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An analytical threshold voltage model
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Based on the analysis of vertical electric potential distribution across the dual-channel strained p-type Si/strained

Si1−xGex/relaxd Si1−yGey(s-Si/s-SiGe/Si1−yGey) metal–oxide–semiconductor field-effect transistor (PMOSFET), an-

alytical expressions of the threshold voltages for buried channel and surface channel are presented. And the maximum

allowed thickness of s-Si is given, which can ensure that the strong inversion appears earlier in the buried channel

(compressive strained SiGe) than in the surface channel (tensile strained Si), because the hole mobility in the buried

channel is higher than that in the surface channel. Thus they offer a good accuracy as compared with the results of

device simulator ISE. With this model, the variations of threshold voltage and maximum allowed thickness of s-Si with

design parameters can be predicted, such as Ge fraction, layer thickness, and doping concentration. This model can

serve as a useful tool for p-channel s-Si/s-SiGe/Si1−yGey metal–oxide–semiconductor field-effect transistor (MOSFET)

designs.
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1. Introduction

With the improvement of the integration of in-
tegrated circuit (IC), and the devices being scaled
down to nano scale, IC performance is approaching the
physics limits. New technologies should be used to im-
prove performances of the devices. Strain engineering
has played an essential part of complementary metal-
oxide semiconductor (CMOS) device design from the
90 nm technology node, for it offers device designers
the ability to enhance carrier mobility and modify the
band gap. Recently, researches about this strain engi-
neering were reported in Refs. [1]–[8].

For metal–oxide–semiconductor field-effect tran-
sistor (MOSFET), threshold voltage is one of most
important parameters. Its value directly affects the
AC and the DC characteristics, subthreshold effect,
and so on. In this paper, by analysing the distribu-
tion of electric potential across the device structure,
the model of threshold voltage is established. And
the maximum s-Si layer thickness is modeled for the
buried channel inversion layer forming easier.

2. Device structure

While biaxially tensile strain significantly en-
hances electron mobility[5,6] and is used for advanced
n-channel metal–oxide–emiconductor (NMOS) device,
it does not offer a similar enhancement in hole
mobility[7,8] for p-channel metal–oxide–semiconductor
(PMOS) device. On the other hand, compres-
sive strain in the channel enhances the hole mobil-
ity. As a result, a dual-channel CMOS device was
proposed,[9−12] of which the schematic cross section
of the structure shown in Fig. 1. A compressively
strained Si1−xGex (s-SiGe) layer and a tensile strained
Si (s-Si) layer are subsequently grown on a relaxed
Si1−yGey (x > y) substrate. The energy band struc-
ture as shown in Fig. 1, has large valence band offsets
at the s-Si/s-SiGe and s-SiGe/Si1−yGey interfaces and
a large conduction band offset at the s-Si/s-SiGe inter-
face. This band structure can offer a higher hole mo-
bility in buried PMOSFET and a higher electron mo-
bility in n-channel metal–oxide–semiconductor field-
effect transistor (NMOSFET) on a single substrate.
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Fig. 1. Cross section of the dual-channel dual-strained

PMOSFET.

The cross section of the MOSFET structure is
shown in Fig. 1. In the analysis it is assumed
that the tensile strained silicon layer, the com-
pressively strained Si1−xGex film and the relaxed
Si1−yGey buffer are undoped, and their thicknesses

are ts-Si, ts-SiGe, tbuff respectively. The doping concen-
tration NB in the n-type substrate is uniform. Ge
fraction in the SiGe layer is constant.

3. Vertical electric potential dis-

tribution

The threshold voltage is related to the electric po-
tential distribution on each layer in the vertical direc-
tion to the channel, which can be derived from Pois-
son’s equation.

