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Major Goals:  : The goal of this effort with Army Research Laboratory was to overcome some of the

limitations in the development of diamond-based nanoelectronic components associated with stable doping, 
defects and fabrication issues and lower carrier mobility. The theoretical effort focuses on understanding the effects 
of 2D phonons both optical and acoustic phonon scattering is modified because the carriers in these transistors are 

2D holes produced by surface transfer doping. During the period of the grant the theoretical thrust of this effort has 
been on the formulation of the effects of the remote polar phonons and the contribution of the effects of the surface 
acoustic phonons on the scattering rates and thus on the mobility of these transistors. In parallel we are also 
fabricating the devices experimentally and discussing and comparing these fabricated devices with the ones that 
are being fabricated at ARL After the end of the second year, there was no further funding unfortunately due to cuts 
at ARL.  However the grant has inspired a search for better materials systems for the capping layer for lower 
phonon scattering and thus higher mobilities and work on c-BN as the surface layer was completed and published 
before the end of the grant.  In addition we also looked at fabrication of liquid ion gate transistors in collaboration 
with Argonne National Lab and that work too was published during the period of the grant.

Accomplishments:  During this period of the grant we completed and reported on a number of significant 
contributions to the theoretical efforts proposed.  We completed and published an evaluation of the scattering rates 
of holes by remote-IF-polar phonons in the diamond structure is formulated for the first time, and in additional the 
effect of surface acoustic phonons on mobilities in diamond with 2D holes and in c-BN compared the effects of the 
two scattering mechanisms,  These results show that hole scattering from remote polar phonons can dominate over 
other hole-phonon scattering mechanism by seven or more orders of magnitude; thus, while the use of polar 
overlayers may contribute to desired doping effects, there is a substantial penalty associated with hole remote-
polar-phonon scattering. This model adopted in the case of remote-IF-polar phonons is suitable to describe several 
promising polar materials, such as AlN, w-BN and c-BN.  The remote polar phonon scattering work has been 
written up and published in Diamond and Related Materials, Vol 101 (2020) 107650. G. Bonomo, A Mohamed, S. 
Farid, K. Park, M. Dutta and M.A Stroscio. “Contribution of remote interface polar phonons in the hole mobility of 
diamond”.  It has also been presented at the WOCSEMMAD conference at Palm Springs, CA in Feb 2020.

We then studied a similar approach to study the effects of surface-acoustic phonon scattering on the charge 
transport behavior of diamond based FET devices. This work focused on detailed formulation of relaxation times 
due to the hole-surface-acoustic phonon scattering, which appears to have been an overlooked scattering 
mechanism important to diamond-based devices. The matrix element, scattering rates and relaxation times have 
been calculated by taking into account, for the first time Rayleigh waves near the surface. This is achieved by 
quantizing the Rayleigh waves and using the corresponding acoustic phonon to calculate the Fermi golden rule 
based scattering rate of holes in the two-dimensional hole gas. The results show that the scattering of holes with 
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surface acoustic Rayleigh waves reduced relative to scattering from bulk 3D acoustic phonons. Moreover, the 
mobilities are found to be higher than those based on the theory for 3D acoustic phonons. The results reveal 
significant insights to diamond based electronics having acoustic phonons Rayleigh waves thus opening new 
research endeavors. This was submitted and has been published in Carbon, Vol 169, Pages 488 -500, "Surface 
acoustics phonon scattering in 2D-hole gas of diamond based FET devices, " Ramji Singh, Giorgio Bonomo, Sidra 
Farid, Mahesh R. Neupane,. Glen Birdwell, Tony G. Ivanov, Mitra Dutta, Michael A.Stroscio.

We then looked at the effect of c-BN layer on top of the diamond and investigating the effect that the overlayer has 
on the mobility compared to the previous efforts. We investigates phonon-dominated mobilities for carriers in a 
diamond field effect transistor with a cubic Boron Nitride (cBN) overlayer. We investigate the intra-subband 
scattering due to interaction of electrons with acoustic phonons, treated properly as quantized surface acoustic 
Rayleigh waves, and include, for the first time, the interaction with remote polar phonons originating in the cBN 
overlayer. We concluded that the surface acoustic phonon scattering is the dominant mechanism limiting the 
mobility of electrons for temperatures below 375 K.  This was published in IEEE Electron Device Letters “Phonon-
Dominated Mobilities for Carriers in a Diamond Field Effect Transistor With a cBN Overlayer” Ramji Singh, Michael 
A. Stroscio, and Mitra Dutta.

 We also performed some experimental work on fabricating Diamond transistors with hole gas and liquid ion gate 
and were able to demonstrate fairly high mobilities with there. These results were published in Nanotechnology. B. 
Hsu, S Farid, J Averion-Puttrich, AV Sumant, MA Stroscio, M Dutta, ‘High performance ionic-liquid-gated air doped 
diamond field-effect transistors’ Nanotechnology 32 (13), 135205.
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Pennsylvania, Willilam Troy worked briefly on this project before working a different  project and has since 
graduated.with a PhD and Ramji Singh is close ot receiving his PhD.  Two postdocs, Bo Hsu and Sidra Farid, were 
also involved, mainly in the experimental portion of the grant and worked with Argonne National Laboratory.

Results Dissemination:  Regular meetings were held with ARL scientists during the period of the grant.   These 
were every two weeks with Glen Birdwell and with Mahesh Neupane.  After the pandemic started these were held 
monthly.  In addition to the papers, the work was presented at WOCSEMMAD and also at the Diamond workshop 
organized by Michigan State University in October 2020.
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Major Goals

 : The goal of this effort with Army Research Laboratory was to overcome some of the limitations in
the development of diamond-based nanoelectronic components associated with stable doping,
defects and fabrication issues and lower carrier mobility. The theoretical effort focuses on
understanding the effects of 2D phonons both optical and acoustic phonon scattering is modified
because the carriers in these transistors are 2D holes produced by surface transfer doping. During the
period of the grant the theoretical thrust of this effort has been on the formulation of the effects of
the remote polar phonons and the contribution of the effects of the surface acoustic phonons on the
scattering rates and thus on the mobility of these transistors. In parallel we are also fabricating the
devices experimentally and discussing and comparing these fabricated devices with the ones that are
being fabricated at ARL After the end of the second year, there was no further funding unfortunately
due to cuts at ARL. However the grant has inspired a search for better materials systems for the
capping layer for lower phonon scattering and thus higher mobilities and work on c-BN as the
surface layer was completed and published before the end of the grant. In addition we also looked at
fabrication of liquid ion gate transistors in collaboration with Argonne National Lab and that work
too was published during the period of the grant. 

Accomplishments Under Goals

During this period of the grant we completed and reported on a number of significant contributions
to the theoretical efforts proposed. We completed and published an evaluation of the scattering rates
of holes by remote-IF-polar phonons in the diamond structure is formulated for the first time, and in
additional the effect of surface acoustic phonons on mobilities in diamond with 2D holes and in
c-BN compared the effects of the two scattering mechanisms, These results show that hole
scattering from remote polar phonons can dominate over other hole-phonon scattering mechanism
by seven or more orders of magnitude; thus, while the use of polar overlayers may contribute to
desired doping effects, there is a substantial penalty associated with hole remote-polar-phonon
scattering. This model adopted in the case of remote-IF-polar phonons is suitable to describe several
promising polar materials, such as AlN, w-BN and c-BN. The remote polar phonon scattering work
has been written up and published in Diamond and Related Materials, Vol 101 (2020) 107650. G.
Bonomo, A Mohamed, S. Farid, K. Park, M. Dutta and M.A Stroscio. “Contribution of remote
interface polar phonons in the hole mobility of diamond”. It has also been presented at the
WOCSEMMAD conference at Palm Springs, CA in Feb 2020. We then studied a similar approach
to study the effects of surface-acoustic phonon scattering on the charge transport behavior of
diamond based FET devices. This work focused on detailed formulation of relaxation times due to
the hole-surface-acoustic phonon scattering, which appears to have been an overlooked scattering
mechanism important to diamond-based devices. The matrix element, scattering rates and relaxation
times have been calculated by taking into account, for the first time Rayleigh waves near the surface.
This is achieved by quantizing the Rayleigh waves and using the corresponding acoustic phonon to
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calculate the Fermi golden rule based scattering rate of holes in the two-dimensional hole gas. The
results show that the scattering of holes with surface acoustic Rayleigh waves reduced relative to
scattering from bulk 3D acoustic phonons. Moreover, the mobilities are found to be higher than
those based on the theory for 3D acoustic phonons. The results reveal significant insights to diamond
based electronics having acoustic phonons Rayleigh waves thus opening new research endeavors.
This was submitted and has been published in Carbon, Vol 169, Pages 488 -500, "Surface acoustics
phonon scattering in 2D-hole gas of diamond based FET devices, " Ramji Singh, Giorgio Bonomo,
Sidra Farid, Mahesh R. Neupane,. Glen Birdwell, Tony G. Ivanov, Mitra Dutta, Michael A.Stroscio.
We then looked at the effect of c-BN layer on top of the diamond and investigating the effect that
the overlayer has on the mobility compared to the previous efforts. We investigates
phonon-dominated mobilities for carriers in a diamond field effect transistor with a cubic Boron
Nitride (cBN) overlayer. We investigate the intra-subband scattering due to interaction of electrons
with acoustic phonons, treated properly as quantized surface acoustic Rayleigh waves, and include,
for the first time, the interaction with remote polar phonons originating in the cBN overlayer. We
concluded that the surface acoustic phonon scattering is the dominant mechanism limiting the
mobility of electrons for temperatures below 375 K. This was published in IEEE Electron Device
Letters “Phonon-Dominated Mobilities for Carriers in a Diamond Field Effect Transistor With a
cBN Overlayer” Ramji Singh, Michael A. Stroscio, and Mitra Dutta. We also performed some
experimental work on fabricating Diamond transistors with hole gas and liquid ion gate and were
able to demonstrate fairly high mobilities with there. These results were published in
Nanotechnology. B. Hsu, S Farid, J Averion-Puttrich, AV Sumant, MA Stroscio, M Dutta, ‘High
performance ionic-liquid-gated air doped diamond field-effect transistors’ Nanotechnology 32 (13),
135205. 

Plans Next Period

Results Dissemination

Regular meetings were held with ARL scientists during the period of the grant. These were every
two weeks with Glen Birdwell and with Mahesh Neupane. After the pandemic started these were
held monthly. In addition to the papers, the work was presented at WOCSEMMAD and also at the
Diamond workshop organized by Michigan State University in October 2020. 

Honors and Awards

Nothing to Report 

Training Opportunities

During the period of the grant, Giordio Bonomo received his MS degree and left to pursue his PhD
in Italy, Ahmed Mohamed graduated with a PhD and accepted a postdoc at University of
Pennsylvania, Willilam Troy worked briefly on this project before working a different project and
has since graduated.with a PhD and Ramji Singh is close ot receiving his PhD. Two postdocs, Bo
Hsu and Sidra Farid, were also involved, mainly in the experimental portion of the grant and worked
with Argonne National Laboratory. 
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Technology Transfer

No patents though the interaction with DoD scientists was reported in Dissemination portion of the
report. 

