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N-polar GaN channel mobility is important for high frequency device applications. Here, we report
theoretical calculations on the surface optical (SO) phonon scattering rate of two-dimensional
electron gas (2DEG) in N-polar GaN quantum well channels with high-k dielectrics. Rode’s
iterative calculation is used to predict the scattering rate and mobility. Coupling of the GaN
plasmon modes with the SO modes is taken into account and dynamic screening is employed under
linear polarization response. The effect of SO phonons on 2DEG mobility was found to be small at
>5 nm channel thickness. However, the SO mobility in 3 nm N-polar GaN channels with HfO2 and
ZrO2 high-k dielectrics is low and limits the total mobility. The SO scattering for SiN dielectric on
GaN was found to be negligible due to its high SO phonon energy. Using Al2O3, the SO phonon
scattering does not affect mobility significantly only except the case when the channel is too thin
C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907800]
with a low 2DEG density. V

I. INTRODUCTION

The key advantage of the GaN devices is the high twodimensional electron gas (2DEG) mobility (2000 cm2/V.s)
in combination with wide bandgap that enables both high
frequency and high breakdown operation.1 Understanding
the limiting mechanisms of the 2DEG mobility2–7 is critical
as novel GaN device structures are explored.8–11 In recent
years, there has been considerable interest and progress in
the N-polar GaN field-effect transistors (FET) for ultra high
frequency and high breakdown applications because of the
presence of back barrier for electron confinement.12–15 In the
ultra-thin-body silicon-on-insulator (UTB-SOI) like N-polar
GaN devices, the quantum well channel thickness is critical
to scaling of these devices to ultra-small gate lengths.14,16 In
addition, the equivalent oxide thickness (EOT) of the gate
barrier also needs to be scaled in these devices by decreasing
the thickness and also by incorporating high-k dielectrics.
However, both the channel thickness scaling17,18 and
gate barrier scaling have been shown to affect the 2DEG mobility. The channel thickness has also been shown experimentally to affect the channel velocity in devices.16
Incorporation of high-k gate dielectrics deposited by atomic
layer deposition (ALD) has been reported to affect the channel transport properties in GaN devices.4,6 Through optimization of device structure and growth conditions, high
conductivity 5 nm N-polar GaN channel devices with high
mobilities (1100 cm2/V.s) have been recently reported.19–22
In order to continue further increase in the high frequency
performance in sub-20-nm gate length devices, extreme
channel thickness scaling (<5 nm) with high 2DEG mobility
will be necessary. It is therefore important to evaluate the
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limits of 2DEG mobility arising from high-k dielectrics on
these thin channels.
The deposition of high-k dielectrics on GaN results in
additional scattering mechanisms that include remote interfacial charge scattering4,6 and remote roughness scattering.2
Another important scattering mechanism originating from
high-k dielectrics is the surface/interfacial polar optical phonon scattering, which has not been considered previously in
N-polar GaN devices.
Surface optical (SO) phonon scattering of the 2DEG at
the interface between polar silicon dioxide and Si channel
in a Si MOSFET was reported by Hess23 and Ferry.24 The
SO phonon is also referred to as remote interface phonon
(RIP) and surface polar phonon (SPP) in the literature. The
SO scattering was found to be a critical mobility limiting
mechanism in Si MOSFETs with high-k dielectrics25 and
for III–V MOSFETs26 with high-k. In recent years, SO
phonon scattering has been reported as the limiting mechanism for room temperature mobility of graphene.27–30
Here, we report the impact of surface optical phonon
(SOP) scattering on the mobility of N-polar channel devices. We also report on the dependence of the SO phonon
scattering rate on the thickness of the N-polar GaN
channel.
Because of its simplicity, the relaxation time approximation (RTA) is widely used to calculate mobility in semiconductors. However, since SO phonon scattering is inelastic,
RTA method cannot be used. A full solution of Boltzmann
transport equation (BTE) is complex and time consuming.
Here, we use Rode’s iterative technique to calculate the SO
phonon scattering rate and mobility.31,32 We also incorporate
full dynamic screening including plasmon contribution to
improve the accuracy of the calculations. In Sec. II, we discuss SO phonon dispersion in high-k/GaN heterostructures,
and in Sec. III, we describe the Rode’s iterative technique
for 2DEG mobility.
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II. SURFACE EXCITATION MODES
IN METAL/HIGH-j/GaN/AlN/GaN SYSTEM

