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Abstract: The carrier microscopic transport process of uniaxial strained

Si n-channel metal-oxide-semiconductor field-effect transistor (NMOSFET)

has been analyzed under γ-ray radiation. The variation of oxide-trapped

charge (Not) and interface-trap charge (Nit) with the total dose has also been

investigated. A two-dimensional analytical model of threshold voltage (Vth)

has been developed with the degradation due to the total dose irradiation

taken into consideration. Based on this model, numerical simulation has been

carried out by Matlab, and the influence of the total dose, geometry and

physics parameters on threshold voltage (Vth) were simulated. In addition, to

evaluate the validity of the model, the simulation results were compared with

experimental data, and good agreements were confirmed. Thus, the proposed

model provides good reference for research on irradiation reliability and

application of strained integrated circuit of uniaxial strained Si nanometer

n-channel metal-oxide-semiconductor field-effect transistor.
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1 Introduction

Strained technology has been widely used to improve the performance of Si CMOS

devices, and strained-Si technologies have caught much attention as device size is

scaling down [1, 2], especially in the applications of strained IC under total dose

irradiation. Hence, researches on the irradiated characteristics and the radiation

hardening technique are of great significance [3, 4, 5]. A number of articles

reported about the electrical characteristics of the MOS device under radiation

effect [4, 5, 6, 7, 8]. Vth, as an important electrical parameter of a device, has been

studied extensively. One-dimensional model on Vth of the biaxial strained Si has
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been reported before [9]. As devices continue to downscale, their performance

cannot be characterized by one-dimensional model of Vth. Therefore, a two-

dimensional (2D) model needs to be further considered. However, the 2-D model

on Vth of the uniaxial strained Si nanometer n-channel metal-oxide-semiconductor

field-effect transistor (NMOSFET) has rarely been reported.

In this paper, a two-dimensional analytical model on Vth of the uniaxial strained

Si nanometer NMOSFET was proposed due to the total dose radiation. The results

from the model are compared with the experimental data and they are found to be in

good agreement. Thus, the model can provide valuable reference for research on

irradiation reliability and application of strained integrated circuit of uniaxial

strained Si nanometer NMOSFET.

2 Two-dimensional threshold voltage model

The schematic structure of uniaxial strained Si NMOSFET is shown in Fig. 1.

When the uniaxial strained Si NMOSFET is exposed to £-ray, electron-hole

pairs are created in the oxide. Due to the existence of electric field in gate oxide, as

the holes approach the interface, some will be trapped, forming a positive oxide-

trap charge. It is believed that hydrogen ions (protons) are likely to be released as

holes “hop” through the oxide or as they are trapped near the Si/Oxide interface.

The hydrogen ions can also drift to the Si/Oxide where they may react to form

interface trap charges [10]. The threshold voltage is affected by both of the above

charges, which are expressed as:

@P

@t
¼ kgfyD

0 � @fp
@x

ð1Þ
@Pt
@t

¼ ðNt � PtÞ�ptfp � Pt
�t

ð2Þ

@Hþ

@t
¼ NDH�DHfp � @fHþ

@x
ð3Þ

@Nit

@t
¼ ðNsi-H � NitÞ�itfHþ � Nit

�it
ð4Þ

where p, t and Kg are the hole concentration in the gate dielectric, irradiation time

and the number of electron-hole pairs (EHP) generated per unit dose, respectively.

fy, fp, Nt and pt are the hole yield as a function of oxide electric, the hole flux,

Fig. 1. Structural diagram of uniaxial strained Si nanometer NMOS-
FET device.
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hole trap concentration and trapped hole concentration in the gate dielectric layer,

respectively. �pt, �t, Hþ, NDH and �DH are the hole capture cross section, the

annealing time of trap hole respectively, the proton concentration in the oxide layer,

the trap concentration of hydrogen and the trapped cross section of holes with

hydrogen traps, respectively. fHþ, Nit, NSi-H and �it are the proton flux, the

radiation-induced interface defect densities, the silicon dangling bond density of

hydrogen passivation and the annealing time of interface traps charge, respectively.

The radiation-induced defect densities are quantitative representations of trapped

charge integrated across the thickness of the oxide (Not), and the number of

interface traps at the semiconductor/oxide interface (Nit). Solving Eqs. (1) (2)

(3) and (4), Not and Nit can be obtained as follow:

Not ¼ 1

tox

Z tox

0

Ptxdx

¼ Nt
1

2
tox þ e��ptkgfytoxD

0t

��ptkgfytoxD0t
þ e��ptkgfytoxD

0t � 1

ð��ptkgfytoxD0tÞ2tox

" #
ð5Þ

Nit ¼ Nsi-H ð1 � e��DH�itNDHkgfytox
2D0tÞ ð6Þ

where the total dose D ¼ D0t.
A number of articles reported the protection effect of silicon nitride film on

electrical characteristics under total dose irradiation [11, 12].

The quantum effect should be taken into account when the device size down-

scaling into the nanometer-level. The threshold surface potential of relaxed Si can

be shown in Eq. (7)

 th;si ¼ 2�B þ �Vt þ Eg;dop ð7Þ
where �B, Vt and Eg,dop are the Femi potential, thermal voltage and band-gap

narrowing, respectively. ² is fitting parameter.