Participants

Name Role Person Months
Stroscio, Michael Co PD/PI 3
Bonomo, Giorgio Graduate Student (research assistant) 1
Mohamed, Ahmed Graduate Student (research assistant) 4
Singh, Ramji Graduate Student (research assistant) 10
Dutta, Mitra PD/PI 3
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Contribution of remote interface polar phonons in the hole mobility of
diamond

Giorgio Bonomoa, Ahmed Mohamedb,⁎, Sidra Faridb, Kihoon Parkc, Mitra Duttab,
Michael A. Strosciob

a Department of Information Technology and Electrical Engineering, ETH Zürich, Zürich CH-8092, Switzerland
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A R T I C L E I N F O

Keywords:
Diamond
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Phonons
Scattering mechanism
FETs
Heterostructures

A B S T R A C T

The role of remote interface polar phonon modes on the electronic transport properties of dimensionally con-
fined diamond structures have been investigated in detail. By employing a dielectric continuum model, scat-
tering rates, hole mobility and relaxation times in mesoscopic diamond-based devices are calculated. The per-
formance has been analyzed by inserting polar over layers on diamond with wide-band gap materials such as AlN
or w − BN. We have shown that a Fröhlich potential due to the interface optical phonon modes in the upper
layer is created, that decays into diamond resulting in the existence of a remote polar phonon potential in the
material. Hole scattering from remote polar phonons dominate on the order of two or more in magnitude re-
sulting in substantial decrease in hole mobility in diamond. Thus, the present research will provide a milestone
for understanding interface phonons that penetrate to the two-dimensional hole gas (2DHG) in confined dia-
mond structures as compared to their bulk counterpart and can also be applied to other polar materials used for
doping.

1. Introduction

Charge carriers in 2D materials, diamond, graphene and carbon
nanotubes can remotely couple to surface polar phonons (SPP) when
brought in close proximity to a polar substrate via a mechanism usually
known as remote interface phonon (RIP) scattering [1,2]. In this phe-
nomenon, the remote coupling between charge carriers and surface
polar phonons in the underlying polar substrates is facilitated by os-
cillating electric fields created by SPPs and accompanied by energy
exchange and momentum. Because of the inelastic nature of SPPs, they
also provide a pathway to saturation of current in conjunction with
intrinsic optical phonons [3]. Indeed, remote interface phonons, such as
Rayleigh waves, can penetrate (with an exponential fall-off) up to 10s
of nanometers and thus plays a critical role on scales of 10 nm or even
less.

Since the experimental realization of diamond devices owing to its
outstanding properties including high breakdown field, thermal con-
ductivity and high carrier mobility, next generation of outperforming
nanoelectronic devices is predicted to be led by diamond implementa-
tion industry. The extremely high intrinsic carrier mobilities along with
extra ordinary characteristics of diamond will naturally lead to its

utilization in high speed transistors and radio frequency (RF) electro-
nics. It is extremely critical for such high frequency devices to be able to
accurately determine low-field mobility issues and scattering rates. The
importance of RIPs have already been realized in other materials like
graphene/SiO2 devices (Ong et al; Koh et al.; Li et al.)) [4–6] and on Si/
SiO2 inversion layers (K. Hess et al.; B. T. Moore et al.) [7,8]. They have
realized the importance of RIPs for graphene/SiO2 devices where as
Pernot et al. has discussed the Hall hole mobility of homo epitaxial
boron-doped diamond taking into account only bulk acoustic phonons
and nonpolar optical phonon modes [9]. Thus, all previous efforts on
dimensionally confined diamond structures for the phononic effects are
based on bulk phonons. To our knowledge, there has not been any ef-
forts that consider interface phonon modes instead of bulk phonons,
when calculating hole mobility values in both H-terminated diamond
and diamond devices with other surface acceptor donors such as V2O5,
MoO3, WO3 or AlN.

These interface phonons in diamond devices penetrate to the two-
dimensional hole gas (2DHG) which is located only a few nanometers
from the diamond surface exhibiting p-type conductivity. Researchers
have provided a good starting point in the comprehension of the me-
chanisms leading to the formation of a high mobility 2DHG under the
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surface of H-terminated diamond [10]. It is found that the presence of
H-terminated diamond is one necessary requirement for the appearance
of the surface conductivity as exposure to atmospheric agents is es-
sential to provide a water layer on the surface of diamond, necessary for
the creation of the 2DHG. Further research demonstrated the possibility
of exploiting transition metal-oxides characterized by a high electron
affinity material such as vanadium oxide V2O5 [11] or molybdenum
trioxide MoO3 [12] to induce surface transfer doping. This is done to
improve the thermal stability and carrier concentration in respect to the
doping obtained by atmospheric adsorbates. A serious limitation to the
2DHG is its propensity to degradation when prone to higher tempera-
tures or stability over time. To overcome this problem, a passivation
layer of AlN, Al2O3 or BN are proposed by researchers as exploitable
polar materials in order to encapsulate the 2DHG. Other solutions
contemplate the insertion of oxygen-terminated diamond, characterized
by a highly insulated surface, able to provide the required passivation.

The aim of this work reveals a detailed study and formulation of the
contribution of hole–remote interface polar phonon interaction me-
chanism. We have also taken into account the insertion of a polar
material on top of the diamond substrate; which is often neglected
during the study of the mobility in diamond-based devices in order to
understand its effectiveness and importance in depth. In order to de-
scribe the mechanism, we exploit the dielectric continuum model in our
research [13]. This model is based on the idea that lattice vibrations
give rise to an electrostatic polarization that can be described through
the classical equations of electrostatics and is used to model remote
interface polar phonons. Therefore, we have formulated the interaction
Hamiltonian, and calculated the scattering rates through the Fermi
Golden Rule approximation. By the mathematical formulation of the
mechanism, its contribution is finally taken into account, in an effort to
obtain a complete picture of the phenomena determining the mobility
inside dimensionally confined nanoscale diamond-based devices and
giving new guidelines for their development.

This paper is organized as follows: In Section 2 we specify the model
system and develop formulism for optical phonon interaction Ha-
miltonian and introduced Fang-Howard wavefunction to describe
2DHG at the surface vicinity and inserted polar over layers. Section 3
describes the scattering rates and matrix element predicted by the
Fermi Golden rule for the proposed structure. Section 4 presents para-
meters and constants utilized for characterizing the remote interface
optical phonon modes for the electron-phonon interaction Hamiltonian
along with a quantitative analysis of scattering rates and mobilities
from proposed heterostructures with polar over layers. Section 5 shows
the conclusions whereas derived expressions and auxiliary formulas for
the integrals used can be found in Appendixes A and B.

2. Hole-optical-phonon interaction Hamiltonian model

The investigation is carried out to study the leakage of remote polar
phonons from the polar over layer into the diamond substrate. A polar
layer is inserted as a passivation layer or for the realization of the gate
dielectric that generates an evanescent interface phonon mode that
decays into the diamond. In particular, structures exploiting AlN and
w − BN as layer materials are under investigation in this work, due to
their advanced physical and electrical properties such as wide bandgap
and high breakdown voltage that makes them promising choices for the
realization of diamond-based FETs. Herein, the remote polar phonons
originating from AlN (or w − BN) are remodeled assuming a high-
quality surface of the material at the interface with diamond as shown
in Fig. 1. The c-axis of the upper layer material is assumed to be per-
pendicular to the diamond surface, consistent with what was reported
in Imura et al. [14], where the authors have discussed the growth of
AlN on diamond for the fabrication of h-FETs.

The Hamiltonian obtained for proposed structure is derived from
the Fröhlich interaction Hamiltonian in a wurtzite structure with two
heterointerfaces and proper modifications related to the insertion of

vacuum as external material with correct positioning of the axis [15].
In such a structure, two possible solutions arise for the electrostatic

potential, generally called symmetric and antisymmetric modes ac-
cording to the symmetry/asymmetry of the potential in respect to a
reference plane placed in the middle of the structure.

For the symmetric mode, it holds:

(1)

where the frequency ω is obtained by solving
− =⊥ ⊥ qdϵ ϵ tanh( ϵ /ϵ /2) ϵ 0y y,1 ,1 ,1 ,1 0 , within the ranges determined by

the conditions ϵy, 1ϵy, 2 < 0 and ϵy, 1ϵ⊥, 1 > 0, ϵ0 represents the va-
cuum permittivity and S represents the cross-sectional area of the
sample. For the antisymmetric mode, it holds:

(2)

and the frequency ω is extracted by solving
− =⊥ ⊥ qdϵ ϵ coth( ϵ /ϵ /2) ϵy y,1 ,1 ,1 ,1 0 0.

The dispersion relation for both the symmetric and antisymmetric
modes types of IF phonon modes are depicted in Fig. 2.

The Howard-Fang wave function, used to describe the 2DHG is:

= ⟩ = − − >− −r k b y l e e
S

y lΨ( ) |
2

( ) , 0b y l
ik p3 1

2 ( )

(3)

with l representing the distance of the 2DHG from the surface,
k‖ = (kx,kz), p = (x, z) and b is a variational parameter determined by
minimizing the total energy of the system [16,17];

⎜ ⎟= ⎛
⎝

⎞
⎠

∗
b

m e N33
8ϵ ϵ ℏ

h h

r

2

0
2

1
3

(4)

with eh representing the positive hole charge and Nh representing the
2DHG sheet density.

Fig. 3 illustrates the Fang-Howard wavefunction, while Fig. 4

Fig. 1. Schematic drawing of double heterointerface system composed of polar
overlay (AlN or w-BN) of width d and vacuum systems for evaluation of the IF
phonon potential.

Fig. 2. Dispersion Relation for symmetric and antisymmetric IF modes in AlN
(5 nm thickness), where ωres represents the symmetric and antisymmetric re-
sonance frequency, ωyL is the longitudinal-optical phonon frequency and ω⊥ is
the lattice dispersion frequency.
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illustrates the overall structure under analysis.
It is important to emphasize that when the exponentially decaying

tail of the electrostatic potential Φ(r) reaches the diamond substrate, it
is subject to a screening effect, leading to,

= >r rΦ ( ) Φ( )
ϵ

, y 0d
d (5)

Finally, considering the leakage of the exponentially decaying tail of
the electrostatic potential due to the polar layer on the diamond sub-
strate (y > 0):

(6)

(7)

3. Matrix element and scattering rate

The matrix element Me, a(q) for the symmetric case is formulated as,

= ′ + ± + ∓

= ⎡

⎣
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⎦
⎥ ×
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e e n
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| | ( ) 1
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1
2
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h d

y y

i qy

{ , }

2 2 1
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1
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1
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(8)

while for the antisymmetric case,

= ′ + ± + ∓

= ⎡

⎣
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⎦
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(9)

Using HIF, D as given by (6) and (7), one has for the overlap integral,

′ = ′∓ −
− ±k ke e F q δ| | ( )qp

k k q
i qy

(10)

where the mathematical steps required and the final symbolic expres-
sion for F(q) are provided in Appendix A. Thus, the matrix element for
the symmetric case is

= ⎡

⎣
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(11)

while for the antisymmetric case it is,

= ⎡

⎣
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where the upper sign (+) corresponds to phonon emission and the
lower sign (−) to absorption. It follows that:

= ⎛
⎝

+ ± ⎞
⎠ ′ − ±M q C F n δ| ( )| | | 1

2
1
2 k k q

e a{ . } 2 2 2
(13)

where C is a variable introduced for simplicity, represented for the
symmetric as,
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while for the antisymmetric case,
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Therefore, the total scattering rate (1/τ) predicted by the Fermi
Golden Rule is given by:

∫

∫

∫
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(16)

where the term D(q,ω) variable for the symmetric case is,

=
∂ ∂ −⊥ ⊥

D q F
qd

( , ω)
|( / ω)( ϵ ϵ tanh( ϵ /ϵ /2) ϵ )|y y

2

,1 ,1 ,1 ,1 0 (17)

In order to obtain the total contribution of both the symmetric and
antisymmetric solutions, the two terms are eventually summed ex-
ploiting Matthiessen Rule:

Fig. 3. Fang-Howard wavefunction of AlN-diamond structure under investiga-
tion.