Surface or interface optical phonon modes exist at the
intersection of two materials if one of them is a polar material.33,34 These modes are confined to the interface and
decay exponentially from it. In the case of high-k dielectric on semiconductor, the polar or ionic nature of the
high-k leads to surface/interface phonon modes. The interface modes arise due to the electrostatic boundary condition imposed on the phonon electric field.35 Each
transverse optical (TO) mode in the high-k gives rise to a
SO mode at the interface. On the other hand, the 2DEG in
the substrate gives rise to collective plasma oscillation
which can couple with the decaying surface modes. This
coupling (also called hybridization) has significant effect
on the interaction of an individual electron with the surface modes.36
A. Screened plasmon coupled surface modes

In order to calculate the SO phonon frequency, first we
consider unscreened surface modes for the metal-high-k-Npolar GaN system.25–27 Fig. 1 shows the co-ordinate system
used for the SO phonon dispersion calculation. The high-k/
GaN interface is at z ¼ 0, the high-k oxide of thickness tox
and GaN channel of thickness (tch) are in the negative and
positive half planes, respectively. The structure also
includes a bottom AlN barrier layer. To calculate the dispersion of interface phonon modes, exponentially decaying
phonon mode potential is assumed as given in the equation
below

J. Appl. Phys. 117, 065703 (2015)

8
0
>
>
>
>
>
>
< bq;x coshqðz þ tox Þ
/q;x ðzÞ ¼ cq;x expðqzÞ þ dq;x expðqzÞ
>
>
> fq;x expðqzÞ þ gq;x expðqzÞ
>
>
>
:
hq;x expðqzÞ

–tox  z  0
0  z  tch
tch  z  tch þ tAlN
z  tch þ tAlN :
(1)

Equation (1) shows the unscreened potential due to the surface modes. But, the actual potential seen by an electron in
the channel is screened collectively by the 2DEG. To obtain
expression for a screened potential, we use a Green’s function based formalism as was used in case of graphene in
Ref. 36. However, unlike graphene, 2DEG here is a quasi2D system, and hence, the behavior of the screened potential
is different from that in graphene. From linear response
theory, the screened potential is given by36
ð
scr
2
0
/q;x ðzÞ ¼ /q;x ðzÞ þ e dz0 Gq ðz; z0 Þvðq; xÞf ðz0 Þ/scr
q;x ðz Þ; (2)
where the Green’s function obeys the equation of motion,
 2

d
1
2
 q Gq ðz; z0 Þ ¼  0  dðz  z0 Þ;
(3)
2
dz
eGaN
vðq; xÞ ¼ m =p:h2 is the polarizability of the 2DEG,37 and
f ðz0 Þ is the spatial distribution of the 2DEG. The solution of
Eq. (3) is of the form given in Eq. (4). The coefficients in the
equations are obtained by applying Dirichlet and Neumann
boundary conditions (Appendix A) at different

8
>
aq ½expðqðz  z0 ÞÞ þ expð–qðz þ z0 þ 2tox ÞÞ 
>
>
>
1 < bq expðqjz  z0 jÞ þ cq expð–q ðz þ z0 ÞÞ þ gq expðq ðz þ z0 ÞÞ
0
Gq ðz; z Þ ¼ 
jq expðqðz  z0 ÞÞ þ kq expðqðz þ z0 ÞÞ
2qe0GaN >
>
>
>
: 1 expðqðz  z0 ÞÞ
q

tox  z < 1

tox  z < 0
0  z < tch
tch  z  tch þ tAlN
z  tch þ tAlN

(4)

interfaces of the system (Fig. 1).

FIG. 1. (a) Schematic cross-section of
the N-polar GaN device. The thicknesses of the high-k, AlN spacer, GaN
spacer, and doped GaN layer are 5 nm,
2 nm, 5 nm, and 5 nm, respectively.
The thickness of the GaN channel is
varied for studying variation in mobility. The doping of the doped GaN layer
is 1013/cm2. (b) Schematic conduction
band profile of the device. The figure
shows the z-co-ordinate used for the
calculations. Different interfaces are
numbered as 1, 2, and 3 to help recognize the origin of different surface
modes later in Fig. 2.
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Using this form of the Green’s function in Eq. (2),
/scr
ðzÞ
can be obtained. Though a direct closed form expresq;x
sion is not obtained, a kernel (T) can be calculated from Eq.
(2) to estimate /scr
q;x ðzÞ from /q;x ðzÞ:
fUscr
q;x g ¼ ½Tq;x fUq;x g

(5a)

½Tq;x  ¼ ½ ½I  Dze2 vðq; xÞ ½Gq ½f  1 :

(5b)

