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a b s t r a c t

In this work, the FinFET HKMG MOS devices are fabricated on silicon wafer with p-substrate. The inter-
face roughness between the SiGe and SiO2 is experimentally extracted and calculated as a function of root
mean square by analysis of high resolution transmission electron microscopy. The surface-roughness
dependent mobility model is then incorporated into device simulation to study the mobility of SiGe along
(110) and (100) orientations of the devices. We further analyze four devices with different surface
roughness along (100) and (100) orientations to demonstrate the influence of surface roughness on
the total effective mobility.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

MOS devices scaling is being continued and requires an ulti-
mate thin gate dielectric [1]. In such devices, high mobility alterna-
tive channels have been researched to continue on the high
performance roadmap, where highly scaled Si channel CMOS has
faced various limitations. SiGe, the high mobility channels, poten-
tially provide high injection velocity to achieve projected high per-
formance metrics [2].

Various mobility models of SiGe can reasonably fit the mea-
sured dependence of effective mobility on doping concentration
and bias in the inversion layer; however, for the FinFET HKMG
MOS devices, there are few mobility models that considering the
influence of surface roughness between the SiGe and SiO2. In this
work, we fabricate FinFETs on silicon wafer with p-substrate and
measure the interface roughness between the SiGe and SiO2 by
using high resolution transmission electron microscopy (HRTEM).
The influence of surface roughness is then modelled as the spatial
parameters of the surface, where the correlation length L and the
surface roughness D are calculated as a function of root mean
square. The surface-roughness dependent mobility model is incor-
porated into device simulation for SiGe along (110) and (100) ori-
entations of the devices. Four devices with different surface
roughness along (100) and (100) orientations are further designed
ll rights reserved.
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and simulated to show the influence of surface roughness on the
total effective mobility.
2. Experiment and extraction

We fabricate the HKMG bulk FinFET on a p-substrate, where the
advanced 193 nm immersion lithography and optimized etching
processes are utilized for SiGe fin and STI formation [3,4]. The
photo resistance layer is removed by HBrO2 plasma, the silicon
nitride is then etched by CF4 + CH2F2 and silicon is etched by
HBrCl2 + He–O2. SiGe is deposited by atomic layer deposition;
2-nm chemical oxide and 3-nm HfO3 film are deposited by chemical
vapor deposition. Finally, we use sputter to form an 8-nm-thick TiN
film [5]. To get the two different kinds of surface roughness, the two
clean processes are proposed in this experiment; the SAMPLE A is
used by HF 100:1 40 s, and NH4OH 150 s + HF 100:1 40 s clean
treatment is used on the SAMPLE B. The HRTEM photos of the
fabricated SAMPLE A and the SAMPLE B are shown in Figs. 1 and 2.

The spatial parameters of the surface, the correlation length L
and the surface roughness D are then calculated [6]. The calculated
root mean square surface nano-roughness of the SAMPLE A is
3.37 Å on (110) and 3.04 Å on (100). Their maximum is 6.15 Å
and 4.05 Å, respectively. However, the result of the SAMPLE B is
1.59 Å on (110) and 2.11 Å on (100). Their maximum is 2.58 Å
and 3.38 Å, respectively, as shown in Table 1. Thus, we further de-
sign four different devices with different surface roughness accord-
ing to the results of the SAMPLE A and SAMPLE B for the device
simulation. The simulation device 1 is with the same D and L as
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Fig. 1. The HRTEM of the Sample A with the HF 40 s clean treatment on the
interface between SiGe and SiO2 film. The calculated root mean square surface
nano-roughness is 3.37 Å on (110) and 3.04 Å on (100). Their maximum is 6.15 Å
and 4.05 Å, respectively.
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Fig. 2. The HRTEM of the Sample B with the HF 30 s and NH4OH 150 s clean
treatment on the interface between SiGe and SiO2 film. The calculated root mean
square surface nano-roughness is 1.59 Å on (110) and 2.11 Å on (100). Their
maximum is 2.58 Å and 3.38 Å, respectively.

Table 1
Surface roughness delta and correlation length of the Sample A and the Sample B. The
simulation device 1 is with the same D and L as the Sample A. The simulation device 4
is with the same D and L as the Sample A. The simulation device 2 is with the same D
and L as the Sample A on (100) and as the Sample B on (110). The simulation device 3
is with the same D and L as the Sample B on (1 00) and as the Sample A on (110).

Surface orientation (100) (110)

Sample
D (Å) L (Å) D (Å) L (Å)

A 3.04 10.80 3.37 11.10
B 2.11 10.76 1.59 10.76

Simulated
Device 1 A A
Device 2 A A
Device 3 B B
Device 4 B B

Table 2
The used mobility model parameters.

