonon scattering affects it.

The calculated g, and fr are shown in Figures 5 and 6, respectively. Again, it is evident from these plots that phonon
scattering severely degrades both the transconductance and the cut-off frequency like the drain current. When only the
acoustic phonon scattering is active, the on-state transconductance degrades from its ballistic value of 24.9 mS/pum to
7.7 mS/um. When acoustic and optical phonon are simultaneously activated the gm value drops to 3.99 mS/um. Similar
effects are observed on cut-off frequency as well. The f7 value drops from its ballistic value of 1.18 THz to 0.2 THz when
both phonon scattering mechanisms are active.

D e
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Vs = 0.4V

gm [mS/pm]
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Vs [V]

Figure 5. Plots of transconductance for various scattering mechanisms.
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Figure 6. Plots of unity current gain frequency for various scattering mechanisms.

Power dissipation resulting from electron-phonon scattering is another significant determinant of MOSFET
performance. As electrons traverse the channel of a MOSFET and encounter lattice vibrations, energy is exchanged
between them and the lattice, leading to the generation of heat. The difference in the energy current flowing into and out of
the two contacts represents the power dissipation in the device caused by electron-phonon interactions [43]

Pd_Z/ B[00 (fidi +iGE)) + T8y (fedny + Gy )] (15)
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Since we already have all of the necessary matrices from the self-consistent computations, we can effortlessly calculate
P,. Figure 7 displays the power dissipation, Py, in the device as well as the total power, V1. P, accounts for only 7-9%
of the overall power. Electrons are injected from the left lead, interact with the phonon bath in the channel area, and
subsequently exit the device central part. The departing electrons possess significant energy and must achieve thermal
equilibrium with the electrons of drain contact by releasing the remaining energy [43, 44].

BT T T FS(,O
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2 2| — & 300 £
Z 1sf 4 I
g §f o =
&~ 10 o . -
i-— ’Y/ =100
oonsoonneesn®®’ o
0 0.1 0.2 03 0.4
Vas [V]

Figure 7. Graphs illustrating the device power loss due to electron-phonon scattering, along with the total power loss.

We can develop a more intuitive comprehension of power dissipation by examining the spatial distribution of power
density, denoted as P}, as illustrated in Figure 8. P; can be calculated as [43]

" dE
N E=AC WA W) 10

where j labels the unit cell. If we integrate P; of Figure 8 from source to drain then we recover P, of Figure 7 for the
corresponding biases. The scattering centers, referred to as Buttiker probes, are positioned beneath the gate region, spanning
from unit cell number 45 to 81. As the doped source region does not contain any Buttiker probes, the electrons injected
from the source do not interact with the phonon bath until they reach unit cell number 45. In the off-state, there exists
a substantial potential barrier of approximately 0.25 eV relative to the source Fermi level (as seen in Figure 3). Before
the electrons pass through the barrier, there is a net absorption of energy from the phonon bath. During this segment, P;
is negative, signifying a cooling effect on the lattice [43, 44]. After the electrons have across the barrier, they relax by
returning energy to the phonon bath and then reach a state of equilibrium with the drain contact. In the gate region beyond
the potential barrier, P; takes on a positive value, signaling a heating effect on the lattice. During the on-state, the potential
is lower than the source Fermi level, as shown in Figure 3. Consequently, there is no cooling of the lattice, and P; remains

positive throughout the gate region.

Journal of Electronics and Electrical Engineering 30 | Khairul Alam



0.15 off-state

0- s -

(=]
=
.
~—

P, [pW/nm’|
®°
-3
n

on-state

\__/ ]
10 20 30 40 50 60 70 80 90 100110120130
unit cell index

N

P; [nW/nm’]
S
 —

L]

Figure 8. Plots showing spatial distribution of device power density in both the off-state and on-state.