Here, Dz is the grid spacing used and ½I is an identity matrix
of size n  n, where n is the number of grid points in real
space. ½Gq  is the Green’s function matrix, and ½f  is the diagonal electron probability density matrix. The elements of
the column vectors fUscr
q;x g and fUq;x g contain the screened
and unscreened potentials at different spatial locations.
Having obtained fUscr
q;x g, electrostatic boundary conditions
are applied to obtain the dispersion relation. A perfect metal
is used as a gate so that screened phonon field goes to zero at
the metal. The channel dielectric response consists of both
lattice and plasmonic contribution. The dielectric responses
are listed below
eox ðxÞ ¼
eGaN ðxÞ ¼
ech ðxÞ ¼
eAlN ðxÞ ¼

f1 x2TO1
f2 x2TO2
e1
þ
ox þ 2
xTO1  x2 x2TO2  x2
f3 x2TO3
e1
þ
GaN
x2TO3  x2
f3 x2TO3
x2P
e1
 e1
GaN þ 2
GaN 2
2
x
xTO3  x
2
f4 xTO4
e1
:
AlN þ 2
xTO4  x2

(6)

Here, xP is the plasmon frequency of the GaN 2DEG.37
The coupling strengths are f1 ¼ eiox  e0ox, f2 ¼ e1ox  eiox,
f3 ¼ e1GaN  e0GaN, and f4 ¼ e1AlN  e0AlN. The dielectric
functions (e) with superscripts of 1, i, and 0 correspond to
high frequency, intermediate frequency, and DC dielectric
constants. The oxide thickness is taken to be 5 nm in this
study. The high-k dielectric function parameters were taken
from Ref. 25, the SiN parameters were taken from Ref. 38
(see Table I). The dispersion of the interface modes is shown
in Fig. 2 for metal-HfO2-GaN-AlN-GaN system.
As seen in the Fig. 2, there are nine modes present.
These modes are all surface modes coupled with the 2DEG
plasmon mode. In this figure, the lower two modes are
originating from the TO1 and TO2 modes of the high-k.
Plasmon coupling is not present for x1 due to the absence
of energy overlap with the plasmon mode (dashed line in
TABLE I. Different TO phonon energies and dielectric function paramters
for Al2O3, HfO2, and ZrO2 are taken from Ref. 25, while those for SiN are
taken from Ref. 38.

e0
eint
e1
xTO1 (meV)
xTO2 (meV)

Al2O3

HfO2

ZrO2

SiN

12.53
7.27
3.20
48.00
78.10

22.00
6.58
5.00
12.48
48.18

24.00
7.75
4.00
17.00
58.00

7.5
…
4.17
103.00
…

FIG. 2. Calculated dispersion of the plasmon coupled surface modes for
metal-HfO2-2DEG-AlN-GaN system. x1–x4 denote the modes that arise at
interface 1 of Fig. 1. x7–x9 arise from interface 2, while x5 and x6 arise
from interface 3. The pure plasmon mode is shown by a black dotted line.

Fig. 2). Plasmon coupling is observed for TO2 mode (x2 in
Fig. 2). The GaN plasmon couples to surface modes at
interface 1(x1-x4) and interface 2 (x7-x9) only, while the
remote surface modes at interface 3 (x5 and x6) do not
couple. For calculation of mobility, we need to consider
the scattering interaction of an electron with the phonon
content only since interaction with the plasmon is just
exchange of momentum and energy among the electrons
themselves without changing the mobility.36 Next, we
decouple the surface-phonon mode contribution from the
coupled modes.
B. Phonon contribution in coupled modes

We follow the approach given in Ref. 36 to separate out
phonon contributions. Since, in our case the plasmon mode
sees boundaries on both sides- high-k and AlN; we obtain
two modes from the plasmon contribution. Here we calculate
the contribution of the surface modes arising from the high-k
TO phonons using the following equation:

Q8  ðiÞ 2
ð j;TO Þ 2
xq  xq
j¼1

/TO#;i
½i ¼ 1; 2; ::9 ; # ¼ 1; 2:
q;x ¼
Q  ðiÞ 2
ð jÞ 2
x

x
q
q
j6¼i
(7)
ðj;TOÞ

denote the modes obtained by eliminating the
Here, xq
contribution of the # th TO mode of the high-k, and /TO#;i
q;x
denotes the contribution of the # th TO mode of the high-k
in the i th coupled mode. To verify consistency of this
process,
P TO#;i we also checked the normalization condition
i /q;x ¼ 1. The contribution of the two high-k TO phonons in different coupled modes are shown in Figs. 3(a) and
3(b). As seen in Fig. 3(a), the SO1 phonon contribution is
small in plasmon mode as the phonon and plasmon energy
are different. However, significant coupling to plasmon
mode is observed for the SO2 phonon mode. An important
point to mention here is that we have extracted the surface
mode content from the TO phonons of the high-k only, as we
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FIG. 3. (a) TO1 phonon content in different coupled surface modes; (b) TO2 phonon content in different coupled surface modes.

