

Abstract— The comprehensive Ando’ surface roughness (SR) 

model is implemented for nMOSFETs. Four distinct source 
terms contribute in SR scattering. Relative strength of these 
contributing source terms are evaluated and compared. The 
most influential term turned out to be due to scattering with the 
“physical steps” at the interface. Remote SR scattering is also 
significant in ultra-thin MOS structures. The proposed model of 
Gámiz et al for remote SR scattering is studied. It is shown that 
modification to the Gámiz model is necessary in order to observe 
the full impact of rms height of the abrupt “steps”.

Index Terms— Surface, Remote Roughness, ultra-thin 
MOSFET, Mobility. 

I. SURFACE ROUGHNESS SCATTERING

part from electron-phonon scattering the most 
damaging effect to charge carrier mobility in MOS 
structures is scattering at the rough insulator/substrate 

interface. This scattering is particularly dominant at high 
inversion densities, however, due to its nature, it weakly 
depends on lattice temperature variation. Theoretical models 
of interface scattering date back to 1968, when Prang and Nee 
performed simulations to quantify the irregularities of a rough 
surface [1]. This was followed by a model with explicit 
mobility dependence on the transverse effective field by 
Matsumoto and Uemura, which is still adopted today for its 
simplicity [2]. But a more complete and comprehensive 
theory is by T. Ando which is by far the best available model 
regarded by the researchers [3], [4].

According to Ando’s argument  there are two main sources 
of surface roughness scattering affecting the charge carrier’s 
motion, viz. [3], [4]:

Fluctuation of wavefunctions due to physical “steps” at the 

interface ( )1( ).
Fluctuation in potential energy due to Coulomb 

interactions.
The effects of “change in the potential energy” are further 

classified as 

Change in image potential ( )2( )

Creation of interface polarization charges ( )3( )

Fluctuation in charge carrier densities )4(
Matrix element associated with change in wavefunctions is 

given by [5], [6]:
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where i and j stand for initial and final subbands of a 
conduction valley, respectively, iE is the eigenvalue 

corresponding to the wavefunction i . The potential well in 

the substrate is denoted by V (in units of energy e.g. eV).
Next among the “Coulomb pieces” i.e. SR induced charge 

fluctuations---: the scattering potential associated with the 

second term ( )2( ) appears due to the mismatch of the 
dielectric constants of the two materials (Si and SiO2) across 
the interface. This effect induces image potential; the 
corresponding scattering matrix for the change in image 
potential is given by [7]:
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where    oxsoxs  ~ with s and ox as the 

dielectric constants of the substrate and the oxide, 
respectively. 10 KandK are modified Bessel functions of the 

second kind and of order zero and one, respectively.

The third Coulomb interaction ( )3( ) is also related to the 
difference in dielectric constants of the adjacent materials. An 
extra polarization charge is formed which changes the electric 

field distribution [3]. The matrix element pertaining to )3( is 
given by [5], [7]:

        dzzeEzeq j
qz

effiji 
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where e is the electronic charge and effE is the effective field 

at the substrate side of the interface.
Lastly, the fluctuations at the interface also affect the 

electron distribution normal to the interface ( )4( term). The 
redistributed electron charges give rise to an additional 
scattering potential whose matrix element is [5], [8]:
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where  zn is the volume density of electrons along the 

z-direction (normal to the interface). With four different 
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source terms contributing in SR scattering, an “effective” 
matrix element is required whose squared value could be 
plugged in the scattering rate (see (3) below). The squared 

effective scattering matrix )(, qji is thus, constructed by 

adding up the squared values of all individual terms (1a-1d) 
i.e.

2)4(
,

2)3(
,

2)2(
,

2)1(
,

2

, )()()()( qqqq jijijijiji  (2)

In other words each source term in SR scattering is 
assumed to be uncorrelated to each other and thus contribute 
independently in mobility degradation. The momentum 

relaxation rate with the “net” matrix element )(, qji is given 

by [9], [10].
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where, E is the total electron energy, )2( dg is the 

two-dimensional density of state. The Heaviside step function 
is denoted by )(x , while  is the angle between initial and 

final wave vectors.  q is the static dielectric function of the 

substrate, introduced in order to account for the screening 

effects [11].   2
qS is the “Power Spectrum Density” function 

given by, (for an exponential autocovariance form [9]):

2

3
22222

)2/1()(


 qqS 

where  is the rms height of the random interface “steps” and 
 is the average width of the same fluctuation. 