Fig. 4. Schematic representation for AlN-diamond structure under investiga-
tion.
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= +1
τ

1
τ

1
τs a (18)

As shown in Fig. 2, a strong relationship between the phonon wa-
venumber and frequency exists, that has to be taken into account ex-
plicitly when deriving the scattering rate through the Fermi Golden
Rule. For this reason, a set of transformation analogous to the one re-
ported in [18] is applied to the formulation obtained in Eq. (16).
Considering = + ±( )P q e D q n( , ω) /ϵ ( , ω)h r

2 2 1
2

1
2 and L

(q,ω,θ) = Ek∓q − Ek ± ℏω, it holds:

∫ ∫ ∫

∫

= = =

=

−

−

qP
q

L d P L dq d P dL
dq

d

P dL
dq

dθ
dω

dω

1
τ

δ( ) δ( ) θ θ
1

1

(19)

The details of the transformation are provided in Appendix B.
Therefore, the final formulation obtained is:
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ω V
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2
ℏ 0
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q

p
2

(21)

where the conditional variable σ is introduced to ensure energy and
momentum conservation in accordance to Ref. 19, and the range
[ω1,ω2] is determined by the region of existence of the IF modes de-
picted in Fig. 2.

4. Numerical results and discussions

The numerical results obtained for the formulation of the scattering
rate for remote IF optical phonons as calculated in Eq. (20) are pre-
sented in this section. The values of the numerical constants exploited
for calculations are provided in Tables 1 and 2.

A MATLAB code based on the one developed by Mohamed et al.
[23] is realized for the purpose of performing the numerical integra-
tion: the built-in function trapz is exploited to numerically evaluate the
required integration. The results for both AlN and w-BN are evaluated
in the following section: for both the cases, the polar layer is char-
acterized by a thickness d = 5 nm, and the density of charges in the
2DHG is considered to be Nh = 2 × 1013cm−2, localized at l = 0 nm.

4.1. AlN layer

The dispersion curve for the IF modes in AlN is depicted in Fig. 2,
while the phonon's phase and group velocities for the optical phonons
are plotted as in Fig. 5.

As noticeable, the lowest velocities happen to be in the surroundings
of the resonance frequency of symmetric and antisymmetric modes.
According to Eq. (21), this leads to the fulfillment of the momentum
and energy conservation conditions, leading to higher emission

associated to the resonance frequency. This behavior is depicted in
Fig. 6, in which the number of phonons emitted with respect to the
frequency is represented for three different values of hole energies Ek.
The localization of the emission of phonons in a narrow range of values
close to the resonant frequency is also related to the relatively high
effective mass of diamond.

The scattering rates obtained via the numerical integration are de-
picted in Fig. 7. As predicted, the emission contributions appear for a
value of hole energy equivalent to the resonance frequency of the IF
modes.

4.2. w - BN layer

The dispersion curve for the IF modes in w − BN are shown in
Fig. 8. It is worth noticing that, in comparison to the curves obtained for

Table 1
Parameters used in the calculations.

Parameter Value

mlh
∗ 0.303 m0 kg [20]

mso
∗ 0.394 m0 kg [20]

mhh
∗ 0.588 m0 kg [20]

m* 0.908 m0 kg [20]
ρ 3515kg/m3 [21]
ϵs 5.7 [21]

Table 2
AlN [13] and w − BN [22] material parameters.

AlN w-BN

ϵ ∞
⊥ 4.6 4.50

ϵ ∞
y 4.6 4.67

ϵ0
⊥ 8.5 6.8

ϵ0
y 8.5 5.1

ωL
⊥ (cm−1) 916 1281

ω⊥ (cm−1) 673 1053
ωL

y (cm−1) 893 1258
ωy (cm−1) 660 1006

Fig. 5. Phase (top) and Group (bottom) velocity for the IF polar phonons in AlN
layer.

Fig. 6. Frequency distribution of the phonon emission for the case of a AlN
layer for difference hole energies Ek.
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the case of AlN layer, the resonant frequency for the w − BN layer
happens for a higher value of phonon frequency. Based on the disper-
sion curve depicted in Fig. 8, the phase and group velocities for the IF
optical phonons are obtained as in Fig. 9.

Also, in this case, the lowest velocities happen to be in the region
surrounding the resonance frequency of symmetric and antisymmetric
modes, leading to a higher emission associated to the resonance fre-
quency, as depicted in Fig. 10. In comparison to the AlN case, the
emission of phonons appears to be more localized in a narrow range of
values close to the resonant frequency. This could be explained with the
higher phonons' phase velocity in the case of w − BN. The scattering
rates obtained via the numerical integration are plotted as in Fig. 11.
The emission contribution appears for hole energies equivalent to the

resonance frequency of the IF modes, leading to a sharp increase of the
scattering rate localized at higher energies in respect to the AlN case.

The numerical evaluation performed for the remote IF polar pho-
nons shows that the scattering rate is only weakly dependent on the
layer thickness; this is expected physically since the Frohlich polariza-
tion, which determines the effective charge density on the surface of the
layer– and therefore the interface phonon potential, is independent of
the layer thickness as discussed in detail on page 68 of Ref. 13.

On the other hand, a higher density of holes localized at the dia-
mond surface leads to an increase in the scattering rate, consistent with
what has been reported in the evaluation of the same contribution for
the case of SiO2/Si [3,4]. Concerning this topic, it is important to un-
derline that the depth of the 2DHG has been fixed to be l = 0 nm. This
choice is related to the representation of the 2DHG through Fang-Ho-
ward wavefunction. As depicted in Fig. 3, for such a configuration the
probability to find the holes (|ψ|2) is already localized a few Ångströms
below the surface of diamond, in accordance with what has been dis-
cussed in the literature [24]. In order to obtain a useful comparison
with the existing models trying to obtain an estimation of the 2DHG
mobility in H-terminated diamond, as the one reported in [21], the
mobility related to the calculated scattering rates is computed. There-
fore, the conduction mass mc

∗ is introduced as [21]:

=
+ +
+ +

∗
∗ ∗ ∗

∗ ∗ ∗m
m m m
m m m

( )
( )c

lh hh so

lh hh so

3/2 3/2 3/2

1/2 1/2 1/2 (22)

and the 2DHG mobility is obtained as:

= ∗
e τ
m

μ h

c (23)

Fig. 7. Scattering rate for symmetric and antisymmetric absorption and emis-
sion (a) and their summation (b) for the AlN case.

Fig. 8. Dispersion Relation for symmetric and antisymmetric IF modes in w-BN
(5 nm thickness).

Fig. 9. Phase (top) and Group (bottom) velocity for the IF polar-phonons in w-
BN layer.

Fig. 10. Frequency distribution of the phonon emission for the case of a w-BN
layer for difference hole energies Ek.
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Fig. 12 shows the mobility results for the AlN case. Fig. 12a shows
the dependence of the mobility to the hole energy while Fig. 12b and
12c show the dependence of the mobility to the hole density and to the
temperature, respectively (for Ek = 0.5 eV).

Thus, the model under investigation allows us to obtain a more
faithful representation of the overall mobility in diamond-based devices
realized through the insertion of polar materials.

5. Conclusions

The scattering rates of holes by remote-IF-polar phonons in the
diamond structure is formulated for the first time. The results indicate
clearly that the hole scattering from remote polar phonons can be
comparable to, or dominate over the, other hole-phonon scattering
mechanisms representing a fundamental contribution in the determi-
nation of the hole mobility. Thus, while the use of polar overlayers may
contribute to desired doping effects, there is a substantial penalty as-
sociated with hole remote-polar-phonon scattering. The model adopted
in the case of remote-IF-polar phonons is suitable to describe several
promising polar materials, such as AlN, w − BN and c − BN, MoO3 and
WO3, currently adopted for the realization of diamond based MISFETs
and HFET due to their wide-band gap. The obtained formulations fa-
cilitate taking into account the scattering mechanisms in the calculation
of holes mobility in diamond, affording a more complete picture of the
involved contributions.
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Fig. 11. Scattering rate for symmetric and antisymmetric absorption and
emission (a) and their summation (b) for the w-BN case.

Fig. 12. 2DHG mobility considering the IF Remote polar phonons (RIP) coming
from the layer of AlN. The dependence to hole energy (a), hole density (b) and
temperature (c) is shown. Fig. 12 (b) and (c) are compared with the results of
Ref. 21, which include the acoustic deformation scattering (AC), the interface
roughness scattering (IFR) and the surface impurity scattering (SI).
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Appendix A. Overlap Integral

This section demonstrates the overlap integral solution. The expression is obtained solving:
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where the integrals have been evaluated using:
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with L representing the thickness of the diamond sample.