are interested in evaluating the effect of high-k on the
mobility in the 2-DEG. Both AlN and GaN TO modes also
contribute to the coupled modes.
C. Electron-surface mode interaction hamiltonian

From the secular equation set obtained by applying electrostatic boundary conditions on the screened phonon fields,
we obtained the dispersion of the coupled modes. However,
to obtain all the coefficients in the phonon field expression
(Coefficients in Eq. (1) after screening), we need to consider
one more equation. That is obtained by equating the semi
classically obtained energy of the system due to the presence
of the 2DEG in the phonon field with the ground state energy
of a quantum harmonic oscillator25
ð
1 i
scr
hx :
(8)
/scr
q;xiq ðzÞqq;xiq ðzÞdz ¼ 
2 q
This integral on the left hand side of Eq. (8) is calculated
numerically, and the coefficients of the screened phonon
fields (Coefficients in Eq. (1) after screening) are
extracted from there. We are interested only with cq;x
and dq;x since the 2DEG exists only in the region 0  z
< tch . The SO-phonon mode interaction Hamiltonian is
given by

e 
int
Hq;x
i ¼ pﬃﬃﬃﬃ cq:x expðqzÞ þ dq;x expðqzÞ
q
X
h
i
 expðiq:rÞaþ
q þ expðiq:rÞaq ;

(9)

with X being the normalization area, q is the twodimensional phonon wave vector, r is the two-dimensional
position vector, and aþq(aq) is the phonon creation (annihilation) operator. Now, the coupling matrix between a single
electron and the surface modes is calculated by
int
Mq;xiq ¼ hwk0 jHq;x
i jwk i;
q

(10)

where wk and wk0 are single electron wavefunctions assuming a plane wave basis with an effective mass of 0.2 and k

and k0 are the two-dimensional electron wave vector before
and after scattering.
The electron wave function can be determined using
variational calculations.17,39 However, the variational calculation has closed form analytical expressions only for cases
ð0Þ
when the normalized electric field (F~ ¼ eFtð0chÞ , E is the
E1

1

unperturbed ground state energy and F is the electric field
out of the 2DEG plane) is either much higher than 1 or
much less than 1. But. we do have situations when F~ is in
the vicinity of 1 (for tch  3 nm). Under such situations, the
electron wavefunction and the ground state Eigen energy
are calculated numerically solving the variational wave
function.39
III. IMPLEMENTATION OF SCATTERING BY RODE’S
METHOD

Next, we discuss the implementation of the scattering
process. The SO phonon scattering process in the transport
of electrons cannot be implemented with reasonable accuracy under the relaxation time approximation (RTA) because
it is valid only where the scattering mechanisms are elastic
and isotropic, whereas SO phonon scattering is neither elastic nor isotropic. Hence, we follow another formalism, called
Rode’s method, that solves the electron distribution function
iteratively and the method gives exact result as long as the
in-plane electric field is low.40 Here, we use it to estimate
SO phonon limited electron mobility in GaN 2DEG which is
a quasi 2D system. In the following, we briefly describe
Rode’s method.31
The master equation to solve electron distribution function under non-equilibrium condition is the well-known
Boltzmann transport equation (BTE) which has the form
v

@f eFz @f X
þ
¼
Pðk0 ; kÞfðk0 Þ½1–fðkÞ
h @k
@z
0
k
 Pðk; k0 ÞfðkÞ 1–fðk0 Þ g;

(11)

where f is the electron distribution function, v is the group
velocity of electrons, Fz is the applied electric field in
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z-direction (transport direction), and Pðk0 ; kÞ and Pðk; k0 Þ are
the scattering rate between the states k0 ! k and k ! k0 ,
respectively. The two terms on the right hand side of Eq.
(11) correspond to total in-scattering rate to state k and total
out-scattering rate from state k, respectively. The scattering
rate can be obtained from Fermi golden rule

  0

2p
Pðk; k0 Þ ¼ jMq;xiq j2 d nk –nk0 6hxiq d k ; k6q ; (12)
h

where the (þve) sign is for absorption of phonon and (ve)
sign is for emission of a phonon. The delta functions arise
due to the conservation of energy and conservation of
momentum during the scattering event. In Rode’s method,
the electron distribution function is expressed in terms of
Legendre polynomials keeping only the first order term
f ðkÞ ¼ f0 ðkÞ þ gðkÞ cos u:

@f 0 eFz @f 0
þ
@z0 ð h @k

¼ Xgðk0 Þ Pðk0 ; kÞ½1  f0 ðnÞ þ Pðk; k0 Þf0 ðnÞ d 2 k0
ð
gðkÞ Pðk0 ; kÞ½1  f0 ðnÞ þ Pðk; k0 Þfo ðn0 Þ d2 k0 :
(14)

Here, X is the cosine of the angle between k and k0 . The elastic
scattering processes can be separated out, and the RTA scheme
can be applied only on the elastic mechanisms, leaving the
inelastic mechanisms intact. Doing so, Eq. (14) turns to
    


 
1
@f 0
eFz
@f 0
¼ SIN g0 –v
;
gðkÞ SOUT þ
–
@z0
h
@k
sm
ð
SOUT ¼ Pðk;k0 Þ 1  f0 ðn0 Þ
þ Pðk0 ;kÞf0 ðn0 Þgd2 k0 ;
ð 
SIN ¼ Xg k0 Þ Pðk0 ;kÞ½1  f0 ðnÞ
þ Pðk;k0 Þf0 ðnÞgd 2 k0 :

dðk; k6qÞd E0 –E7hxiq



!
1
hq xiq

:
d 6cos h þ 7
!
htq
2p vq
(16)
!

Pðk; k0 Þ ¼

2p
hq xiq
;
jMq;xiq j2 d 6cos h þ 7
h
2p vq

(17)

where h is the angle between k and q, and q, v, and p are phonon wave vector, the electron velocity, and momentum,
respectively. The relationship between the electron
wave vectors and phonon wave vector is shown in inset of
Fig. 4(b), from which we get
cos a ¼

jkj
jqj
6
cos h:
jk þ qj jjk þ qjj

(18)

(13)

Here, the equilibrium distribution function, f0 ðkÞ, is taken
according to Fermi-Dirac statistics. gðkÞ is the perturbation
produced by the low electric field, and u is the angle
between the electric field Fz and the electron crystal momentum k. Substituting this form of distribution in Eq. (11), we
obtain
v



(15)

Here, 1/sm is the elastic scattering rate calculated using
RTA. SO and SIN are the inelastic out- and in-scattering rates.
Eq. (15) is a contraction mapping and can be solved iteratively with an initial gðkÞ given by RTA.
IV. SIN AND SOUT FOR 2DEG

First, we evaluate the inelastic in-scattering rate for SOP
scattering. The scattering rate can be evaluated using Eq.
(12). The product of d-functions can be combined to a single
d-function41

Due to the conservation of momentum,
Ð
P we can 1convert
0
the
integral
over
k
to
integral
over
q
(
q ð Þ ! 4p2 qdq
Ð
dh). Using the Eq. (15)–(18), we get Eq. (19a) for the inscattering rate with Nxiq being the Bose-Einstein phonon
occupation number at temperature T. The d-function integral
results to Eqs. (20a)–(20b). The delta function also puts limit
on the allowed phonon wave vectors. Similar expression can
be found for the out-scattering rate (Eq. (19b)).
The calculated out-scattering (SOUT) and in-scattering
(SIN) rates are plotted in Figs. 4(a) and 4(b), respectively, as
a function of the electron energy (for HfO2 dielectric on
3 nm GaN channel with a 2DEG density of 5  1012 cm2).
The GaN device structure and doping density are given in
Fig. 1. The sharp kinks shown in the plots represent the onset
of phonon emission, while the tiny jitters arise from numerical gridding of the q space. The energy independent elastic
scattering rate (1/sm ¼ 1  1011 s1) is chosen to be low to
clearly reveal the impact of SO phonon scattering on
mobility
2ð


1 X
1 1
0
SIN ðkÞ ¼
4 g ðjk6qjÞ Nxiq þ 7
2 2
2ph2 v i
q

(

o ð k
q
6
cos h
 jMq;xiq j ½f 0 ðnÞ :
jk6qj jk6qj
! )#
q xiq
d 6cos h þ 7
dh :dq
2k vq


ð"
m
1
1 1
0
ð
Þ
N
þ
7
g
jk7qj
þ
xiq
4p2
2 2
2ph3
n

n

2

q0

o 1
 jMq;xiq j2 ½1–f 0 ðnÞ
jk7qj
(ð 

jk7qj q

6 cos h
k
k

! )#
mxiq0
q
 d 6cos h þ
7
:dh dq;
2jk7qj hjk7qjq
(19a)
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FIG. 4. (a) Out-scattering rate by GaN 2DEG. (b) In-scattering rate by GaN 2DEG (inset) schematic of momentum conservation during interaction of an electron with surface mode.

