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Abstract—The appropriate external stress can enhance a device
and circuit performance. The 7.4% speed enhancement is achieved
for the 250-nm node ring oscillator under uniaxial tensile strain for
a mutually perpendicular layout of the NFET and the PFET. The
speed enhancement is less than 1.5% for the conventional parallel
layout of the NFET and the PFET. A 180-nm node transimpedance
amplifier has a ∼ 5% bandwidth enhancement using a biaxial ten-
sile strain or a uniaxial tensile strain parallel to the NFET channel
to tune the peaking frequency of active inductor in the circuit.
The package strain can provide an extra useful parameter for the
future digital and analog circuit design.

Index Terms—Layout direction, mechanical strain, package
strain, ring oscillator, strain, transimpedance amplifier (TIA).

I. INTRODUCTION

THE SCALING down of the MOSFET increases the cir-
cuit performance rapidly in the last decade. The circuit

performance from one generation to another not only needs
complicate-process improvement, but also requires the new
design of circuitry to fully take advantage of the new processing
technologies. The strained Si is the production technology to
enhance the device speed. The process strain obtained by the
silicon nitride cap, silicide, and SiGe source/drain is now used
in the production of a 90-nm node for CPU products [1]–[3].
The process strain providing the uniaxial strain has the advan-
tage of simplicity and low cost. However, the process strain
only can be applied in small devices, and the strain advantage
diminishes in the large devices such as a 180 or a 250-nm node.
The strain introduced in the process is much smaller (approx-
imately one third) as compared to the substrate strain [4], [5],
which is induced by the SiGe buffer layers underneath the sili-
con circuitry. The substrate strain provides a large biaxial strain
but suffers the thermal budget, threading defects, and the high
cost. It is still a long way to go for the substrate strain to be used
in the production. Alternatively, the strain on the Si channel can
be induced by bending the Si wafer directly (mechanical strain)
[6] or bending a package substrate with Si chip glued firmly on
its surface (package strain) [7], [8]. Both substrate strain from
the misfit and mechanical/package strain produce the global
strain that imposes the similar strain condition on the NFET and
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the PFET. The enhanced device performance is achieved on the
MOSFET devices under the mechanical/package strain [7], [8].
The package strain is also found to have no inferior effect on the
Al/oxide and Cu/low-k interconnects in our experiments. Note
that the process strain can provide the uniaxial strain, while the
substrate strain gives the biaxial strain. However, the package
strain has the flexibility to give uniaxial strain or biaxial strain
to the circuitry depending on the stress mechanism. The speed
enhancement of ring oscillator is 10%–20% under the biaxial
tensile strain induced by the SiGe buffer layer [5], and 5%–10%
under the process strain [3]. The strain level of the substrate
strain is larger than the package strain, but the circuit perfor-
mance cannot be optimized from the substrate strain. The pack-
age strain can be applied after the process and further enhance
the circuit performance after the circuit fabrication. The pack-
age strain can also be applied on the substrate strain or process-
strain devices and provides the extra performance enhancement
[8]. The low-cost, flexibility, and modular properties make the
package strain attractive for future production. The review of
mobility enhancement technologies can be found in [9].

In this paper, the optimal layout of the CMOS is reported
to increase the ring oscillator speed under the package strain.
The transimpedance amplifier (TIA) is also designed to have a
bandwidth enhancement under the package strain by tuning the
inductive peaking frequency of an active inductor.

II. EXPERIMENT

A 43-stage ring oscillator with an Al interconnect is fabri-
cated using a conventional 250-nm process with fT ∼ 35 GHz.
A TIA is also fabricated using a 180-nm process with fT ∼
50 GHz. Fig. 1 shows the schematic diagram of the setup to
provide the package strain. The die (∼ 1 mm2) of the test
circuit is tightly glued on the Si wafer/strip as the package sub-
strate. The mechanical stress is applied to the package substrate,
and the chip die is stressed via the glue between the chip and
the package substrate. The glue must be properly selected to
bond the chip and the package substrate tightly, and allow the
stress to propagate into the chips from the package substrate.
The bad glue degrades the strain level of the chip die. The
uniform mechanical displacement at the centerline is applied
on the Si strip to introduce the uniaxial strain (Fig. 1). For the
biaxial strain, the die is also glued on the center of a 100-mm
diameter Si wafer with a mechanical displacement at the center
(Fig. 1). Note that to apply a compressive strain, the chip has to
be located near the center on the same side of the mechanical
displacement (Fig. 1).
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Fig. 1. Schematic diagram of the externally applied biaxial and uniaxial
package strain. The glue between devices and package substrates is selected
to allow the stress to propagate into the chips from the package substrate.