Appendix B. Integral Transformation

This section discusses the required calculations for the integral transformation step-by-step. First of all, the momentum conservation is enforced,
in the form:
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where parabolic carrier bands are assumed. Thus, it holds:
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where = ∂
∂Vg q
ω and =Vp

ω
q represent respectively phonon's group and phase velocities. It is immediate to derive,
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Recalling (B1), the derivative reported in (B3) can be expressed as:
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a b s t r a c t

We report on the effects of surface-acoustic phonon scattering on the charge transport behavior of
diamond based FET devices. Motivated by the promising role of diamond in the realization of high power
and high frequency electronic devices, the present work is focused on detailed formulation of relaxation
times due to the hole-surface-acoustic phonon scattering, which appears to have been an overlooked
scattering mechanism important to diamond-based devices. The matrix element, scattering rates and
relaxation times have been calculated by taking into account, for the first time Rayleigh waves near the
surface. This is achieved by quantizing the Rayleigh waves and using the corresponding acoustic phonon
to calculate the Fermi golden rule based scattering rate of holes in the two-dimensional hole gas. The
results show that the scattering of holes with surface acoustic Rayleigh waves reduced relative to
scattering from bulk 3D acoustic phonons. Moreover, the mobilities are found to be higher than those
based on the theory for 3D acoustic phonons. The results reveal significant insights to diamond based
electronics having acoustic phonons Rayleigh waves thus opening new research endeavors.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, the demand for devices that can operate in harsh
conditions such as high temperature, high power or high frequency
has been increased significantly. Silicon, a traditional industry
material is not suitable for such purposes because of its narrow
band gap. As an alternative, wide band gap semiconductor mate-
rials have been explored [1]. In particular, diamond has evolved as a
promising material due to its exceptional physical properties such
as intrinsically high break down field (>10 MV/cm) [2], wide
bandgap (5.46e5.6 eV) [3] and high thermal conductivity [4]. One
of the most outstanding diamond properties includes its high car-
rier mobility and particularly for holes in comparison with its
neighboring semiconductors such as Si or SiC [5]. Progress in the
development of diamond based electronic devices has been made

on a number of fronts ([IEEE TED, Vol 67, No 6, June 2020, PP-2270-
2275], Crawford et al.; Pernot et al.; Zhang et al.) [6e8]. So far most
of the efforts that have been directed at understanding the factors
affecting conductivity are associated with external doping such as
using surface acceptor oxide layers or scattering in bulk materials
only [9]. Another most important factor in the mobility of diamond
is the scattering mechanisms resulting from the two dimensional
hole gas (2DHG) instead of bulk material which is induced at the
surface of hydrogen terminated (H-terminated) diamond. There
have been very few reports to date that present a detailed quan-
titative description of scattering mechanisms responsible for
mobility limitation in 2DHG of diamond devices.

When diamond is terminated by hydrogen, it induces a negative
electron affinity along with high room-temperature p-type surface
conductivity [10,11]. Five scattering mechanisms that play a key
role in the mobility of 2DHG in H-terminated diamond include: (1)
surface impurity scattering; (2) non-polar optical phonon scat-
tering; (3) surface roughness scattering; (4) acoustic phonon scat-
tering and (5) interface phonon scattering [12]. In our previous
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study, Bonomo et al. presented in detail the role of remote interface
polar phonon modes on the electronic transport properties of
diamond structures [13]. Our work laid a milestone for under-
standing interface phonons that penetrate to the two-dimensional
hole gas (2DHG) in confined diamond structures. With the excep-
tion of Bonomo et al. work, past studies of phonon-hole in-
teractions in diamond-based electronic devices have been modeled
based by considering only bulk phonons. There is now a growing
understanding of carrier-phonon interactions for confined and
interface phonon modes as well as applications of phonon engi-
neering in electronic and optoelectronic devices [14e16]. Moti-
vated by the relatively unique properties of the 2DHG-phonon
system in diamond that include high phonon velocity and close
proximity of the 2DHG to the diamond interface, an examination of
the difference between the bulk acoustic phonon scattering rate
with holes and the interface phonon e Rayleigh wave e scattering
rate with holes has been undertaken to explore the how the proper
treatment of the acoustic phonons as interface phonons might
affect to hole mobility. Thus, we have modeled the interaction of
acoustic phonons with the 2DHG by properly taking into account
the fact that the acoustic phonons in the vicinity of the 2DHG are
Rayleigh waves and not bulk acoustic waves. We find substantially
smaller scattering rates for the case of the Rayleigh wave interface
phonons than for bulk phonons.

Considering the lattice vibrations in nanostructures, principle
phenomena that alter the process of scattering include the
following: firstly, reduction of hole momentum space dimension-
ality that originates interesting properties related to the hole-
phonon interaction kinematics, secondly modifications of the
phonon modes caused by the dielectric and acoustic mismatches in
the nanostructure materials causes changes in properties of these
materials [14]. Thus for the design of diamond based FETs, effects
from surface acoustic phonon limited mobility and the screening of
free carriers are of high relevance. In this work, we present a model
to theoretically understand carrier transport mechanism due to
surface acoustic phonon scattering in diamond based devices. The
acoustic phonon scattering mechanism has been investigated using
deformation-potential theory, matrix element calculations, scat-
tering rates and taking into account the Rayleigh waves near the
surface for the first time.

The paper is organized as follows: In Section II, we explain the
existence of Rayleigh waves under consideration in diamond
structures for surface acoustic wave analysis. Section III describe
the peculiarities of the acoustic-phonon modes and its quantiza-
tion. Section IV addresses the analytical expressions for the matrix
elements of the hole-phonon interaction and deformation potential
while Section V presents the conclusions.

2. Rayleigh surface waves existence

The surface acoustic wave relevant for this system is the Ray-
leigh wave. Considering the general case for Lamb waves, if the
shear velocity (Vs

’ ) in the plate and shear velocity (Vs) in the sub-
strate differs significantly (Vs’ [Vs), a generalized single Lamb
wave solution exists that reduces to Rayleigh wave in the system
(for which bH/0) where b is the wave propagation constant and H
as the thickness of the elastic plate over diamond structure. For (Vs’

≪ Vs), an infinite number of solutions exists, that are divided into
M1 andM2 series families of modes. When H (plate thickness) tends
to zero,M11 mode tends to a Rayleigh surface wave in the substrate
whereas higherM1 and allM2 modes appear to be leaky waves [17].
When bH/∞, all modes from M21 and above tend to be the shear
velocity (Vs

’ ) of the plate while for bH/0, only the Rayleigh waves
exist in the substrate (M11); thus, Rayleigh waves in diamond
structures are going to be analyzed solely.

3. Acoustic phonon quantization model

In this model, we have investigated scattering rates for holes in
the 2-dimensional hole gas (2DHG) with surface acoustic waves for
a diamond-based field effect transistor (FET). The 2DHG wave
function is taken to be the Fang-Howard variational function. In this
regard, the initial hole state obeys the equation as,

JiðrÞ ¼ CrjkD ¼
ffiffiffiffiffi
b3

2

s
ðy� lÞ e�1

2 bðy�lÞ eikkrkffiffiffi
S

p (1)

While the final hole state is defined as,

Jf ðrÞ ¼ Ck’jrD ¼
ffiffiffiffiffi
b3

2

s
ðy� lÞ e�1

2 bðy�lÞ e�ik0krkffiffiffi
S

p (2)

Thus, the probability density function is given as below:
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ð∞
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z¼0
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x¼0

dx dy dz

������
ffiffiffiffiffi
b3
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ðy� lÞ2 e�bðy�lÞ

(3)

where k direction corresponds to x-z plane (we will drop the k
subscript in the following sections), b is a variational parameter

such that b ¼
 

33m*e2hNh

8ε0εrZ2

!1
3

[18] and Nh ¼ 1:8 x 1017 m�2, [20]. S

represents the area of substrate in x-z plane and l represents the
depth below the surface at which the infinite barrier of triangular
potential well is located which in our case is the diamond surface,
hence l ¼ 0 in the present case. It is to be noted that the upper
limit of y has been taken to infinity because the area under the
curve evaluates to 99.99% for a depth of l þ 3 nm, hence for all
practical thickness of substrates greater than l þ 3 nm it does not
affect if the upper limit is taken to infinity. The probability density
function is plotted in Fig. 1; it is observed that the function peaks at
a depth of 660 p.m. which can be taken as the depth at which 2DHG
is located.

Herein, the particle displacement expression for classical Ray-
leigh waves is second quantized so the matrix element of the
Rayleigh wave with the hole wavefunctions corresponds to the
emission or absorption of a single phonon. The Rayleigh wave
amplitude has been studied extensively and the basic elements are
described by Graff et al. [19] for Rayleigh waves, it is possible to
formulate the displacement of the particles for a wave traveling to
the right on an isotropic substrate along the z axis:

uy ¼ � A

 
atle

�atly � 2
atlb

2
R

b2R þ a2ts
e�atsy

!
eiðbRz�utÞ (4)

uz ¼ iAbR

 
e�atly � 2

atsatl

b2R þ a2ts
e�atsy

!
eiðbRz�utÞ (5)

where bR atl and ats represents the Rayleigh wave propagation
constants respectively and the imaginary parts of the transverse
wave vector components for the longitudinal and shear partial
waves respectively.

For these Raleigh waves, we can write the expressions as:
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b2R � a2tl ¼
�
u

Vl

�2

(6.1)

b2R � a2ts ¼
�
u

Vs

�2

(6.2)

VR ¼
u

bR
(6.3)

Where VR; Vl and Vs are the Rayleigh wave, longitudinal wave and
shear wave velocities respectively.

The dispersion relation for these Rayleigh waves is given by;

4b2Ratsatl ¼
�
a2ts � b2R

�2
(7)

which can be approximated as presented by Auld et al. [17].

VR

Vs
¼ 0:87þ 1:12s

1þ s
(8)

where s is the material’s Poisson ratio.
From well known standard elastic theory relations, we may

recall as:

Vs ¼
ffiffiffi
m

r

r
(9.1)

Vl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l þ 2m

r

s
(9.2)

s ¼ 1 � 2 ðVs=VlÞ2

2
h
1 � 2 ðVs=VlÞ2

i (9.3)

where r is the density of diamond and l and m are the first and
second Lame parameters for diamond.

Introducing the displacement vector which is known to be of
the form,

u ðx; y; zÞ ¼ V∅ þ V*ðj : bxÞ (10)

where 4 and j satisfy,

V2 ∅ � 1
V2
l

v2∅
vt2

¼ 0 (11.1)

V2j � 1
V2
s

v2j

vt2
¼ 0 (11.2)

and it follows that,

∅ ¼ Ae�atly eiðbRz�utÞ ¼ ∅ ðyÞ eiðbRz�utÞ (11.3)
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� 2iatlbR
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!
e�atsy eiðbRz�utÞ ¼ j ðyÞ eiðbRz�utÞ (11.4)

Thus the Rayleigh wave phononmay be quantized as outlined in
Stroscio and Dutta [14] using the condition,

1
cL

ðc
0

dz
ðþ∞

0

u ðbR; y; zÞ : u* ðbR; y; zÞ dy ¼ 1 (12)

where c and L are the normalization lengths along the horizontal
and vertical axis of the diamond film respectively. Further ubR

is
considered to be the angular frequency of the mode with wave
vector as bR.