SOUT ðkÞ ¼

X
i

2

1
4
2ph2 v

n


ð
1 1
Nxiq þ 7
2 2
q


io
 jMq;xiq j2 1–f 0 n6hxiq
(ð
! ) #
q xiq

d 6cos h þ 7
:dh :dq
2k vq
"

ð
m
1 1
Nxi þ 7
þ
q
2 2
2p
h3
n

h

q0

h 
io 1
 jMq;xiq j2 f 0 n6hxiq
jk7qj
(
! ) #
ð
mxiq0
q
7

d 6cos h þ
dh dq ;
2jk7qj hjk7qjq
(19b)
!

ð
d 6coshþ

q xiq
1
:dh¼ 0vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1 ; (20a)
7
!2
2k vq
u
Bu
xiq C
q
t
@ 1
A
7
2k vq

q xiq
!
ð
7
i
q xq
2k vq
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(20b)
V. SCREENING OF THE COUPLED MODES: EFFECT
OF LANDAU DAMPING

Plasmons cease to respond in the single particle excitation
(SPE) regime.36,42 We take this into account approximately by
turning off the plasmon contribution from the GaN dielectric
response in the SPE regime (Landau damping). The effect of
doing so has implication on the dependence of mobility on the

2DEG density. We discuss this issue here. Fig. 6(a) shows the
dispersion of the three branches of the plasmon-coupled surface modes originating from the TO modes of HfO2 under
2DEG densities of 5  1012 cm2. It can be seen that the plasmon couples well with one of the surface modes in the longwavelength limit. Initially the phonon like mode is above the
plasmon like mode, producing anti-screening of the former
while the converse is true as the wave-vector increases. This
phenomenon can be observed in the effective screening plot
shown in Fig. 6(b), where the screening drops to a negligible
value (the plot shows reciprocal of screening and hence peaks
up) in the vicinity of q ¼ 1  108 m1. However, beyond that
point, the plasmons undergo Landau damping killing the antiscreening effect and the only screening contribution comes
from the bulk TO mode of GaN. For higher 2DEG densities,
Landau damping occurs much prior compared to the case for
lower 2DEG density because of a steeper intraband SPE
boundary. Hence, the sharp anti-screening effect is not
observed, and the surface modes are better screened compared
to a lower 2DEG density case.
VI. RESULTS AND DISCUSSIONS

Fig. 5 shows the convergence of the first order harmonic
(Eq. (13)) in the distribution function with HfO2 as the
dielectric. Once the iteration converges, the 2DEG mobility
can readily be calculated by
m
ln ¼
2ph2 Fz ns

1
ð

gsteady ðEÞvðEÞdE:

(21)

0

Here, gsteady ðEÞ is the first order harmonic in the electron distribution after Rode’s iteration has converged, and vðEÞ is the
magnitude of the in-plane velocity of the 2DEG. The mobility
expressed in Eq. (21)
P is extracted from the current density calculated by J ¼ Ae k vðkÞf ðkÞ, and the derivation of it is
shown in Appendix B. As the elastic scattering rate has been
artificially assumed to be low, the calculated mobility is the
SO phonon limited mobility. The bulk LO phonon limited mobility is the dominant scattering that limits mobility in GaN
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FIG. 5. The convergence of the first order harmonic in electron distribution
by Rode’s iteration.
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scattering and lower mobility. At larger channel thickness
(5 nm), the overlap is small and the SO limited mobility is
>10 000, which is 5 times higher than the bulk limited mobility. Hence, no degradation in mobility due to SO phonons
is expected for tch  5 nm.
However, for extremely scaled channel thickness
(<5 nm), SO phonon scattering is found to be quite pronounced degrading the mobility below 5000 cm2/V-s (Figs.
7(a)–7(b)) for both HfO2 and ZrO2. From Figs. 7(a) and 7(b),
we see that the mobility increases with 2DEG density. As we
increase the 2DEG density, the electric field due to heterojunction at the GaN/AlN interface decreases, which should
spread the electron cloud more towards the high-k interface
increasing overlap with SO modes, which would decrease
mobility. However, as the 2DEG density is increased, there is
enhanced screening of the surface modes, which weakens
their coupling with the 2DEG, and hence, mobility improves.
B. Al2O3 as high-j

