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Abstract— Long channel asymmetrically strained Ge narrow
width p-MOSFETs were fabricated from (100) biaxially strained
Ge (strain ∼ 2.5%) on insulator. Devices with widths of
0.425–15 μm were fabricated with <110> and <100> channel
directions. Reducing the mesa width caused mobility to increase
for <110> but decrease for <100> channel orientations. The
highest mobility was observed for 0.425-μm-wide mesas with
<110> channel direction with an enhancement of 45%–50%
relative to biaxially strained Ge at Ninv = 6 × 1012 cm−2 and a
record mobility of 955 cm2 /Vs at Ninv = 1013 cm−2 . Mesas up
to 2-μm wide were observed to have enhanced mobilities relative
to biaxial Ge, suggesting that even relatively wide mesas can be
affected by patterning-induced strain relaxation.
Index Terms— Strained-Ge, high-κ, metal gate, SiGe, mobility,
narrow width, asymmetric, heterostructure, thin-body, strain.

I. I NTRODUCTION

H

IGH mobility channel materials, such as Ge and III-Vs,
are being explored to improve the current drive for
continued performance scaling of CMOS transistors [1]–[3].
Strained-Ge (s-Ge) p-MOSFETs are of interest because of
their superior transport characteristics and compatibility with
Si technology [4], [5]. High hole mobilities have been demonstrated in combination with high-κ/metal gate technology for
Si-capped biaxially s-Ge [6]–[10]. Further improvements in
the mobility of s-Ge have been demonstrated through recently
fabricated uniaxially [11], [12] and asymmetrically [13] s-Ge
nanowires.
In this letter we demonstrate mobility enhancement from
the narrow width effect or lateral strain relaxation generated
from lithographic patterning of initially biaxial s-Ge with 2.5%
compressive strain. The lateral component of the biaxial strain
relaxes due to the free surfaces generated when patterning
narrow mesas resulting in asymmetric strain [13]–[19]. The
improvement of the mobility is analyzed as a function of mesa
width and channel direction. A record high hole mobility for
all p-type materials is demonstrated at Ninv = 1013 cm−2 .
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Fig. 1.
(a) Top-down schematic of s-Ge narrow width p-MOSFETs.
(b) XTEM of the channel of a nominally 500 nm wide device showing a
75 nm correction to the nominal mesa width. (c) High resolution XTEM
showing the channel heterostructure of 3.5 nm s-Si/10 nm s-Ge.

II. D EVICE D ESIGN AND FABRICATION
SGDOI (s-Ge directly on insulator) wafers were fabricated
using a bond and etch-back technique similar to [20] with
relaxed Si0.6 Ge0.4 as the donor virtual substrate. The resulting
magnitude of biaxial strain in the Ge layer is 2.5%. The
substrate consists of 5 nm s-Si/10 nm s-Ge on a 10 nm
HfO2 /440 nm SiO2 buried oxide layer. The (100) SGDOI
substrate was patterned using photolithography to form the
narrow width device structure in the <100> and <110>
orientations [Fig. 1(a)]; (110) wafers would yield higher
mobilities although our current materials technology is calibrated for (100). In-situ O3 pretreatment was performed prior
to the ALD deposition of 40Å HfO2 gate dielectric and a
WN gate. The source/drain implant was 5 keV, 2×1015 cm−2
boron. A 500 °C, 30 min. post-implant anneal activated
the dopants and a standard ILD, Al/Ti metallization process
followed. The XTEM of the device shows the actual mesa
width for a nominally W = 500 nm, <110> oriented mesa
[Fig. 1(b)]; XTEM was used to correct the mesa width. The
final thicknesses measured by XTEM are 3.5-nm s-Si/10-nm
s-Ge [Fig. 1(c)].
III. R ESULTS AND D ISCUSSION
The linear transfer characteristics [Fig. 2(a)] show an
increase in I D lin. for decreasing mesa width. The C-V
characteristics [Fig. 2(b)] show that the capacitance scales
fairly well with mesa area suggesting the mechanism for

0741-3106 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

310

Fig. 2.
Normalized (a) linear transfer and (b) C-V characteristics for
<110> oriented narrow width devices. The normalization was done using
Weff = W + 2Hmesa where W is the width based upon the XTEM and Hmesa
is the height of the mesa.
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Fig. 4. μeff vs. mesa width by split-CV method for <110> and <110>
channel orientations for Ninv = 6×1012 cm−2 . The μeff for biaxially strained
s-Ge is estimated for W = 15 μm using Qinv = q ∗ Cox ∗ (VGS − Vt ). The
error bar represents a +/ − 10% μeff error due to that estimate. Also shown
is the WNW = 49 nm trigate p-MOSFET in [13] to show the effect of further
lateral strain relaxation.