The quantities,
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Fig. 1. Fang-Howard Probability density function for hole in 2DHG in diamond showing peak at 660 p.m.
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are needed to define the integrand of the normalization condition
and to obtain,
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which may be simplified to,
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b2R þ a2ts
	ðatl þ atsÞ

þ 2b4Ra
2
tl

atl
�
b2R þ a2ts

	2 þ b2R
2atl

35
þ
24 b2R

2atl
� 4atsatlb

2
R�

b2R þ a2ts
	 ðatl þ atsÞ

þ 2b2Ra
2
tsa

2
tl�

b2R þ a2ts
	2
35¼1

(17)

Using the previously defined relations between the wave ve-
locities and bR, this last result may be simplified to,

A2

"
atl
2
�
�
b2Rþ a2ts

	
atl

atsðatl þ atsÞþ
2b2Ratl
4a2ts

þ b2R
2atl

�
�
b2Rþ a2ts

	
ðatl þ atsÞþ

atl
2

#
¼1

(18)

and it follows that,

or equivalently,

A2

"
2a2tsa

2
tl

2a2tsatl
� 2

�
b2R þ a2ts

	
atlats

2a2tsatl
þ b2Ra

2
tl

2a2ts atl
þ b2Ra

2
tl

2a2tsatl

#
¼ 1

(20)

which implies that the phonon normalization factor is,

A¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2a2tsatl
b2Rðatl � atsÞ2 þ 2a2tsatl ðatl � atsÞ

vuut (21)

4. Rayleigh wave displacement pattern

Recalling the displacement expressions from eqs. (4) and (5),
and noting that the displacements are real quantities, only spatial
component of displacement are taken into consideration thus
expressed as below;

uy ¼Re
�
uy
	¼ � A

 
atle

�atly � 2atlb
2
R

b2R þ a2ts
e�atsy

!
cosðbRzÞ (22)

uz ¼Re
�
uy
	¼AbR

 
e�atly � 2atlats

b2R þ a2ts
e�atsy

!
sinðbRzÞ (23)

where S is area in x-z plane that is 1 nm2. Now, since we know that
cos2ðbRzÞþ sin2ðbRzÞ ¼ 1, substituting for cosðbRzÞ and sinðbRzÞ,
from eqs. (1) and (2) as:

A2

2642a2tsa
2
tlðatl þ atsÞ

2a2tsatlðatl þ atsÞ
�

2
�
b2R þ a2ts

�
a2tlats

2a2tsatlðatl þ atsÞ
þ b2Ra

2
tlðatl þ atsÞ

2a2ts atl ðatl þ atsÞ
þ b2Ra

2
tlðatl þ atsÞ

2a2tsatlðatl þ atsÞ
�
2a2tsatl

�
b2R þ a2ts

�
2a2tsatlðatl þ atsÞ

375 ¼ 1 (19)

R. Singh et al. / Carbon 169 (2020) 488e500 491



u2z

A2b2R

 
e�atly � 2atlats

b
2
Rþa2

ts

e�atsy

!2 þ
u2y

A2

 
atle�atly � 2atlb

2
R

b
2
Rþa2

ts

e�atsy

!2 ¼ 1

(24)

The above equation represents an ellipse in y-z plane. However,
for different values of y (which represents depth inside the surface)
we get a family of ellipses with coordinates of center ≡ ðy; 0Þ. The
other properties of ellipse are shown below:

Major axis: along y-axis, length of major axis: 2 A

 
atle

�atly �

2atlb
2
R

b
2
Rþa2

ts

e�atsy

!
;

Coordinates of foci: ðyþc;0Þ and ðy�c;0Þ , where expression of c
is given below:

c¼A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2R

 
e�atly� 2atlats

b2Rþa2ts
e�atsy

!2

�
 
atle�atly� 2atlb

2
R

b2Rþa2ts
e�atsy

!2
vuut

(25)

In the context of diamond we observe that uy undergoes a phase

shift by p at depth of lR
4 ; hence, the elliptically polarized displace-

ment pattern undergoes change in sense of rotation from anti-

clockwise to clockwise at depth of lR4 . Further, for depth less than lR
4

since the sense of rotation is anti-clockwise for direction of prop-
agation along positive z-direction; thus, we say that such elliptical
motion is retrograde in nature. Fig. 2 represents the normalized Y
and Z component of Rayleigh wave displacement vectors for lR ¼
500pm where as displacements patters at various depths below
the surface are presented in Fig. 3.

Fig. 2 depicts the normalized Y and Z component of Rayleigh
wave displacement vectors for lR ¼ 500 pm. The dashed line
represents the Z component and solid line represents the y-

component. The y-component changes sign at y ¼ 124.6 p.m. z lR
4 ,

it is at this point the sense of rotation changes. The elliptically
polarized displacement pattern becomes progressive from retro-
grade. The change of the sign of the y-component of displacement

zlR
4 indicates that the ellipse representing the displacement tran-

sitions from anti-clockwise to clockwise as a function of depth. This
behavior and the depth dependence of the Fang-Howard depen-
dence on Nh e see Eq. (3) and the associated discussion e indicate
that Rayleigh waves open a new avenue for tuning the mobility as a
function of Nh due to the depth variation of the Rayleigh wave
displacement pattern which is absent for bulk phonons.

5. Analytical expressions for hole-acoustic phonon
interaction

Motivated by past phonon engineering techniques [14], the full
calculation of the scattering rate of Rayleigh wave phonons with
holes has been undertaken to determine the proper acoustic-
phonon related mobility and compared with the previously re-
ported result based on bulk acoustic phonons. Accordingly, in this
section, the analytic expressions for the deformation potential is
introduced and the scattering rates are determined by computing
the matrix element obtained using Fermi-golden rule.

5.1. Deformation potential interaction

The deformation potential interaction arises from the local
changes of the crystal potential that is caused by the displacement
of the atoms due to an acoustic phonon. It follows that the diver-
gence of the displacement, which is required to calculate the
deformation potential, is given by:

V:uðrÞ¼ V24 ¼ �u2

Vl
4¼ A e�atly eiðbRz � utÞ (26)

Since: q ¼ 0 bi þ bR
bk (q is effectively a 1-D vector as Rayleigh

waves only propagate along z-direction); q:r ¼ bRz
Hence,

V:uðrÞ¼ ¼A e�atly eiq:reiðut Þ ¼ uðyÞeiq:r
�
dropping eiðut Þ

�
(27)

Now, U ¼
ffiffiffiffiffiffiffiffiffiffiffi
Z

2ruS

q
ðuðyÞaq þ c:cÞ

Also,

Fig. 2. Normalized Y and Z component of Rayleigh wave displacement vectors for lR ¼ 500 pm. The dashed line represents the Z component and solid line represents y-
component. The y-component changes sign at y ¼ 124.6 p.m. zlR

4 , it is at this point the sense of rotation changes. The elliptically polarized pattern becomes progressive from
retrograde. (A colour version of this figure can be viewed online.)
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Hdef ¼ � Ea
X
q
V:U ¼ � Ea

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Z

2ruS

s X
q
V:
�
uðyÞaq þ c:c

	
(28.1)

Hence,

Hdef ¼ � Ea
X
q

u2

V2
l

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Z

2ruS

s
uðyÞ

�
aqeiq:r þ ay�qe

�iq:r
�

(28.2)

Hdef ¼ � C
X
q
uðyÞ

�
aqeiq:r þ ay�qe

�iq:r
�

(28.3)

where, C ¼ Eau
2

V2
l

ffiffiffiffiffiffiffiffiffiffiffi
Z

2ruS

q
and uðyÞ ¼ Ae�atly . The absorption of a

phonon corresponds to the transition,
��NqD/CNq �1

�� and emission
of a phonon corresponds to the transition

��NqD/CNq þ 1
��.

Now, the scattering rate expression is given as:

1
t

¼ S

ð2pÞ2
ð
d2q

2p
Z

��MfagðqÞ��2dðEk’ � Ek ± ZuÞ (29)

5.2. Matrix element computation

In order to evaluate the scattering rate expression we first
compute matrix element

��Mfe;ag��:
��Mfe;ag��¼ Ck’;Nq þ1

2
±
1
2
jHdef jk;Nq þ1

2
±
1
2
D (30)

��Mfe;ag��¼AC
ð
d3r

e�k’,rþk,r±q,r

S
ðy� lÞ2e�atlye�bðy�lÞ

�
Nq þ1

2
±
1
2

�

��Mfe;ag��¼AC
ð
d2r

e�ik’,rþik,r±iq,r

Sð
dyðy� lÞ2e�atlye�bðy�lÞ

�
Nq þ1

2
±
1
2

�

��Mfe;ag��¼AC dk’�k±qF
�
Nq þ1

2
±
1
2

�
[Note: F is evaluated in appendix B as;

¼ b3

2

ZL
l

ðy� lÞ2e�atlye�bðy�lÞ dy ].

Now,

X
q

��Mfe;ag��2 ¼A2C2F2
�
nq þ1

2
±
1
2

�
1

ð2pÞ2
ð
d2q dk’�k±q

5.3. Scattering rate expression

Since, Scattering rate is given by Ref. [14]:

1
t
¼2pS

Z

X
q

��Mfe;ag��2dðEk’ � Ek ± ZuÞ (31)

Substituting the square of matrix element in above expression of
scattering we get:

1
t
¼2pS

Z
A2C2F2

1

ð2pÞ2
ð
d2q dk’�k±qdðEk’ � Ek ± ZuÞ

�
Nq þ1

2
±
1
2

�

1
t
¼ S
2pZ

A2C2F2
ð
d2q dk’�k±q dðEk’ � Ek ± ZuÞ

�
Nq þ 1

2
±
1
2

�
When above expression is simplified it becomes:

Fig. 3. Rayleigh wave displacement pattern plotted at y ¼ 1, 100, 150 and 200 p.m. depth below surface, showing change of sense of rotation from retrograde (for depth less than lR
4 )

to progressive as we progress down the surface.
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1
t

¼ E2au
3A2

4prV4
l

F2
ð
d2q dk’�k±q dðEk’ � Ek ± ZuÞ

�
Nq þ1

2
±
1
2

�
(32)

In the above integral the Kronecker delta function imposes the
momentum conservation condition for electron-phonon interac-
tion, whereas the Dirac delta function imposes the energy conser-
vation. We proceed henceforth by simplifying the integrand for
absorption and emission condition separately as follows:

Case a. Condition for Absorption: The Kronecker delta in the above
integrand is expressed below through the vector equation:

dk’�k�q; 0 ¼


1; if k’ ¼ kþ q
0 ; otherwise

Wewould like to point out that, the above vectors are contained
in the x-z plane (azimuthal plane). Hence the incident phonon can
be absorbed from any angle ranging from 0 to 2p spanning the
entire azimuthal plane.

If k’ ¼ kþ q, we can draw the vector diagram for incident angle
in ranges 0 � 4 � p and p � 4 � 2p respectively (we are doing this
because, the argument of Dirac-delta function in eq. (32) is in terms
of magnitude of vectors k’and k so we need to find how does the
vector equation implied by Kronecker delta holds true for the
condition imposed by Dirac-delta function), we draw the vector
diagrams as shown in Fig. 4:

Applying Pythagoras theorem, we get:��� k’ j2 ¼ðjkj þ jqj cos 4Þ2 þ ðjqj sin 4Þ2

which is equivalent to; k’2 ¼ k2 þ q2 þ 2kq cos 4 (33)

Similarly, if p � 4 � 2p, then the vector diagram becomes as
shown in Fig. 5:

Applying Pythagoras theorem, we get:��� k’ j2 ¼ðjkj � jqj cos 4Þ2 þ ðjqj sin 4Þ2

which is equivalent to,

k’2 ¼ k2 þ q2 � 2kq cos 4 (34)

Case b. : Condition for Emission:
The Kronecker delta function for case of emission is given as:

dk’�kþq; 0 ¼


1; if k’ ¼ k� q
0 ; otherwise

Similar to the case of absorption, the electron can emit the
phonon in any angle ranging from 0 to 2p. We consider 0 � 4 � p

and p � 4 � 2p separately as below:
For 0 � 4 � p the vector diagram for phonon emission is

shown in Fig. 6.