2

2

2DEGs (order of 2000 cm /V.s). The mobility degradation
due to SO phonons would take place if the SO limited mobility
is comparable to bulk polar optical phonon limited mobility.
The calculation methods described above are carried out
for the structure shown in Fig. 1 for different dielectrics, different GaN channel thickness, and different 2DEG densities.
In practice, the 2DEG density in the structure can be changed
by the application of a gate electric field. Figs. 7(a) and 7(b)
show the variation of mobility with 2DEG density for GaN
channel thicknesses of 3 nm and 5 nm, respectively. The
elastic scattering limited mobility is calculated to be
88 000 cm2/V.s. In the following, we discuss the SO phonon
mediated electron mobility degradation for each dielectric.
A. HfO2 and ZrO2 as high-j

As seen in Figs. 7(a)–7(b), the SO limited mobility due
to HfO2 and ZrO2 are similar due to the similar values of the
corresponding TO phonon energies. As the channel thickness
is reduced, the electron wave function gets closer to the
high-k gate dielectric and the overlap with the exponentially
decaying SO mode increases, which results in increased

The plasmon coupling of SO modes for Al2O3 is significant because of comparable energies in the range of phonon
wavevectors (q) of interest. This increases the energy of the SO
modes, which decreases the phonon occupancy (Nq). Hence,
the SO limited mobility is higher due to the higher SO phonon
energies (Fig. 8(a)). The 3 nm quantum well mobility drops to
around 2000 cm2/V.s for low 2DEG densities, hence will degrade the total mobility at this channel thickness. However, the
mobility rapidly increases at higher 2DEG densities to large
values. The non-monotonicity of mobility with increasing
2DEG density is a result of an interplay between improved
screening and higher overlap of the decaying surface modes
and the electron wavefunction. The slight decline in mobility at
moderate 2DEG density (ns) occurs because at that range of ns,
the screening of the mode arising from the lower TO energy is
saturated while that from the higher TO energy begins.
C. SiN as high-j

As noted above, the SO scattering for 3 nm GaN channel
devices will degrade the mobility significantly for Al2O3,
HfO2, and ZrO2 dielectrics. SiN gate dielectric has been

FIG. 6. (a) Relative separation of the main three surface modes (the high-k TO modes coupled with GaN plasmon) that affect mobility and the single particle excitation regime boundary. (b) Screening effect on those three modes with Landau damping being taken care of by turning off plasmon response in the SPE region.
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FIG. 7. (a) Dependence of surface mode scattering mediated mobility on density of 2DEG for a quantum well thickness (tch) of 3 nm and with HfO2 and ZrO2;
(b) similar plots for tch ¼ 5 nm.

FIG. 8. (a) Dependence of surface mode scattering mediated mobility on density of 2DEG for Al2O3 for two different channel thickness; (b) similar plots for SiN.

widely used in N-polar GaN devices. It has lower dielectric
constant, however the phonon energy is very high
(xTO ¼ 103 meV). Here, we calculate the SO limited mobility for SiN gate dielectric. Fig. 8(b) shows the dependence
of mobility on 2DEG density when SiN is used as a gate
dielectric. It can be seen that SiN is definitely superior in
terms of SO limited mobility to other dielectrics. The reason
is higher SO phonon energy that results in very low phonon
occupancy factors resulting in a low scattering rate. The
slightly decreasing trend of mobility with 2DEG is a
result of increasing electron surface mode coupling due to
reduced electric field at the GaN/AlN junction. Screening
does not have much role at low 2DEG densities in this case
because the SO phonon energy is high enough that neither
the GaN plasmon nor the GaN TO mode could screen it.
However, as seen from Fig. 8(b), at high 2DEG densities
(>7  1012 cm2), screening slightly improves the mobility.
Overall, we can say, that screening has negligible effect in
case of SiN, and the mobility is controlled by the overlap of
the surface mode and the electron wave function.