Fig. 2. Strain measured by Raman spectra, strain gauge and simulated by
finite element analysis tool (ANSYS). There is a good agreement between the
simulation and the measurement.

The strain at a different mechanical displacement can be
obtained from the Raman spectra of bended Si substrates [10].
The strain gauge [11] and the finite element simulation by
ANSYS are also used to investigate the strain on the package
substrate. There is a good agreement between the simulation
and the measurement for the biaxial tensile strain generated by
the central displacement (Fig. 2). Then, other strain conditions
in this paper are analyzed by the ANSYS simulation. The
relationships between the percentage notation of the strain level
and the actual value of strain are also shown in Fig. 2 [12].

To avoid the measurement error caused by the process vari-
ation, the strain effect is measured on the same chip with and
without the strain application. The external strain is also small
enough (≤ 0.065% in our experimental setup) to avoid the
possible damage. The electrical characteristics after removing
the strain have no change to ensure no damage of the devices.

Fig. 3. Output characteristics of a 250-nm node NFET under the biaxial strain.

III. MOSFET DEVICE

The mobility change of a single MOSFET device under the
package strain was reported previously [7], [8], [13]. The elec-
tron mobility of the NFET can be enhanced by the biaxial ten-
sile strain. The output characteristics of a 250-nm node NFET
device under a 0.06% biaxial package strain are also shown in
Fig. 3. The drive current of the NFET is enhanced/decreased
under the biaxial tensile/compressive package strain. Therefore,
the biaxial tensile strain induced by the SiGe buffer layer
(substrate strain) is the effective way to enhance the electron
mobility of the NFET. However, the biaxial compressive strain
has nearly no effect on the hole mobility of the PFET at a high
vertical electric field. The width mismatch on the PFET and
the NFET increases under substrate strain. The uniaxial strain
is proved to have enhancements on both electron mobility of
the NFET and hole mobility of the PFET [1]. The significant
improvement of the hole mobility under the uniaxial strain at
a high vertical electric field is due to the separation between
the light hole and heavy hole bands. The strength and direction
of the uniaxial strain can be tuned in the process flow to have
both the mobility enhancements on the NFET and the PFET [1].
Table I shows the current enhancement of the single NFET and
PFET device biased at the saturation region under the 0.06%
package strain. The widths of the NFET and the PFET are
4 and 10 µm, respectively. The biaxial strain has nearly no
effect on the hole mobility of the PFET, similar to [8] and [13].
For the NFET, the uniaxial tensile strain parallel to the channel
and biaxial tensile strain can give a significant improvement.
For the PFET, both the uniaxial compressive strain parallel to
the channel and the uniaxial tensile strain perpendicular to the
channel give reasonable enhancement.

IV. RING OSCILLATOR

Two kinds of inverter cell layout, 1) p-channel perpendicular
to n-channel (perpendicular layout) and 2) p-channel parallel
to n-channel (parallel layout), are studied. The widths of the
NFET and the PFET are 4 and 10 µm, respectively, for each
stage and the output buffer of the ring oscillator. The gate
length is 240 nm. The output waveform was measured by a
TDS3052 oscilloscope. The oscillation frequency of the 43-
stage ring oscillator biased at Vdd = 2.5 V is ∼ 270 MHz for
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TABLE I
CHANGE OF SATURATION CURRENT FOR THE 250-nm NODE MOSFET DEVICES. THERE IS AN ENHANCEMENT UNDER THE

TENSILE STRAIN FOR THE NFET. UNDER THE UNIAXIAL COMPRESSIVE STRAIN PARALLEL TO CHANNEL AND THE

UNIAXIAL TENSILE STRAIN PERPENDICULAR TO CHANNEL, THE PFET IS ENHANCED

Fig. 4. Measured speed enhancement of the 250-nm node ring oscillator with
the perpendicular channel layout under various package strains.