Temperature fluctuation is a crucial factor in modern electronic devices and it has profound influence on the I-V
characteristics of a transistor. Recently, Kumar et al. [45] and Yan et al. [46] investigated the temperature-dependent
transport and memory behavior of a BP FET. Kumar et al. reported a decline in mobility from 283 to 33 cm?/V-s as the
temperature rises from 150 to 340 Kelvin. The heightened temperatures activate lattice vibrations (phonons), enhancing
interactions with charge carriers in the semiconductor material and causing a deterioration in device current [46]. This effect
is evident in Figure 9, where elevated temperature influences not only the on-state current but also the entire bias range of
the I-V characteristics. Specifically, the on-state current of the device undergoes variations, decreasing from 689 pA/um at
250 Kelvin to 462 pA/um at 300 Kelvin and further dropping to 281 nA/um at 350 Kelvin with changing temperatures.
Figure 10 illustrates that the on-state current aligns most accurately with a second-order polynomial expansion of the
inverse Kelvin temperature. Conventionally, the temperature dependence of the on-state current is typically modeled using
a power law proportional to 7~7. In our analysis, the best fit is achieved with a value of 7 equal to 2.635. In a study by Yan
et al. [46] focusing on a long-channel back-gated black phosphorus field-effect transistor, the best fit for their measured
phonon scattering-limited on-state current was reported with a y value of 2.4.
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Figure 9. Plots showing I-V characteristics at different temperatures.
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Figure 10. Plots depicting the relationship between on-state current and Kelvin temperature.

Next, we examine how the number of Buttiker probes influences the device I-V characteristics. The previously
presented findings solely consider scattering under the gate region. In Figure 11 the [-V characteristics are depicted under
three different conditions: (1) Buttiker probes exclusively placed beneath the gate region, (2) Buttiker probes extended
halfway towards the source and drain regions, and (3) Buttiker probes positioned at every individual unit cell, including the
source and drain regions. Once again, it is evident that the subthreshold region remains unaffected by an increased number
of scattering centers. However, the enhanced presence of probes adversely impacts the above-threshold characteristics,
particularly the on-state current. The on-state current diminishes from 462 to 297 pA/pum when the probes extend halfway
towards the source and drain regions. Furthermore, the current is further reduced to 237 uA/um when the probes cover the
entire device.
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Figure 11. Plots showing I-V characteristics for different number of Buttiker probes.

Finally, we include the external part of the device, that is, the source and drain contact resistances, R¢. In this regard,
the current is computed during each iteration of the outer loop, and the contact resistance drop is subtracted from Vpg.
The modified Vpg is then employed as the boundary condition for the intrinsic part of the device. Notably, reported
contact resistance values in literature span from approximately 100 Q-um to a few kQ-pum [47, 48, 49, 50]. Additionally,
a theoretical upper limit of 14 Q-um has been predicted [51]. At room temperature, the promising contact resistance
values from [49] include 135 Q-um for Ni contact, 217 Q-pum for Ti contact, and 797 Q-um for Cr contact. Although
the highest R¢ of 797 Q-um is considerable, the other two values align closely with the target value of the International
Technology Roadmap for Semiconductors (ITRS) [52]. In Figure 12, we depict the I-V characteristics incorporating these
two R¢ values along with Rc = 0. The impact of R¢ is particularly pronounced in the on-state, while the subthreshold and
near-threshold behaviors remain unaffected. Specifically, the on-state current declines from 462 pA/um to 336 HA/um as
R shifts from 0 to 135 Q-um, further decreasing to 301 pA/um when the contact resistance rises to 217 Q-pm.

Journal of Electronics and Electrical Engineering 32 | Khairul Alam



; Contact resistance Rc in Q-pm 5x10°
10° —o— R:=000
F —e— R=135 2
T gL Re=217 4x10
=
i . 3x10?
= 10 ]
=
2 2x10?
5 107" ]
© 2
107 1
i 0
1074 il e AT (PR | 0x10
0 0.1 0.2 0.3 04
Vs [V]

Figure 12. Plots showing I-V characteristics for different values of contact resistance.

4. Conclusions

In conclusion, we have determined that electron-phonon scattering exerts a significant impact on the on-state current,
with optical phonons playing a more prominent role in degrading device performance compared to acoustic phonons.
Furthermore, a precise parabolic relationship exists between the on-state current and the inverse Kelvin temperature.
Phonon scattering results in a significant decline in device’s ballisticity and performance metrics. Our analysis also points to
the fact that a small portion of the total power is dissipated within the device due to phonon scattering, while the remainder
is released through thermalization in the device’s contacts. To ensure the efficient operation of black phosphorus devices, it
is crucial to attain a contact resistance value of around 100 Q-pm. In brief, our findings underscore the pivotal role of
phonon scattering in shaping the performance of black phosphorus transistors, bearing implications for the design and
optimization of such devices. Including additional scattering mechanisms, accounting for interface trapped charges, and
providing a more accurate representation of the contacts will enhance the meaningful comparison of simulation results with
experimental data and enable the derivation of design guidelines—a focus we highlight as a future extension of our work.
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