VII. CONCLUSION

Surface optical (SO) phonon scattering is explored in
N-polar GaN quantum well systems. Using Rode’s iterative
method helped to relax the RTA which is not a good approximation to deal with inelastic scatterings. Coupling of the
surface modes with GaN plasmon is explored and screening
properties are investigated. In summary, we have calculated
the SO phonon scattering rates of Al2O3, ZrO2, HfO2, and
SiN dielectrics on GaN quantum well channels. The SO mobility at 5 nm thickness is found to be >4 higher than the
experimentally reported mobilities.19,20 However, the SO
limited mobility becomes a limiting factor at 3 nm GaN
channel thickness and will severely degrade the 2DEG mobility for HfO2 and ZrO2 dielectrics, and also for Al2O3 at
low 2-DEG densities (<4  1012 cm2). For Al2O3, the SO
limited 2-DEG mobility is >5 the bulk phonon mobility at
higher 2DEG densities (4  1012 cm2). The SO limited
scattering for SiN dielectric is found to be negligible due to
it high TO energy (see Table I), giving SO limited mobilities
>15 000 cm2/V.s. By careful design of composite gate stack
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that incorporates interfacial SiN and high-k dielectrics such as HfO2 and ZrO2, both high mobility and low EOT can be
obtained in ultra-thin GaN (<5 nm) channels.
APPENDIX A: GREEN’S FUNCTION TO IMPLEMENT SCREENING IN HIGH-K/GAN/ALN/GAN STRUCTURE

In this Appendix, we discuss the form of Green’s function we showed in Sec. II A.
8
aq ½expðqðz  z0 ÞÞ þ expðqðz þ z0 þ 2tox ÞÞ q
tox  z < 0
>
>
>
<
0
0
0
bq expðqjz  z jÞ þ cq eqxpðq ðz þ z ÞÞ þ gq eqxpðq ðz þ z ÞÞ 0  z < tch
1
Gq ðz; z0 Þ ¼ 
jq eqxpðqðz  z0 ÞÞ þ kq eqxpðqðz þ z0 ÞÞ
tch  z  tch þ tAlN
2qe0GaN >
>
>
:
0
1q expðqðz  z ÞÞ
z  tch þ tAlN :
The Green’s function Gq ðz; z0 Þ accounts for the screening effect by a charge present at position z0 on the potential at position z due to the surface modes. Because of the confinement of the 2DEG, z0 can be only between 0 and tch. This explains the
presence of the absolute sign in the argument of the first decaying term (Eq. (4)) when z is between 0 and tch. The pre-factor
contains the term e0GaN which comes from the background lattice contribution of GaN. The Dirichlet and Neumann boundary
conditions for the Green’s function are listed below



 e1 dGq ðz ¼ 0 ; z0 Þ e0GaN dGq ðz ¼ 0þ ; z0 Þ
¼
Gq z ¼ 0þ ; z0 ¼ Gq z ¼ 0þ ; z0 ; ox
;
dz
dz

 e0 dGq ðz ¼ tch  ; z0 Þ e0AlN dGq ðz ¼ tch þ ; z0 Þ
Gq ðz ¼ tch  ; z0 Þ ¼ Gq z ¼ tch þ ; z0 ; GaN
¼
dz
dz




 0
þ 0
Gq z ¼ ðtch þ tAlN Þ ; z ¼ Gq z ¼ ðtch þ tAlN Þ ; z ;




e0AlN dGq z ¼ ðtch þ tAlN Þ ; z0
e0 dGq z ¼ ðtch þ tAlN Þþ ; z0
¼ GaN
:
dz
dz

(A1)

These conditions are accompanied by one more condition which signifies the presence of the delta function at the z ¼ z0 point
dGq ðz ¼ z0 ; z0 Þ dGq ðz ¼ z0þ ; z0 Þ

¼ 1:
dz
dz

(A2)

The six equations in (A1) and Eq. (A2) can together be used to extract the coefficients.
APPENDIX B: MOBILITY CALCULATION FOR 2DEG

In this Appendix, we show the derivation of the mobility expression shown in Eq. (21). In the following, we take vx ðkÞ to
be the velocity of an electron in the direction of parallel electric field and u to be the angle between the velocity of an electron
and the parallel electric field. The current density can be written as
eX
eX
v x ðk Þf ðk Þ ¼ 
vx ðkÞgðkÞcos u ½Contribution from the equilibrium distribution function is zero
A k
A k
ð
ð
eX
e A
¼
vðkÞgðkÞ cos2 u ¼  : 2 kvðkÞgðkÞdk cos2 udu ½Spin degeneracy is taken into account
A k
A 2p
ð
e
¼
kvðkÞgðkÞdk:
2p

Jx ¼ 

From the definition of mobility (l), we can write
Jx ¼ lens Fx :

(B2)

Here, ns is the density of the 2DEG, and Fx is the parallel
electric field. Hence, mobility can be written as
ð1
m
gðEÞvðEÞdE:
(B3)
ln ¼
2ph2 Fx ns 0

(B1)

This is a mobility expression for a 2DEG under a parallel
electric field low enough to ignore the higher order spherical
harmonics of the distribution function. This expression can
be used to calculate mobility limited by other scattering
mechanisms as well (like Coulomb scattering).
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