both the perpendicular and parallel layout. Fig. 4 shows the
measured speed enhancement of the ring oscillator with the
perpendicular layout under various package strain conditions.
The speed enhancement is found to be ∼ 7.4% under a 0.065%
uniaxial tensile strain with the direction parallel to NFET
channel and perpendicular to PFET channel. The significant
speed enhancement under uniaxial tensile strain parallel to the
NFET channel and perpendicular to the PFET channel in the
perpendicular layout is due to the large current enhancement for
both the NFET and the PFET (Table I). The speed enhancement
of the ring oscillator with the parallel layout under various
package strain conditions is less than 1.5% (Fig. 5), since no
simultaneous significant enhancement of the NFET and the
PFET can be obtained in the parallel layout (Table I). As a
result, the perpendicular layout is the most effective to enhance
the speed of the circuit.

The simulated and measured single-stage delay time of the
perpendicular layout circuit at a different voltage supply is
shown in Fig. 6. The speed enhancement is nearly independent
to the supply voltage. The simulation using the enhanced drive
current of each device agrees very well with the experimental
data. This result indicates that the package strain can be applied
at any bias conditions and is adequate to digital applications, if
the layout is properly considered (perpendicular layout).

Fig. 5. Measured speed enhancement of the 250-nm node ring oscillator with
the parallel channel layout under various package strains. The enhancement is
relatively small as compared to perpendicular channel layout due to less current
improvement or current degradation of the NFET or the PFET.

Fig. 6. Simulated and measured single-stage delay time of the perpendicular
layout ring oscillator under different voltage supply. The speed enhancement is
nearly independent to the voltage supply.

The devices with a 90-nm process was also fabricated and
tested under the package strain. The traditional parallel layout
ring oscillator under the biaxial tensile strain has a 2.3% speed
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Fig. 7. Circuit diagram of the 180-nm node TIA. The active-inductor stage
can be simplified as a series of resistor Rai and inductor Lai.

enhancement. However, we have no perpendicular layout ring
oscillator with a 90-nm process. For 250-nm devices, the pack-
age strain has the advantage to increase the speed of an IC with
a 250-nm node without any process modification.

Note that the extra area of the perpendicular layout in CMOS
circuit can be minimized by combining two inverters.

V. TRANSIMPEDANCE AMPLIFIER (TIA)

The TIA is a basic analog component widely used in optical-
communication circuit, which consists of a photodiode, a TIA,
a limiting amplifier (LA), a clock and data recovery, and a
digital base band. The main propose of a TIA circuit is to
transfer a photocurrent signal from a photodiode into a voltage
signal, and an LA amplifies this small voltage signal to the
large signal with a square-wave-like waveform. The bandwidth
of the whole optical-communication circuit is usually limited
by the TIA bandwidth and photodiode capacitance. The TIA
circuit design to have a large bandwidth and to minimize the
effect of the photodiode capacitance is crucial for the optical-
communication circuit.

A TIA [14], [15] circuit (Fig. 7) is fabricated with the
bandwidth ∼ 3.4 GHz. There are four stages in our TIA circuit
(Fig. 7). The bandwidth of the TIA circuit is enhanced by the
active-inductor load. The current change of each transistor is
dependent on the NFET, the PFET, the direction of the external
stress, and the layout of the transistor. The TIA circuit should be
carefully designed to respond the effect of the external package
strain. Therefore, the bandwidth of our TIA circuit under the
package strain is dependent on the NFET of active-inductor
stage only. The detailed circuit design of the TIA is described
as follows.

As shown in Fig. 7, a regulated-cascode stage is used as
the input stage to minimize the input resistance. Since the
capacitance of photodiode at input node X is usually much
larger than the capacitance of the transistors, the primary effort
is to minimize the input resistance of the transistor at node X .
The bandwidth of the input stage is dominated by the pole to
the input node X , with the pole frequency [16]–[18]

ωX ≈ Cin

gm2 (1 + gm1R1)
(1)

where gm is the transconductance. Cin is the capacitance of the
photodiode, which is in the range of 0.1–1 pF, and the parasitic
capacitance of the transistor M1, and M2 can be neglected.
The regulated-cascode stage is an extension of the common-
gate stage, but further reduces the input resistance by a factor
of (1 + gm1R1) and enhances the bandwidth of the input stage
accordingly.