Fig. 1 is a compilation of the results for SR mobility with 
the effects of individual scattering terms and with their 
combined influence.

It is clearly evident that the most dominant scattering 
source is due to the perturbations in electron wavefunctions 

( )1( ). The weakest source is the variation of electron density 

due to physical “steps” introduced i.e. )()4( q , though 

computationally it is a most time consuming term to evaluate.
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Fig. 1: Relative strengths of four sources of SR scattering are 
compared. The most damaging source for channel mobility is the 

)1(
, ji term.

The percentage difference between mobility computed with 

all terms and then with )1( + )()2( q + )()3( q terms is 

around 1% at cmMVEeff /1 . Thus these three terms are 

sufficient to account for SR scattering and )()4( q can be 

safely ignored.
Unlike phonon limited mobility the temperature 

dependence of SR scattering is very weak. Theoretically the 
temperature term appears in the formulation via the 
Fermi-Dirac distribution. Variation of SR mobility at two 
different effective field values over the temperature scale is 
shown in fig 2. As expected the small exponent of `T` 
indicates the weak temperature dependence of SR scattering.
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Fig. 2: Weak SR temperature dependence is shown. Redistribution 
of electron via Fermi-Dirac function introduces temperature 
dependence in SR scattering.

At very low temperatures the effect of phonon scattering is 
minimum and thus only surface roughness scattering 
contributes towards the effective mobility in the region of 
medium to high transverse field. Simulations are performed at 
T=77 K and the results are compared with the measured 
mobility extracted from ref. [12], in fig. 3. With the chosen 
 and  values, simulated mobility successfully follows the 
measured mobility and its temperature dependence trend 

( 71.1
effE ).
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Fig. 3: SR limited mobility computed at T=77K. Phonon scattering 
is assumed negligible in this temperature range. Referenced 
experimental data are from [12].
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II. REMOTE SURFACE ROUGHNESS SCATTERING

Another scattering mechanism, closely related to SR 
scattering, is the “Remote Surface Roughness” (RSR) 
scattering. For ultra thin oxide layered MOS structures, 
charge carriers in the channel can significantly dissipate their 
momentum by remotely interacting with the gate/insulator 
interface. Similar to oxide/substrate interface the second 
interface i.e. gate/oxide interface is not smooth and deviates 
from the ideal plane, as shown in fig. 4. Degree of roughness 
at the two interfaces is uncorrelated and depends on the 
device processing mechanism.

Fig. 4: Deviation from ideal surfaces is shown for gate/insulator and 
insulator/substrate interfaces. Both interfaces are assumed 
uncorrelated.

A. RSR Model Equations

Extending the concept first presented by Li [13], Gámiz et 
al proposed a simple scattering model for the remote surface 
roughness mechanism [14], [15]. In their proposed model the 
Hamiltonian of the system is given by:

 r
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where: 
)()()( 0 zVzVzV

moxt     (5)

with 
moxtV  as the perturbed potential in the presence of 

“steps” at the gate/insulator interface while 0V is the 

unperturbed potential i.e. in the case of ideal boundary. 
Surface topology is measured via 2D roughness function,
 r , which describes the fluctuations from an assumed ideal 

flat boundary. The two- dimensional vector r is measured 
along the interface plane. 0H is the initial unperturbed 

Hamiltonian and the final Hamiltonian H  arising  from the 
change in potential energy along the z-direction. The rms 
value of the step height at the second interface is denoted 
by m . Using the Hamiltonian (4) the matrix element was 

constructed as [14]:
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The matrix element (6) modulated by dielectric function 
)(q is plugged in (3) to compute the RSR scattering rate. 

However, Hamiltonian (4) of the present system can also be 
utilized to construct a relatively better RSR matrix element, 
following the approach described below:

Consider the change in the Hamiltonian of the system due 
to the presence of a random “step” at the interface, given by:

0HHH  (7)

Next the matrix element for the changed Hamiltonian is 
generated from equation (7):

         

     dzzHz

dzzHz

ji

jiji





0

0

0

0
,










 rrr

(8)

Note that for the final Hamiltonian H  , the final perturbed 
wavefunctions are used. Substituting equation (4) in (8) to 
get:

         

      dzzHz

dzz
zV

Hz

ji

j
m

iji





0

0

0

0

0
,

)(























 rrrr

(9)

Next using Taylor’s theorem for the expansion of the 
wavefunctions to the lowest order reveals:
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Ignoring the product terms involving  2r :
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Now, from the time independent Schrödinger equation: 
 EH 0 (12)

Equation (11) is modified using (12) and after 
simplification the net result is:
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is the modified form of the matrix element given earlier in 
equation (6).