3.1.Relaxed Si1−yGey depletion region

In the depletion region in the relaxed Si1−yGey

substrate, the Poisson’s equation becomes:

d2Φ1(x)
dx2

= −qNB

εy
, (tox + ts-Si + ts-SiGe + tbuff ≤ x < tox + ts-Si + ts-SiGe + tbuff + td), (1)

where Φ1(x) is the electric potential, and εy is the permittivity of the relaxed Si1−yGey substrate. The boundary
condition is expressed as

E1(tox + ts-Si + ts-SiGe + tbuff + td) = − dΦ1(x)
dx

∣∣
x=tox+ts-Si+ts-SiGe+tbuff+td = 0, (2)

where E1(x) is the electric field.
Performing the integration of Eq. (1), the electric field in this layer can be expressed as

E1(x) =
qNB

εy
(x− tox − ts-Si − ts-SiGe − tbuff − td),

(tox + ts-Si + ts-SiGe + tbuff ≤ x < tox + ts-Si + ts-SiGe + tbuff + td).

(3)

Usually, potential is set to be zero at the substrate, thus Φ1(tox + ts-Si + ts-SiGe + tbuff + td) = Φsub = 0. So,
Φ1(x) can be expressed as

Φ1(x) = −qNB

2εy
(x− tox − ts-Si − ts-SiGe − tbuff − td)2 + Φ1(tox + ts-Si + ts-SiGe + tbuff + td)

= −qNB

2εy
(x− tox − ts-Si − ts-SiGe − tbuff − td)2,

(tox + ts-Si + ts-SiGe + tbuff ≤ x < tox + ts-Si + ts-SiGe + tbuff + td). (4)

3.2.Relaxed Si1−yGey buffer

It is also assumed that this layer is fully depleted. Under the depletion approximation condition, Poisson’s
equation can be expressed as

d2Φ2(x)
dx2

= 0, (tox + ts-Si + ts-SiGe ≤ x < tox + ts-Si + ts-SiGe + tbuff), (5)

where Φ2(x) is the electric potential in this relaxed Si1−yGey buffer layer. According to the continuity of electric
displacement, there is E2(tox + ts-Si + ts-SiGe + tbuff) = E1(tox + ts-Si + ts-SiGe + tbuff). Using this boundary
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condition, the electric field E2(x) is obtained as

E2(x) = − dΦ2(x)
dx

= −qNB

εy
td. (6)

Base on electric potential continuity shown in the following equation:

Φ2(tox + ts-Si + ts-SiGe + tbuff) = Φ1(tox + ts-Si + ts-SiGe + tbuff) = −qNB

2εy
t2d, (7)

the integration of Eq. (5) can be calculated, leading to the following equation:

Φ2(x) = −qNB

2εy
t2d +

qNBtd
εy

(x− tox − ts-Si − ts-SiGe − tbuff),

(tox + ts-Si + ts-SiGe ≤ x < tox + ts-Si + ts-SiGe + tbuff). (8)

3.3. Strained Si1−xGex layer

Poisson’s equation in this region can be written as

d2Φ3(x)
dx2

= −ρx(x)
εx

, (tox + ts-Si ≤ x < tox + ts-Si + ts-SiGe), (9)

where Φ3(x) is the electric potential, εx is the permittivity, and ρx(x) is the charge density.
Supposing that ρx(x) = 0 when |Φ3(x)| ≤ |ΦTH|, and ρx(x) = qNB exp { − q[ΦTH − Φ3(x)]/kT} when

|Φ3(x)| > |ΦTH|, where ΦTH is the electric potential when the inversion layer just emerges in the buried channel.
According to the continuity conditions of displacement and electric potential along the interface, there exist
εxE3(tox + ts-Si + ts-SiGe) = εyE2(tox + ts-Si + ts-SiGe), and Φ3(tox + ts-Si + ts-SiGe) = Φ2(tox + ts-Si + ts-SiGe),
hence

E3(tox + ts-Si + ts-SiGe) = E3,0 = −qNB

εx
td, (10)

Φ3(tox + ts-Si + ts-SiGe) = Φ3,0 = −qNBtd
2εy

(td + 2tbuff). (11)

When |Φ3(x)| ≤ |ΦTH|, using these boundary conditions to calculate the integration of equation (9) yields