The gain stage is a simple common-source stage. The band-
width of this stage is dominant by the pole to the node Y , and
the pole frequency can be written as [16], [17]

ωY ≈ [R3(Cgd4 + Cgd5 + Cgs6)]−1 (2)

where Cgs and Cgd are the gate-source and gate-drain capaci-
tance, respectively. The package strain presumably has a small
effect on the poly-Si resistor [19]. In our experimental setup,
the externally package strain is less than 0.065%, thus the area
change of the capacitance is less than 0.13%, insignificant to
the pole frequency. Therefore, the pole frequency to node Y
and the bandwidth of the gain stage have no change under the
package strain.

The output stage is a simple common-source stage with
50 Ω loading resistor and has a very large bandwidth, which can
be neglected in considering the bandwidth change of the TIA
circuit under the package strain.

The active-inductor stage is a common-source stage with the
NFET active inductor, and has a nearly unity gain at low fre-
quency. The active-inductor stage can be simplified as a series
of resistor Rai and inductor Lai on Z (Fig. 7)

Rai ≈
1

gm7gm9ro7
(3)

Lai ≈
Cgs9

gm7gm9
. (4)

Its transfer function is [20]

VZ

VY
≈ − gm6Rai

ωn

2ζ

s + 2ζωn

s2 + 2ζωns + ω2
n

(5)

ωn ≈ 1√
Lai(Cgd6 + Cgs10)

(6)

ζ ≈ Rai

2

√
Cgd6 + Cgs10

Lai
(7)

where ro7 is the output resistance of M7, and ζ is the damping
factor. The damping factor is ∼ 0.5 in our circuit. The large
damping factor would cause the unstable oscillation of the
circuit. The inductive peaking frequency (ωLpk) can be derived
from [20]

ωLpk =
(√√

1 + 8ζ2 − 4ζ2

)
ωn, ζ <

1√
2
. (8)

The capacitance of each transistor presumably has no change
under external package strain [19]. Since the percentage decre-
ment of ro is almost the same as the percentage enhancement
of gm, the gm7ro7 is almost constant the under biaxial tensile
strain in (3). Therefore, the ωn is proportional to

√
gm7gm9,
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Fig. 8. Measured bandwidth enhancement of the 180-nm node TIA under the
biaxial tensile strain.

TABLE II
BANDWIDTH ENHANCEMENT OF THE TIA CIRCUIT WITH A 180-nm NODE

CMOS PROCESS UNDER VARIOUS PACKAGE STRAIN CONDITIONS

the ζ is proportional to (
√

gm9)−1, and the prefactor of (8)
increases as ζ decreases. The enhancement of gm7 and gm9

cause the ωLpk increases. The enhanced transconductance of
the NFET can be obtained under biaxial tensile strain and
uniaxial tensile strain parallel to the NFET channel. Then, the
inductive peaking frequency ωLpk increases accordingly.

Therefore, the bandwidth of the TIA circuit is determined
by the peaking frequency of the active inductor, since the input
stage is designed to have ∼ 3× bandwidth of gain stage, and the
bandwidth of gain stage is independent of the package strain.
There is ∼ 5% bandwidth enhancement of the TIA circuit
under a 0.06% biaxial tensile strain in the frequency response
(Fig. 8). Table II gives the bandwidth enhancement of TIA
circuit under various package strain conditions. There is also
a ∼ 5% bandwidth enhancement of TIA circuit under uniaxial
tensile strain parallel to the NFET channel. The uniaxial tensile
strain perpendicular to the NFET channel has the minimum
enhancement, consistent with simulation results.

VI. CONCLUSION

The interaction between the circuit design and the package
strain is studied. It is demonstrated for the first time that there is
a 7.4% speed enhancement of the ring oscillator with the PFET
channel perpendicular to the NFET channel under the uniaxial
tensile strain parallel to the NFET channel. There is also a ∼ 5%
bandwidth enhancement of the TIA circuit using the biaxial
tensile strain and the uniaxial tensile strain parallel to the NFET
channel. The optimal layout for a digital circuits and only
the NFET design for analog circuits are demonstrated. These

design techniques with package strain give the low cost and the
reasonable performance enhancement on both digital and ana-
log circuitry, suggesting a new trend for future circuit design.
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