Fig. 4. Momentum conservation vector diagram for phonon absorption when.0 � 4 �
p

Fig. 5. Momentum conservation vector diagram for phonon absorption
when.p � 4 � 2p

Fig. 6. Momentum conservation vector diagram for phonon emission when.0 � 4 � p

Fig. 7. Momentum conservation vector diagram for phonon emission
when.p � 4 � 2p
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��� k’ j2 ¼ðjkj � jqj cos 4Þ2 þ ðjqj sin 4Þ2

which is equivalent to,

k’2 ¼ k2 þ q2 � 2kq cos 4 (35)

whereas for, p � 4 � 2p : the vector diagram for phonon emission
is represented in Fig. 7.

Applying Pythagoras theorem, we get:

��� k’ j2 ¼ðj k j þ j q j cos 4Þ2 þ ðj q j sin 4Þ2

which is equivalent to,

k’2 ¼ k2 þ q2 þ 2kq cos 4 (36)

Now, consider the Dirac delta function for case of parabolic
band:

d
�
Ek’ � Ek ± Zuq

	 ¼ d

 
Z2k’2

2m* � Z2k2

2m* ± ZVRq

!

In the above equationwe have VR q ¼ u. The upper “plus” sign
corresponds to emission whereas the lower “minus” sign corre-
sponds to absorption (we will adhere to this notation throughout
this work).

Now the argument of above Dirac delta function can be
simplified using eqs. (33)e(36) for emission and absorption for 0 �
4 � p and p � 4 � 2p respectively as below:

For 0 � 4 � p

Z2k’2

2m*
� Z2k2

2m*
¼ Z2

2m*

�
q2 H2kq cos 4

�
(37)

And, for p � 4 � 2p

Z2k’2

2m* � Z2k2

2m* ¼ Z2

2m*

�
q2 ±2kq cos 4

�
(38)

Thus, the argument of Dirac delta function can be written as:

¼ d

�
Z2

2m*

�
q2 H2kq cos 4

�
± ZVRq

�
(39)

¼ d

�
Z2q2

2m*
H

2Z2kq cos 4
2m*

± ZVRq
�

(40)

Similarly, for p � 4 � 2p:

¼ d

�
Z2q2

2m* ±
2Z2kq cos 4

2m* ± ZVRq
�

We know by the property of delta function that: dðaxÞ ¼ 1
jaj dðxÞ,

thus applying this property above we obtain:

d
�
Ek’ � Ek ± Zuq

	¼ m*

Z2kq
d

��
q
2k

±
m*VR

Zk

�
H cos 4

�
(41)

Similarly, for p � 4 � 2p:

d
�
Ek’ � Ek ± Zuq

	¼ m*

Z2kq
d

��
q
2k

±
m*VR

Zk

�
± cos 4

�
(42)

Now, defining limits of integration in Eq. (32) as below:

ð
d2q ¼

ðq¼qmax

q¼qmin

ð4¼2p

4¼0

q dq d4 ¼
ðq¼qmax

q¼qmin

ð4¼p

4¼0

q dq d4

þ
ðq¼qmax

q¼qmin

ð4¼2p

4¼p

q dq d4

Before proceeding further we need to determine
q ¼ qmin and q ¼ qmax in the above integral for 0 � 4 � p and p �
4 � 2p for emission and absorption respectively as discussed
below.

Case (i). Emission (0� 4� pÞ: Since, Ek’ � Ek ¼ � Zu

From Eq (37): Z2k’2
2m* � Z2k2

2m* ¼ Z2

2m* ðq2 � 2kq cos 4Þ ¼ � ZVRq

Where cos 4¼ q
2k

þm*VR

Zk
¼ f ðqÞ (43)

The above equation puts constraints on values that q can take for
a given k (hence also on hole energy). Since, � 1 � cos 4 � 1, the
limits of q is decided by intersection of f ðqÞ and cos 4;as shown in
graph in Fig. 8.

As we see from graph in Fig. 8, there are two sub-cases (a)����m*VR
Zk

���� > 1 and (b)
����m*VR

Zk

���� < 1. We would like to point that case (a)

and (b) translates to those holes for carrier energy less or greater

than 0.3242 meV (because for k ¼ m*VR
Z the hole energy Z2k2

2m* ¼
m*V2

R
2 ¼ 0.3242 meV).
For case (a), from Fig. 8 we observe that Eq. (43) has no solution

Fig. 8. Limitations on phonon wavevector for case (i) of emission from (0� 4� pÞ.
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whereas for case (b) qmin ¼ 0;qmax is obtained for f ðqÞ ¼ þ
1 andwe get: qmax ¼ 2k

�
1 � m*VR

Zk

�
.

Case (ii). Emission (p� 4� 2pÞ as shown in Fig. 9:

cos 4 ¼ � q
2k

� m*VR

Zk
¼ f ðqÞ (44)

For case (a) (hole energy < 0.3242 meV): No solution exists
because no value of q satisfies equation (44). Hence, hole with
energy >0.3242 meV cannot emit a phonon for emission angle. p �
4 � 2p:

For case (b) (hole energy > 0.3242 meV): qmin ¼ 0 andqmax is

obtained for ðqÞ ¼ � 1 as qmax ¼ 2k
�
1 � m*VR

Zk

�
.

Case (iii). Absorption (0� 4� pÞ is plotted in Fig. 10 from
following equation as:

cos 4 ¼ � q
2k

þm*VR

Zk
¼ f ðqÞ (45)

For case (a) (hole energy < 0.3242 meV); qmin is obtained for

f ðqÞ ¼ þ 1; we get qmin ¼ 2k
�
� 1 þm*VR

Zk

�
; qmax is obtained for

f ðqÞ ¼ � 1; we get qmax ¼ 2k
�
1 þ m*VR

Zk

�
.

For case (b) (hole energy > 0.3242 meV); qmin ¼ 0 and qmax is

obtained for f ðqÞ ¼ � 1; we get: qmax ¼ 2k
�
1 þ m*VR

Zk

�
Case (iv). Absorption (p� 4� 2pÞ: as presented in Fig. 11

cos 4 ¼ q
2k

� m*VR

Zk
¼ f ðqÞ (46)

For case (a) (hole energy < 0.3242 meV) qmin is obtained for

f ðqÞ ¼ � 1; we get: qmin ¼ 2k
�
� 1 þm*VR

Zk

�
and qmax is obtained

for f ðqÞ ¼ þ 1; we get: qmax ¼ 2k
�
1 þ m*VR

Zk

�
.

For case (b) (hole energy > 0.3242 meV); qmin ¼ 0 and qmax is

obtained for f ðqÞ ¼ þ 1; we get: qmax ¼ 2k
�
1 þ m*VR

Zk

�
.

Hence substituting VR q ¼ u and applying dð�xÞ ¼ dðxÞ in Eq.
(32) and setting the limits for qmin and qmax as evaluated above, we
write the expressions for emission and absorption as follows:

Emission:
Case (a) (hole energy < 0.3242 meV): Emission cannot occur as

has been pointed out above. Hence, we observe that the condition
for emission is if the hole velocity exceeds the Rayleigh wave
velocity.

Case (b) (for hole energy > 0.3242 meV)

Fig. 9. Limitations on phonon wavevector for case (ii) of emission from (p� 4� 2pÞ.

Fig. 10. Limitations on phonon wave vector for absorption e case (iii) (0� 4� pÞ.

Fig. 11. Limitations on phonon wave vector for absorption e case (iv) for Absorption
(p� 4� 2pÞ.
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1
t

¼ m*E2aV
3
R

4pZ2krV4
l

ðq¼2k

�
1�m*VR

Zk

�

q¼0

A1q
3 dq

8<:
ð4¼p

4¼0

d4 d

�
cos 4

�
�

q
2k

þm*VR

Zk

��
þ

ð4¼2p

4¼p

d4 d

�
cos 4þ

�
q
2k

þm*VR

Zk

��9=;
(47)

1
t

¼ m*E2aV
3
R

4pZ2krV4
l

ðq¼2k

�
1�m*VR

Zk

�

q¼0

A1q
3 dq

8><>:2
ð4¼p=2

4¼0

d4 d

�
cos 4

�
�

q
2k

þm*VR

Zk

��
þ2

ð4¼p=2

4¼0

d4 d

�
sin 4�

�
q
2k

þm*VR

Zk

��9>=>;
Absorption:
Case (a) (hole energy < 0.3242 meV)

1
t

¼ m*E2aV
3
R

4pZ2krV4
l

ðq¼2k

�
1þm*VR

Zk

�

q¼2k

�
�1þm*VR

Zk

� A1q
3 dq

8<:
ð4¼p

4¼0

d4 d

�
cos 4

þ
�

q
2k

�m*VR

Zk

��
þ

ð4¼2p

4¼p

d4 d

�
cos 4�

�
q
2k

�m*VR

Zk

��9=;

1
t

¼ m*E2aV
3
R

4pZ2krV4
l

ðq¼2k

�
1þm*VR

Zk

�

q¼2k

�
�1þm*VR

Zk

� A1q
3dq

8><>:2
ð4¼p=2

4¼0

d4 d

�
cos 4

�
�

q
2k

�m*VR

Zk

��
þ2

ð4¼p=2

4¼0

d4 d

�
sin 4�

�
q
2k

�m*VR

Zk

��9>=>;
(48)

Case (b) (hole energy > 0.3242 meV)

1
t

¼ m*E2aV
3
R

4pZ2krV4
l

ðq¼2k

�
1þm*VR

Zk

�

q¼0

A1q
3dq

8<:
ð4¼p

4¼0

d4 d

�
cos 4

þ
�

q
2k

�m*VR

Zk

��
þ

ð4¼2p

4¼p

d4 d

�
cos 4�

�
q
2k

�m*VR

Zk

��9=;

1
t

¼ m*E2aV
3
R

4pZ2krV4
l

ðq¼2k

�
1þm*VR

Zk

�

q¼0

A1q
3 dq

8><>:2
ð4¼p=2

4¼0

d4 d

�
cos 4

�
�

q
2k

�m*VR

Zk

��
þ 2

ð4¼p=2

4¼0

d4 d

�
sin 4�

�
q
2k

�m*VR

Zk

��9>=>;
(49)