Fig. 3. Extracted μeff vs. Ninv for (a) <110> and (b) <110> oriented
devices for nominally W = 425 nm to ∼2 μm; Ninv was derived using Weff .
The general trend is the mobility increases for <110> and decreases for
<100> for decreasing mesa width.

enhanced I D lin. is mobility enhancement. The mobility was
extracted for mesas of various widths and channel orientations
using the split-CV method (Fig. 3). For the <110> orientation, mobility is observed to be increasing with decreasing width while the opposite trend is true for the <100>
direction. Devices in the <100> direction will have degraded
performance in asymmetrically or uniaxially strained Ge
p-MOSFETs [21], [22]. The discrepancy in the trends for different orientations is not only due to the transport direction, but
the impact of the direction of strain relaxation on the valence
band structure [21], [22]. For the <110> and <100> oriented
devices, strain relaxation occurs in the <110> and <100>
directions respectively. The combination of both of these
properties causes the mobility to diverge with increasing strain
relaxation as the mesa width decreases (Fig. 4). The increase in
mobility for the <110> direction can be observed all the way
to the narrow nanowire regime previously published in [13].
The smallest mesa with W = 425 nm has a 45-50% increase
in mobility relative to biaxial at Ninv = 6×1012 cm−2 . Even at
large widths, W ∼ 2 μm, there is a large discrepancy (∼20%)
in the mobility for the different channel directions. For mesas
with W = 15 μm, there was no mobility dependence upon
channel orientation indicating that the strain is biaxial. In order
to understand the mobility enhancement, strain simulations
were performed in COMSOL [23]. The lateral strain at the
center of the mesa for W = 400 nm and 2 μm was −2.25%
and −2.43% respectively for an initially −2.5% biaxiallystrained film. The strain is slightly asymmetric in the center of
the mesa. Based upon the magnitude of the strain asymmetry at
the center of the mesa and ref. 24, for a mesa with W = 2 μm

Fig. 5.
μeff vs. mesa width for <110> channel orientation at
Eeff = 0.375 MV/cm (this is the equivalent of Ninv = 1013 cm−2 for
the devices in this work). The narrow width devices are benchmarked against
previously reported high-κ/metal gate s-Si capped s-Ge devices at equivalent
Eeff [6]–[8], [10].

one would expect a 10% mobility increase. This prediction
is in-line with our observed mobility improvement because
additional strain relaxation occurs near the edge of the mesa.
The mobilities for the narrow width devices were also compared to literature values for high-κ/s-Si capped s-Ge (Fig. 5)
at Eeff ∼ 0.375 MV/cm – equivalent to Ninv = 1013 cm−2 for
the narrow width devices [6]–[8], [10]. The narrowest width
devices, W = 425 nm, have a mobility enhancement of ∼25%
relative to the highest biaxially s-Ge mobility reported to date
[8] due to the lateral strain relaxation.
IV. C ONCLUSION
In summary, mobility was extracted from long channel,
narrow width devices fabricated on biaxial SGDOI wafers.
The mobility showed orientation dependence due to both
the channel direction and strain relaxation. The <100> and
<110> oriented devices showed reduced and enhanced mobility with decreasing mesa width respectively. At Ninv =
6×1012 cm−2 , the narrowest <110> devices showed 45-50%
mobility improvement relative to biaxially s-Ge and a record
μeff = 955 cm2 /Vs at Eeff = 0.375 MV/cm (Ninv =
1013 cm−2 ) due to the asymmetric strain caused by the lateral
relaxation of the mesa.
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