In (15) the derivative of the electron wavefunctions appears, 
which essentially is a characteristic of surface roughness 
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scattering [1]. The matrix element given in (6) over estimates 
the RSR limited mobility as compared to one in computed 
using (14). Another shortcoming of the Gámiz model is that 
the effect of rms m is not present explicitly (it cancels out in 

the scattering rate when squared matrix element is multiplied 

with power spectrum 
2

)(qS ). The only weak dependence of 

m appears in Gámiz model is through simulated value of 

)(zV (via the coupled Schrödinger Poisson solver) in (6), 

while the modification presented here to the transport model 
includes m explicitly and thus its effect is realistically 

observed.
For comparison, results obtained using the two model 

equations are shown in fig. 5. In this study, two different 
theoretical values of m (0.5nm and 0.3nm) are used for a 

fixed oxide thickness of 1.0nm. Potential )(zV in (5) with 

wavefunctions and eigenvalues are computed using 
UT-Quant Schrödinger-Poisson solver [16]. With 

nmm 5.0 , the drop from the “Universal mobility” is 

around 5% at 
cm
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Fig. 5: RSR limited mobility computed using Gámiz et al model [14]
and the modified model proposed in this work. Gámiz model 
overestimates the mobility as compared to the new model.

B. Observed trend in RSR mobility

From fig. 5 two observations can be clearly made, first: 
smoother the surface (small m ) better is the RSR limited 

mobility. The reason for this behaviour is obvious. Secondly: 
Initially RSR mobility increases with increasing sheet density, 

sN , after reaching to an absolute maximum, mobility then 

starts declining. Possible reasons for this trend are explored 
below.

The scattering potential, which is in fact the difference in 
perturbed and unperturbed potentials ( )()( 0 zVzV

moxt  ), 

decreases with evolving sheet density, sN . Fig. 6 illustrates 

this fact graphically. Additionally, screening also contributes 
towards mobility enhancement. On the other hand, with 
increasing transverse field, the wavefunctions are more 
squeezed towards the interface and thus magnitude of the 
matrix element increases, consequently lowering the 
mobilities (see (6) or (15)). At the maximum (“breakeven 
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Fig. 6: Difference in the unperturbed and perturbed potentials are 
plotted for two different sheet concentrations. For strong inversion 
the difference in potentials )(zV drops sharply.

point”), observed in fig. 5, the two effects i.e. )(zV and the 

“squeezing wavefunctions” just balance each other. Beyond 
this point, a further increase in gate voltage favours the impact 
of squeezed wavefunctions and thus mobility starts dropping, 
similar to the trend observed in “normal” SR mobility.

It is appropriate here to comment on comparison made by 
Saito et al [17] for RSR mobility with the reported results of 
Gámiz et al [14]. In their conclusion, apparent “contradiction” 
is reported from the perspective of the effective field region, 
where the RSR scattering is more dominant. In simulations 
performed by Saito et al, impact of RSR scattering is strong in 
the high effective field region; while according to Gámiz 
model low effective field regime is important for RSR 
scattering. However, results presented here resolve the 
apparent “discrepancy” and conclusively show that RSR 
scattering mechanism is strong in both low and in high 
transverse field regimes.

III. CONCLUSION

Surface roughness scattering is the most prominent 
mechanism through which effective mobility of a MOSFET is 
degraded under strong bias. The source term responsible for 
the strongest impact on SR mobility is shown to be due to 
physical “steps” at the interface and the weakest source term 
is due to fluctuation in charge carrier densities. Closely 
related to “normal” SR scattering is the “remote” scattering of 
carriers due to the gate/insulator interface. Remote surface 
scattering (RSR) is significant in ultra-thin MOS structures. 
The existing RSR model presented by Gámiz et al is modified. 
It is shown that this modification to the model is necessary in 
order to observe the full impact of rms height amplitude of the 
roughness, m . In addition, the modified model includes the 

effects of first order variation in electron wavefunctions--an 
essential characteristic of surface roughness scattering. 
Results of RSR with evolving transverse field clearly shows 
that the original Gámiz model over estimates the RSR 
mobilities.
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