To simplify the Dirac-delta function, we recall Eq. (8.14) from
Stroscio & Dutta [14] as follows:ð
gð4Þ dðf ð4Þ� aÞ d4 ¼ gð4Þ

jdf =d4j
����
4¼40

where. f ð40Þ ¼ a
Evaluating the first integral,

ð4¼p=2

4¼0

d4 d

�
cos 4�

�
q
2k

±
m*VR

Zk

��

On comparing the integral in Eqs. (47) and (48) with Eq. (8.14)
we observe:

g ð4Þ ¼ 1

f ð4Þ ¼ cos 4

a ¼ f ð40Þ ¼ cos 40 ¼
�

q
2k

±
m*VR

Zk

�
Hence,

df
d4

¼ � sin4

����dfd4
����
4¼40

¼ jsin40j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi��1� cos240

��q
Hence,

����dfd4
����
4¼40

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�����1�

�
q
2k

±
m*VR

Zk

�2
�����

vuut
gð4Þ

jdf =d4j
����
4¼40

¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�����1�
�

q
2k

±
m*VR

Zk

�2
�����

vuut
Similarly,

ð4¼p=2

4¼0

d4 d

�
sin 4�

�
q
2k

�m*VR

Zk

��
¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�����1�

�
q
2k±

m*VR
Zk

�2
�����

vuut
Hence substituting in the above results for Dirac-delta function

and as well as for A1 ¼ A2F2
�
Nq þ

1
2±

1
2

�
¼ A2

q
b6

ð nqþb Þ6 e�2nql
�
Nq þ1

2±
1
2

�
(see appendix B for simpli-

fication) we obtain following expressions as plotted in Fig. 12:
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Emission (for hole energy > 0.3242 meV):

1
t

¼m*E2aV
3
RA2

pZ2krV4
l

ðq¼2k

�
1�m*VR

Zk

�

q¼0

dq
b6e�2atl l

ð atl þ b Þ6

q2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�����1�
�

q
2k þ m*VR

Zk

�2
�����

vuut
�
Nq þ1

	 (50)

Absorption (for hole energy < 0.3242 meV):

1
t

¼m*E2aV
3
RA2

pZ2krV4
l

ðq¼2k

�
1þm*VR

Zk

�

q¼2k

�
�1þm*VR

Zk

� dq
b6e�2atl l

ð atl þ b Þ6

q2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�����1�
�

q
2k � m*VR

Zk

�2
�����

vuut
�
Nq
	

(51)

Absorption (for hole energy > 0.3242 meV):

1
t

¼m*E2aV
3
RA2

pZ2krV4
l

ðq¼2k

�
1þm*VR

Zk

�

q¼0

dq
b6e�2atl l

ð atl þ b Þ6

q2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�����1�
�

q
2k � m*VR

Zk

�2
�����

vuut
�
Nq
	 (52)

These rates are nearly an order of magnitude smaller than the
rates based on equipartition formula reported by Ridley et al. [21],
for the case of a 3D system. Our results are based on 2DHG

scattering events when the acoustic phonons are those of the sur-
face acoustic Rayleigh waves as opposed to earlier results that as-
sume the acoustic phonons are bulk 3D acoustic phonons. The 2D
mobilities calculated based on these Rayleigh waves using the
following expression for the mobility of this 2D system is calculated
as:

m ¼ e
m

< Ektm >
< Ek >

¼

ð∞
0
Ek expð � Ek=kBTÞ tmdEkð∞
0
Ek expð � Ek=kBTÞ dEk

¼ 2131:5 cm2
�

V :s

when T ¼ 300 K. The mean free path of hole is given by:

tmðEkÞ¼
1�

1
teðEkÞ þ

1
taðEkÞ

�
Fig. 13 depicts the hole mobility due to holedRayleigh-wave

scattering as a function of temperature with a comparison with
corresponding mobility for bulk acoustic phonons as reported by Li
et al. [12]. In calculating this mobility, the depth of the 2DHG (
yz 2=b) has been evaluated for the corresponding hole density as
reported in Ref. 20 for the above temperature range has been used
in these calculations. Fig. 13. The mobility for the case of hole
scattering from Rayleigh waves is seen to be approximately a factor
of three larger than that based on hole scattering from bulk acoustic
phonons. As discussed, Li et al. [12], the mobilities due to interface
roughness scattering and surface impurity scattering are lower
than the mobility for acoustic phonon scattering for currently
realizable roughness and impurity parameters. Thus the current
experimental mobilities are much lower than our calculations since
these effects currently dominate the results. Of course, for low level
impurities and for lower levels of surface roughness, the dominant
mobility-determining effect will be due to hole-acoustic phonon
scattering and, as usual, carrier-phonon scattering sets the funda-
mental limit on mobility.

Fig. 12. Emission and absorption scattering rates for 2DHG at 300 K - solid line represents emission and dashed line represents absorption - for 2DHG depth of 660 p.m.
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6. Conclusions

Herein, we have calculated the scattering rates for holes in the
2DHG that scatter from surface acoustic waves e Rayleigh waves e
as opposed to bulk 3D acoustic phonons of previous treatments for
hole scattering in diamond based FETs. It is found that the scat-
tering rates for Rayleigh wave phonons are about an order smaller
than the rates based on 3D acoustic phonons. Moreover, the mo-
bilities are found to be higher than those based on the theory for 3D
acoustic phonons summarized by Ridley et al. [21]. These higher
mobilities associated with the intrinsic acoustic phonon scattering
process for Rayleigh waves as opposed to bulk acoustic phonons
represent an unanticipated benefit of diamond-based devices with
the 2DHG in the region where the acoustic phonons are Rayleigh
waves instead of bulk acoustic phonons.
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Appendix A

F ¼ b3

2

ðL
l

ðy� lÞ2 e�atly e�bðy�lÞ dy

F ¼ b3

2
e�atl l

ðL
l

ðy� lÞ2 e�ðatlþbÞðy�lÞ dy

Let, atl þ b ¼ m and y� l ¼ x and let l0 ¼ L � l

F ¼ b3

2
e�atl l

ðl0
0

ðxÞ2 e�mx dy

F ¼ b3

2

"
� l20 e�ml0

m
� 2l0 e�ml0

m2 �
2
�
e�ml0 � 1

�
m3

#

Substituting for m and l0 , we get:

F ¼ b3

2

"
� ðL� lÞ2 e�atlL e�bl0

ðatl þ bÞ � 2ðL� lÞ e�atlL e�bl0

ðatl þ bÞ2

�
2 e�atl l

�
e�atlL e�bl0 � 1

�
ðatl þ bÞ3

#

Hence, Now squaring the above expression we get:

Fig. 13. Hole mobility due to holedRayleigh-wave scattering of this work (shown in solid line) compared with the mobility for hole-bulk acoustic phonon scattering (shown in
dashed line) as reported in Ref. [13]. In our work the hole density dependence on temperature has been taken as reported in Refs. [20] for the above temperature range.
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F2 ¼ b6

4

"
ðL� lÞ4 e�2atlL e�2bðL�lÞ

ðatl þ bÞ2
þ4ðL� lÞ2 e�2atlL e�bðL�lÞ

ðatl þ bÞ4�
e�bl0 þ

�
e�atlL e�bðL�lÞ �1

��
þ8ðL� lÞ e�2atlL e�bðL�lÞ

ðatl þ bÞ5�
e�atlL e�bðL�lÞ �1

�
þ4ðL� lÞ3 e�2atlL e�2bðL�lÞ

ðatl þ bÞ3

þ 4e�2atl l

ðatl þ bÞ6
�
e�atlL e�bðL�lÞ � 1

�2#

Also,

lim
L/∞

ðFÞ2 ¼ b6

4

 
4e�2atl l

ðatl þ bÞ6
!

¼ b6e�2atl l

ðatl þ bÞ6

Appendix B

A2 ¼ 2a2tsatl
�ðatl � atsÞ2

b2R þ a2tsatl
�ðatl � atsÞ

Since, bR ¼ q

A2 ¼ 2a2tsatl
�ðatl � atsÞ2

q2 þ a2tsatl
�ðatl � atsÞ

Moreover, atl and ats are not constants they are
dependent on bRas follows :

a2ts ¼b2R �
�
u

Vs

�2

And,

a2tl ¼ b2R �
�
u

Vl

�2

But, we already know the relation between VR and Vs as follows:
Hence, to simplify the expressions of F and A we can express atl

and ats as below:

a2ts ¼b2R �
�
u

Vs

�2

a2ts ¼
 
1�

�
VR

Vs

�2
!
b2R

ats ¼bR

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
1�

�
VR

Vs

�2
!vuut

So, let

ats ¼ sbR ¼ sq

And,

atl ¼ nbR ¼ nq

Where, s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
1�

�
VR
Vs

�2
!vuut and n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
1�

�
VR
Vl

�2
!vuut

Now, A can be simplified as follows:

A2 ¼ 2a2tsatl
�ðatl � atsÞ2

q2 þ a2tsatl
�ðatl � atsÞ

A2 ¼ 2s2n
�ðn� sÞ2

q
�
1þ s2n

�ðn� sÞ	¼A2

q
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Phonon-Dominated Mobilities for Carriers in a
Diamond Field Effect Transistor With

a cBN Overlayer
Ramji Singh , Michael A. Stroscio , Life Fellow, IEEE, and Mitra Dutta, Life Fellow, IEEE

Abstract— In this letter we investigate phonon-dominated
mobilities for carriers in a diamond field effect transistor
with a cubic Boron Nitride (cBN) overlayer. We investigate
the intra-subband scattering due to interaction of electrons
with acoustic phonons, treated properly as quantized sur-
face acoustic Rayleigh waves, and include, for the first time,
the interaction with remote polar phonons originating in
the cBN overlayer. We conclude that the surface acoustic
phonon scattering is the dominant mechanism limiting the
mobility of electrons for temperatures below 375 K.

Index Terms— cBN, diamond, remote polar phonon,
surface acoustic phonon, Rayleigh wave, scattering, FET.

I. INTRODUCTION

D IAMOND based field effect transistors (FETs) have
attracted widespread attention due to the possibil-

ity of achieving high carrier mobilities of approximately
2500 cm2/V-sec for the holes in the two-dimensional hole
gas formed near the surface of a diamond FET [1]. Recent
studies of diamond-cBN structures [2], [3] have suggested
the possibility of producing a two-dimensional electron gas
(2DEG) in nearly lattice matched diamond-cBN heterostruc-
tures. Stimulated by the possibility of fabricating n-type FETs,
we have modeled the dominant mobility-limiting carrier-
phonon scattering for electrons in the 2DEG formed in the
diamond near the diamond-cBN heterojunction; in determining
the dominant carrier-phonon limiting mobilities, it is essential
to not only model the commonly considered scattering of
carriers by acoustic phonons but also carrier scattering by
remote polar phonons that originate from the polar cBN
overlayer; indeed, it is well established that such remote
polar – also referred to as interface phonons – may play
an important role in determining the electrical and optical
properties of heterojunction devices [4]–[7]. We compute the
effective mobility of 2DEG limited by carrier scattering with
surface acoustic phonons and remote polar phonons. We have
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Fig. 1. The model cBN/Diamond FET. The cBN/Diamond interface is
contained in the xy plane. The gate metal layer (orange) with an area
S = L2 forms a Schottky contact with the cBN layer. The diamond
substrate thickness is taken to be 100 nm for calculations.

Fig. 2. (a) Conduction band profile (black) with ΔEC = 1.7V and the
corresponding volume charge density (n) at no gate bias. The dashed
lined shows the Fermi level. (b) The red curve shows the sheet charge
density predicted by gauss law ns = ε0εc-BN(0)

q(d+Δd) (Vg − Vth) for average

2DEG thickness of 0.80 nm (εc-BN(0) = 7.1 [16]). Δd attains a maximum
value of 1.2 nm at -0.4 V and decreases to 0.36 nm at 1.4 V. The black
curve shows the actual sheet density obtained by integrating volume
charge density in (1) w.r.t z from z = 1.2nm to z = 6 nm. The threshold
voltage Vth = ΦB − ΔEc = −1.7 V.

used the conduction band offset �Ec = 1.7 V [3] at the
interface.