E3,H(x) = −qNB

εx
td, (12)

Φ3,H(x) = Φ3,0 +
qNBtd

εx
(x− tox − ts-Si − ts-SiGe), (tox + ts-Si ≤ x < tox + ts-Si + ts-SiGe), (13)

where Φ3,H(x) is the electric potential, and E3,H(x) is the electric field.
When |Φ3(x)| > |ΦTH|, using the boundary conditions (10) and (11) to calculate the integration of equation

(9) gives

E2
3,S(x)− E2

3,0 =
2NBkT

εx

[
exp

(
ΦTH − Φ3,S(x)

kT/q

)
− exp

(
ΦTH − Φ3,0

kT/q

)]
. (14)

Solving Eqs. (14), Eq. (15) can be obtained as

E3,S(x) = −qNBtd
εx

√
1 + H(Φ3). (15)

Here

H(Φ3) =
2εxNBkT

(qNBtd)2

[
exp

(
ΦTH − Φ3,S(x)

kT/q

)
− exp

(
ΦTH − Φ3,0

kT/q

)]
, (16)

Φ3,S(x) is the electric potential, and E3,S(x) is the electric field.
At the interface between strained Si1−xGex and strained Si, there exists

EB = E3,S(tox + ts-Si) = −qNBtd
εx

√
1 + H(ΦB), (17)

where ΦB = Φ3,S(tox + ts-Si).
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3.4. Strained Si layer

Poisson’s equation in this region can be written as

d2Φ4(x)
dx2

= 0, (tox ≤ x < tox + ts-Si). (18)

This equation is solved in the following two cases.
1) When |Φ3(x)| ≤ |ΦTH|, according to the continuity conditions of displacement and electric potential along

the interface, there exist εs-SiE4,H(tox + ts-Si) = εxE3,H(tox + ts-Si+) and Φ4,H(tox + ts-Si) = Φ3,H(tox + ts-Si).
Calculate the integration of Eq. (18), then we will obtain

E4,H(x) = −qNB

εs-Si
td, (19)

Φ4,H(x) = Φ3,H(tox + ts-Si) +
qNBtd
εs-Si

(x− tox − ts-Si). (20)

2) When |Φ3(x)| > |ΦTH|, the boundary conditions are Φ4,S(tox + ts-Si) = ΦB and E4,S(tox + ts-Si) =
(εx/εs-Si)EB = −(qNBtd/εs-Si)

√
1 + H(ΦB). Using the method above, Eqs. (21) and (22) can be obtained as

E4,S(x) = − dΦ4(x)
dx

= −qNBtd
εs-Si

√
1 + H(ΦB), (21)

Φ4,S(x) = ΦB +
qNBtd
εs-Si

(x− tox − ts-Si)
√

1 + H(ΦB). (22)

3.5.Gate oxide layer

In the ideal case, the fixed change destiny is zero. Thus Poisson equation can be written as

d2Φ5(x)
dx2

= 0, (0 ≤ x < tox). (23)

When |Φ3(x)| ≤ |ΦTH|, using the method mention above, the electric field and electric potential can be
obtained as

E5,H(x) = −qNB

εox
td, (24)

Φ5,H(x) = Φ3,H(ts-Si + tox)− qNBtd
εs-Si

ts-Si +
qNBtd

εox
(x− tox). (25)

In the case of |Φ3(x)| > |ΦTH|, the boundary condition is E5,S(tox) = (εs-Si/εox)E4,S(tox) = −(qNBtd/εox)
×

√
1 + H(ΦB), as a result, we obtain

E5,S(x) = −qNBtd
εox

√
1 + H(ΦB), (26)

Φ5,S(x) = ΦB − qNBtd
εs-Si

(ts-Si)
√

1 + H(ΦB) +
qNBtd

εox

√
1 + H(ΦB)(x− tox). (27)