Parameter Electrons Holes Units

B 3.61E + 07 1.51E + 07 cm/s
C 1.70E + 04 4.18E + 03 cm5/3/(sV2/3)
s 0.0233 0.0119 1
j 1.7 0.9 1
d 3.58E + 18 4.10E + 15 V/s
A 2.58 2.18 1
a 6.85E-21 7.82E-21 1
m 0.0767 0.123 1
g 5.82E + 30 2.05E + 30 V2/(cm⁄s)
j 1.7 0.9 1
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the SAMPLE A. The simulation device 4 is with the same D and L as
the SAMPLE B. The simulation device 2 is with the same D and L as
the SAMPLE A on (100) and as the SAMPLE B on (110). The simu-
lation device 3 is with the same D and L as the SAMPLE B on (100)
and as the SAMPLE A on (110).

3. Results and discussion

To evaluate the carrier’s mobility, we use the Mathiessen’s rule
that approximates the total mobility [7,8], at low longitudinal field
as the sum of three terms, as expressed in Eq. (1)
1
ltotal

¼ 1
lph
þ 1

lco
þ 1

lsr
; ð1Þ

where the lph is the phonon limited mobility, the lco is the Cou-
lomb limited mobility, and the lsr is the surface limited mobility.
For the devices at the high field, for example, Eeff > 0.8 MV/cm, the
surface roughness mobility decreases with increasing the surface
roughness. The mobility contribution attributed to surface rough-
ness scattering is given by Eq. (2), where F is the transverse electric
field normal to SiGe–SiO2 interface and the Fref is a reference field
[9–11]. Table 2 lists the parameters used in the device simulation.

lsr ¼
ðF?=FrefÞA

�

d
þ F3

?
g

" #�1

: ð2Þ

At low temperature and high normal electric field, the surface
roughness scattering is known to strongly degrade the surface
mobility, and it is also strongly dependent on the detail of technol-
ogy, as Eq. (3), where the d is a constant that depends on the details
of the fabrication technology, such as the oxide growth conditions,
the crystal orientation, and so on; therefore, we can correct the
parameter by the extracted surface roughness, as Eq. (4) in the de-
vice simulation.

lsrðE?Þ ¼
d

E2
?
: ð3Þ

d / ðD � LÞ�2
: ð4Þ

As shown in Fig. 3, the plot of the total mobility ltotal vs. Eeff is the
simulation results on the SiGe channel. The total mobility is de-
creased when the strength of applied electric field is increased.
The total mobility the along (100) orientation is higher than that
of (100) orientation, but the degradation of mobility versus the
strength of applied electric field along (100) orientation is larger
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Fig. 4. The simulation results of the electron mobility vs. d on SiGe. Red spot line is
(100) and blue spot line is (110).
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Fig. 5. The normalized ltotal with respect to the ltotal of the simulation device 4. The
simulation device 2’s ltotal is comparable with to the mobility of the simulation
device 4. The mobility of the simulation device 1 and the simulation device 3 is
dropped due to their large surface roughness.
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Fig. 3. The simulation results of the electron mobility vs. Eeff on SiGe. Red spot line
is (100) and blue spot line is (110).
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than that of (110) orientation. The red spot line is the (100) orien-
tation and the blue spot line is the (110) orientation. Fig. 4 shows
the simulation result of the surface limited mobility vs. the d, de-
fined in Eq. (4), on the SiGe channel, where the red spot line is
(100) and the blue spot line is (110). When the d approaches to
zero, the device has largest surface roughness thus the device has
the lowest lsr. When the d increases (i.e., the surface roughness is
reduced), the device attains its largest lsr. for (110) and (100)
orientations. Notably, the mobility along (110) orientation has
93–67% degradations, as marked in Fig. 4, to (100) orientation
when the d increases. Fig. 5 indicates the simulated result of the
electron mobility. The results of the designed four devices indicate
the simulation device 2 and the simulation device 4 have higher
mobility than those of the simulation device 1 and the simulation
device 3 due to the surface roughness on (110) dominates the car-
rier’s transport. Notably, the silicon fin height along the orientation
of (110) is the major weight of the device’s effective width.
4. Conclusions

In this study, we have extracted SiGe/SiO2 interface roughness
along different orientations and modeled the corresponding mobil-
ity of the HKMG bulk FinFETs. The parameters of the surface rough-
ness mobility model have been incorporated into device
simulation. The influence of surface roughness on the total effec-
tive mobility has been demonstrated and the surface roughness
along the SiGe surface (110) limits the total effective mobility.
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