II. THE TWO-DIMENSIONAL ELECTRON GAS

We use the 1D Schrödinger Poisson simulator [8], [9]
to simulate the heterostructure consisting of undoped cubic
Boron Nitride (cBN) as the top overlayer over the undoped
diamond substrate (Fig. 1). We find that for cBN thickness,
1.1 ≤ d ≤ 1.8 nm the ground state energy of the electron
below Fermi level. For our analysis we take d = 1.2 nm.

The electrons at the cBN/Diamond interface are confined
by triangular potential well whose slope is modulated by
the applied gate bias, Vg (Fig. 2(a)). Presently, there is no
experimental data available on the surface density of states and
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Fermi level pinning for cBN. For simplicity we have assumed
a 0 eV Schottky barrier (�B) at the gate metal/cBN interface,
we would like to point out that the inclusion of Schottky
barrier height will only change the threshold voltage (the
minimum applied gate voltage required to produce 2DEG).

For a total p bound states in the triangular well the volume
density of electrons is given as:

n (z) = kB T
m∗

π�2

p∑
i=1

|ψi (z)|2 log

(
1 + e

EF −Ei
kB T

)
(1)

where, m∗ is the effective mass of electron, Ei is the ith energy
eigen value of electron, T is the absolute temperature, kB is
the Boltzmann’s constant and EF is Fermi level. The Fig. 2(a)
shows the volume density as a function of position z. For the
present case we find 9 bound states out of which the ground
state is 14.7 meV below the Fermi level. The first excited state
is approximately 5.3 kBT above the Fermi level for which
the probability of occupancy less than 0.5% and hence all
the states except the ground states are empty. The electrons
confined by the triangular well are thus confined to the ground
state but behave as plane waves in the plane which contains
the cBN/Diamond interface. The electrons in the ground state
subband interact with phonons to scatter from a momentum
eigenstate | k� to | k�〉 where, k is the wavevector in the plane
containing the cBN/Diamond interface.

The 2DEG sheet density (ns) results from the contribution
of ground state electrons only. The applied gate voltage (Vg)
modulates the slope of the triangular well causing the ground
eigenstate to move further down below the Fermi level and
the higher excited states move further upwards if the voltage
is increased from 0V, accordingly the sheet density increases.
The contribution of higher states to sheet density negligible.

We determine the thickness of 2DEG at a given gate bias
as:

�d = Area under the volume charge density

peak value of volume charge density
(
npeak

) (2)

III. ELECTRON-PHONON INTERACTION

A. Description of Remote Polar Phonon
The presence of cBN/Diamond heterointerface causes local-

ization of longitudinal optical (LO) phonons in cBN layer
(medium 1) which appear as evanescent modes leaking into
the underlying diamond layer (medium 2). These modes
can be expressed as linear combination of symmetric and
anti-symmetric components with the Fröhlich Hamiltonian
as [10], [11]:

HA/S=
∑

q

g (ω, q)
1√
2q

eiq·ρ (
aq + a†

−q

)
e
−q

(
z− d

2

)
(3)

where,

g (ω, q) =
[

4π�e2S−1

ε2
d (∂/∂ω) (ε1 (ω) f (qd/2)+ ε2 (ω))

]1/2

(4)

and, f (qd/2) ≡ tanh
(

qd
2

)
or coth

(
qd
2

)
for symmetric and

anti-symmetric modes, respectively.

In (4), q is the phonon wavevector, d is the cBN thickness,
S = L2 is the area of heterointerface, εd is the static dielectric
constant of diamond (εd = 5.7 [14]), ω is the phonon
frequency obtained by the solution of the following secular
equation for each mode:

ε1 (ω) f (qd/2)+ ε2 (ω) = 0 (5)

B. Remote Polar Phonon Scattering
To obtain the analytical expression of scattering rate of

electrons in the ground state subband, we model the ground
state wavefunction by Fang-Howard approximation [12], [13]:

ψ (r) =
√

b3

2
(z − l) e− b

2 (z−l) e−ik·r‖
√

S
(6)

where, ‘b’ is a variational parameter, b = 3
√

48πme2ns
εdε0�2 [12], (ns is

numerically estimated as shown in Fig 2(b)), m = 0.57m0 [15]
the electron effective mass for diamond, ε0 is the vacuum
permittivity and r� is the position vector in the x-y plane and l
is the depth of 2DEG from the interface.

The scattering rate given by the Fermi’s golden rule [11]:

1

τ {e,a} = S

(2π)2

∫
d2q

(
2π

�

)
|M (q)|2 δ (Ek� − Ek±�ω) (7)

In (7) the upper (plus) sign corresponds to emission and
the lower (minus) sign corresponds to absorption (also the
superscripts e and a corresponds to emission and absorption),
we will adhere to this convention throughout the letter.

Here, |M (q)| is the electron-phonon coupling matrix
element given as:

|M (q)| =
〈
k

�
,Nq±1

2
±1

2
| HA/S| k,Nq±1

2
∓ 1

2

〉
(8)

where, Nq=1/
(

exp
(

�ω
kBT

)
− 1

)
is the phonon occupation

number. Accordingly, (7) becomes:
1

τ
{e,a}
S,A

=b6S

2π

m

�3k

q=q2∫
q=q1

dq
g2 (ω, q)

q

1√∣∣∣∣1 −
(

q
2k ± mω

�kq

)2
∣∣∣∣

(9)

where, the limits of integration are determined by:
−1 ≤

(
q

2k
± mω

�kq

)
≤ 1 (10)

In (10), ω is substituted from (5) to obtain the limits on q.
Now, we express the scattering rate due to emis-

sion/absorption by symmetric and anti-symmetric mode as
below:

1

τ {e,a} = 1

τ
{e,a}
sym

+ 1

τ
{e,a}
Anti−sym

(11)

and the total scattering rate is given by:
1

τ tot = 1

τ e + 1

τ a (12)

The emission/absorption rates are plotted in Fig. 3(a). The
mobility of electron is expressed as:

μop = e < τTot >

m∗ (13)
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Fig. 3. (a) Phonon scattering rate: Emission rate for remote polar phonon
(black) and surface acoustic phonon (red); Absorption rate for remote
polar phonon (blue) and surface acoustic phonon (green) (b) Mobility
versus temperature for remote polar phonon (blue) and surface acoustic
phonon (green) [Inset fig: effective mobility μ0 (in cm2/v-s) at various
gate voltage at room temperature]. (The solid lines indicate gate voltage
+1.4 V and dashed line indicates 0V).

C. Scattering by Surface Acoustic Phonon
The presence of interface modifies the bulk acoustic waves

as Rayleigh waves, which are elliptically polarized waves
localized near the interface with a velocity VR = ω/q along
the interface, interacts with the carrier through deformation
potential resulting from distortion of the lattice causing local
changes in the crystal energy bands. The particle displacement
in the second quantized form is given as [13]:

Û (r) =
√

�

2ρωS
u (r)

(
aq + a†

−q

)
(14)

The deformation- potential interaction Hamiltonian is given
as:
Hdef = Ea

∑
q

∇ · Û (r)

= −Ea
ω2

V2
l

√
�

2ρωS

∑
q

u (z)
(

aqeiq·r� + a†
−qe−iq·r�

)
(15)

where, ∇.u (r) = −
(
ω2

V2
l

)
u (z) eiq·r� ; u (z) = Ae−αtlz;r� is the

position vector in xy plane; A2 = A2
q = 2s2n/(n−s)2

q(1+s2n/(n−s))
, n =√

1 − V2
R

V2
l

and s =
√

1 − V2
R

V2
s

, Ea is the electron deformation

potential (8.7eV [15]), αtl is the imaginary part of the trans-
verse wavevector of longitudinal acoustic wave, ρ is the den-
sity of diamond (3.51 gm/cm3 [15]), Vl/Vs is the longitudinal/
shear acoustic velocity (18.21 × 105/12.3 × 105 cm/sec [15])
and VR = 11.21 × 105 cm/sec [15].

The scattering rate is obtained from (7), (8) and (15) as
below [13]:

1

τ {e,a} = m∗E2
aV3

RA2

π�2kρV4
l

q=q2∫
q=q1

dq
b6e−2αtll

(αtl+b)6

× q2√∣∣∣∣1 −
(

q
2k ± m∗VR

�k

)2
∣∣∣∣
(

Nq + 1

2
±1

2

)
(16)

where, l is the depth of 2DEG from the interface. The limits of
integration depends on threshold energy of electron [13], Eth =
m∗V2

R
2 = 0.2038 meV. The limits for emission (upper sign)

and absorption (lower sign) respectively for electron energy
E ≥ Eth is:

q1 = 0 and q2 = 2k

(
1 ∓ m∗VR

�k

)
(17)

No emission occurs for electron energy, E ≤ Eth, whereas the
limits for absorption for is:

q1 = 2k

(
−1+m∗VR

�k

)
and q2= 2k

(
1 + m∗VR

�k

)
(18)

The effective mobility due to combined effect of remote
polar phonon (μop) and surface acoustic phonon (μac) can be
represented as:

1

μ0
= 1

μac
+ 1

μop
(19)

IV. DISCUSSION

The absorption rate of surface acoustic phonon is about an
order of magnitude higher than the remote polar phonon at low
energies which gradually decreases and become comparable
for energies greater than 0.4 eV (Fig 3(a)).

The emission threshold for remote polar phonons is
0.154 eV, whereas, for surface acoustic phonons it is
0.2038 meV. The emission rate is on average 60 times higher
for remote polar phonon than surface acoustic at 1.4V gate bias
which increases to 80 times at 0 V showing higher sensitivity
of acoustic phonon to electron sheet density.

From (9) and (16), it is evident that for a given energy of
electron the maximum contribution to scattering is obtained
from long wavelength phonons, with this approximation we
can estimate that, the scattering rate expression shows a
quadratic ∼ n2

s variation with the 2DEG sheet density. Hence,
the mobility varies as ∼ n−2

s as is evident form Fig 3(b) (inset).

V. CONCLUSION

In this letter we investigated the conditions for the formation
of a 2DEG at cBN-diamond interface and found that the
surface density obtained is on the order of 1013 cm−2. At room
temperature for the gate voltage increasing from 0 to +1.4V,
the mean free time of electron due to remote polar phonon
varies from 5.57 ps to 4.36 ps whereas for Rayleigh phonon
it varies from 2.23 ps to 1.61ps, consequently the mobility
limited by remote polar phonon is approximately ∼ 2.5 times
higher than Rayleigh wave (Fig. 3(b)). This result is sig-
nificant because it implies that the surface acoustic phonon
(Rayleigh waves) is the dominant scattering mechanism and
the existence of the remote polar phonon effect does not
have a major detrimental effect of the mobility. In particular,
the surface acoustic phonon scattering dominates over remote
polar phonon scattering for temperatures below 375 K.
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