4. Threshold voltage model

From Eqs. (25) and (27), the electric potential at
the interface between s-Si/SiO2: Φ5,H(0) and Φ5,S(0)
can be figured out respectively. Hence, the gate volt-
age can be expressed as

VG = VFB + Φ5,H(0)

and

VG = VFB + Φ5,S(0), (28)

117309-4



Chin. Phys. B Vol. 19, No. 11 (2010) 117309

where VFB = (1/q) [Φm − (χs-Si + Eg,s-Si/2)] −
(kT/q) ln(NB/ni,y)−Qox/Cox is the flat band voltage,
with Φm being the work function of the metal gate,
χs-Si the electron affinity of s-Si, ni,y the intrinsic car-
rier concentration of the Si1−yGey substrate, Qox and
Cox the oxide charges and capacitance respectively.

Let VTH represent the gate voltage when the s-
SiGe buried channel just enters into the inversion re-
gion, and let VTS denote the gate voltage when the
s-Si surface channel just enters into the inversion re-
gion. Considering the fact that the hole mobility in
the buried channel is higher than that in the surface
channel, we should design VTH and VTS such that they
satisfy |VTH| < |VTS|.

When strong inversion occurs in the s-SiGe buried
channel first, the electric potential should satisfy the
following equation:

Φ3,H(tox+ts-Si)

= ΦTH

= −2kT

q
ln

NB

ni,y
+

∆Ev1

q
, (29)

where ∆Ev1 is the valence offset between the s-SiGe
buried channel and the Si1−yGey substrate. Substi-
tuting Eq. (29) into Eq. (13) yields

td,max

= −tbuff − εy

εx
ts-SiGe

+

√(
tbuff +

εy

εx
ts-SiGe

)2

− 2εy

qNB
ΦTH. (30)

It is known that the thickness of depletion layer
will stop increasing once it enters into the strong inver-
sion. Thus the threshold voltage of the buried channel
can be expressed as

VTH

= VFB + Φ5,B(0)

= VFB + ΦTH − qNBtd
εs-Si

ts-Si − qNBtd
εox

tox. (31)

When the s-Si surface channel enters into the in-
version region, there exists Φ4,S(tox) = ΦTS:

ΦTS = −2kT

q
ln

NB

ni,y
+

∆Ev2

q
, (32)

where ∆Ev2 is the valence offset between the s-Si sur-
face channel and the Si1−yGey substrate. Thus the

threshold voltage of the surface channel can be ex-
pressed as:

VG = VTS

= VFB + Φ5,S(0)

= VFB + ΦTS − qNBtdtox
εox

√
1 + H(ΦB). (33)

In order to ensure that the strong inversion in the
surface channel occurs later than that in the s-SiGe
channel, in which the holes have higher mobilities, the
electric potential of the s-Si/s-SiGe hetero-interface
should satisfy the following inequality:

|Φ4,H(tox)| < |VTS|. (34)

Substituting Eq. (32) and inequality (34) into
Eq. (20), the maximum allowed thickness of s-Si can
be obtained as

ts-Si max ≤ εs-Si (∆Ev1 −∆Ev2)
q2NBtd

. (35)

5. Results and discussion

With the models derived above and the parame-
ters of strained Si and strained SiGe,[13−15] the varia-
tions of threshold voltage with design parameter can
be predicted, such as Ge fraction, layer thickness, and
doping concentration. The derived analytical model is
consistent with the results of device simulation with
using the ISE. The relationships of the maximum al-
lowed thickness of s-Si and the threshold voltages with
the device structure parameters will be discussed. The
threshold voltage is defined as the gate voltage when
the minority carrier concentration in the channel is
equal to the doping concentration in substrate. Ac-
cording to the curves of the hole concentrations at
the surface and the s-Si/s-SiGe hetero-interface which
change with the gate voltage, which are obtained from
the device simulator ISE,VTH and VTS can be ex-
tracted. The maximum allowed thickness of s-Si refers
to the thickness when VTH equals VTS.

In Fig. 2, it is shown that both VTH and VTS vary
with the Ge fraction (y) in Si1−yGey, when the Ge
fraction (x) is constant in s-SiGe. The strain rate of
the s-SiGe layer will reduce when y increases and x

keeps constant, leading to a reduction in valence band
offset between s-SiGe layer and relaxed Si1−yGey sub-
strate. Consequently, as the intrinsic carrier concen-
tration decreases, a larger |VTH| is needed for the s-
Si/s-SiGe hetero-interface to form an inversion layer.
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Additionally, the strain rate in the s-Si layer is de-
termined by the Ge content in the relaxed Si1−yGey

substrate, and |VTS| will reduce when fewer holes are
confined in the buried channel.

Fig. 2. Variations of buried channel and surface channel

threshold voltages with y when x is 0.6.

Figure 3 indicates that VTH decreases when the
Ge content increases in the s-SiGe layer and the Ge
content is fixed in the relaxed Si1−yGey. This is at-
tributed to the enhancement of valance band offset be-
tween s-SiGe layer and Si1−yGey substrate, which will
lead the intrinsic carrier concentration and hole-sheet
density to increase. So, a less negative gate bias is
needed for the strong inversion in the buried channel.
|VTS| increases with the the increase of Ge fraction (x)
in s-SiGe layer on Si1−yGey substrate, which is shown
in Fig. 3, owing to the deeper quantum well that will
confine more holes in the buried channel.

Fig. 3. Variations of buried channel and surface channel

threshold voltages with x when y is 0.1.

The dependences of the threshold voltage on sub-
strate doping concentration NB are shown in Fig. 4. It
can be observed that |VTH| and |VTS| increase as dop-
ing concentration NB increases, because the increas-
ing ionized charges cause reverse carrier density to de-
crease. The difference between VTH and VTS decreases
as the Ge fraction increases in the substrate, and |VTH|

decreases with the Ge fraction in the substrate reduc-
ing, which are shown in Fig. 4. Since the enhancement
of the valence band offset between s-SiGe and relaxed
Si1−yGey will cause the intrinsic carrier concentration
to increase. |VTS| can be explained in turn.

Fig. 4. Variations of buried channel and surface channel

threshold voltages with NB.

Figure 5 shows the variations of VTH and VTS with
the thickness of s-Si, ts-si. This increase in |VTH| is due
to the fact that the buried channel in the s-SiGe layer
is shifted away from the oxide layer by increasing ts-Si.
As a result, a more negative gate bias is needed to
create a strong inversion in the buried channel. The
thicker the s-Si layer is, the higher will the voltage
dropping across the s-Si layer be. It causes strong in-
version to appear more easily in the surface channel
and |VTS| to decrease.

Fig. 5. Variations of buried channel and surface channel

threshold voltage with ts-Si.

The maximum allowed s-Si thickness decreases
when the substrate doping concentration increases,
which results from the increase of ionized charges in
the substrate, which is shown in Fig. 6. It can be
found that the thickness decreases with a higher Ge
fraction in the substrate, which is due to the smaller
valance band offset between s-Si layer and s-SiGe. The
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smaller valance band offset will also result in smaller
threshold voltage difference between the buried and
the surface channels as shown in Fig. 6.

Fig. 6. Dependences of maximum allowed s-Si thickness

on NB and y.

6. Conclusion

Analytical model for the threshold voltage is de-
rived from the analysis of vertical electric potential
distribution across the dual-channel PMOSFET. And
the maximum allowed thickness of s-Si is given too,
which can ensure that the strong inversion happens
earlier in the buried channel (compressive strained
SiGe) than in the surface channel, because of the
higher hole mobility in the buried channel. The ana-
lytical model is verified by simulations using ISE. The
relationships of the maximum allowed thickness of s-Si
and the threshold voltage to device structure param-
eters are discussed, such as Ge fraction, layer thick-
ness, and doping concentration. This model can serve
as a useful reference for p-channel strained Si/strained
Si1−xGex/relaxd Si1−yGey MOSFET design.
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