In order to derive the change of threshold surface potential (� s,ssi) under the

action of stress. With the quantum effects considering, the relationship of the

inversion charge density and surface potential need to be modified as [13]:

Qinv;ssi ¼ 2qKBTmd;0

�ħ2NA

� �
n2i;ssi
NC;ssi

� �
exp

E0;ssi

KBT

� �
exp

q s;ssi
KBT

� �
ð8Þ

where md,o is the effective mass of states density of two-dimensional.  s,ssi is the

surface potential under the action of stress. ni,ssi, NC,ssi and E0,ssi are the intrinsic

carrier concentration, effective states density of conduction band and the ground-

state energy under the action of stress, respectively.

Using the condition of the inversion charge at the threshold point, which is

Qinv;sið th;siÞ ¼ Qinv;ssið th;si þ � s;ssiÞ ð9Þ
The change of surface potential � s,ssi can be obtained due to the stress effect, as

shown in Eq. (10).

� s;ssi ¼ �E0;ssi þ �Eg;ssi
q

� �
þ Vt ln

NV;si
NV;ssi

� �
þ 1

2
Vt ln

mt;k
mt;kð"Þ

mt;?
mt;?ð"Þ

� �
ð10Þ

where NV,si and NV,ssi are the effective states density of valence band relaxation and

strained Si, respectively. mt;== and mt;? are the effective mass of the parallel and
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vertical, respectively. �E0,ssi is the change of ground-state energy under the action

of stress, which can be expressed as:

�E0;ssi ¼ �EC;�Z þ ½ðEs;ssiÞ2=3 � ðEs;siÞ2=3� 9�qħ
8
ffiffiffiffiffiffiffiffi
2ml

p
� �2=3

ð11Þ

where �EC,�Z is the conduction band shift of the �Z valley. Es,ssi and Es,si are the

surface electric field with the stress and the without stress, respectively, which are:

Es;si ¼ 2qNA th;si

"si

� �1=2

; Es;ssi ¼ 2qNA th;ssi

"si

� �1=2

ð12Þ

The one-dimensional equation of the surface potential can be obtained by Eqs. (10)

(11) and (12).

 th;ssi þ Að th;ssiÞ1=3 þ B ¼ 0 ð13Þ
Solving Eq. (13), we have  th;ssi ¼ ð� þ �Þ3, where

� ¼ ½�ðB=2Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðA=3Þ3 þ ðB=2Þ2

q
�1=3; ð14Þ

� ¼ ½�ðB=2Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðA=3Þ3 þ ðB=2Þ2

q
�1=3 ð15Þ

A ¼ � 1

q

9�qħ
8
ffiffiffiffiffiffiffiffi
2ml

p
� �2=3

2qNA
"si

� �1=3

ð16Þ

B ¼ �Að th;siÞ1=3 �  th;si � Vt ln
NV;si
NV;ssi

� �

� 1

2
Vt ln

mt;k
mt;kð"Þ

mt;?
mt;?ð"Þ

� �
� �EC;�Z þ �Eg;�Z

q

� �
ð17Þ

Before deducing threshold surface potential of two-dimensional, the effective

doping concentration of the substrate and the maximum width of the depletion

regions should be modified as [14]:

NA;eff ¼ NA 1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ 2Wdv

Rj

s
� 1

 !
Rj
L

" #
Wdv ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"si th;ssi

qNA

s
ð18Þ

A parameter of channel depletion width has been proposed by Suzuki [15]:

	 ¼ 1

1 � 2 exp

�
�L



� ð19Þ

The maximum width of the depletion-layer (Wd) and the average width of the

depletion-layer Wdv are linked by this fitting parameter (Wd ¼ 	Wdv) and


 ¼ 0:65ðWS þWDÞ, where

WS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"si
q

ND
NA

 bi;si

ND þ NA

� �s
WD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2"si
q

ND
NA

 bi;si þ VDS

ND þ NA

� �s
ð20Þ

where  bi,si ¼ Vt ln½NAND=ðni;siÞ2� is the built-in potential of source/drain-sub-

strate. NA and ND are concentration of the source and drain region, respectively.

Oxide traps charge in the oxide layer and interface traps are induced by

irradiation. Thus, the flat band voltage can be modified as:
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VFB;ssi ¼ �M � �ssi
q

� �
� ðQox þ qNot � qNitÞ

Cox
ð21Þ

where �M and �ssi are the work function of metal gate and the substrate of strained

Si respectively. Qox and Cox are the initial surface charge density and capacitance in

the oxide layer respectively.

The work function of the substrate can be modified due to the strain effect.

�ssi ¼ �ssi þ Eg;ssi=2 þ �fp;ssi; �ssi ¼ �si þ 0:57�=7:55; Egssi ¼ 1:12 � 0:0336�

where · is stress.

Due to the quantization effects, the peak density of the inversion charge is

located in the strained silicon �Z away from the oxide/silicon interface. As a result,

it is necessary to modify flat band voltage and the oxide thickness.

VFB;ssi ! VFB;ssi þ qNA�Z
�Z

2"si
þ tox
"ox

� �
; tox ! tox þ "ox

"si
�Z ð22Þ

where tox, "ox and "si are the oxide thickness, dielectric constant of the oxide layer

and Si, respectively.

The two-dimensional Poisson’s equation can be expressed as:

@2 ðx; yÞ
@x2

þ @2 ðx; yÞ
@y2

¼ qNA;eff
"0"si

ð23Þ

The vertical component of the electrostatic potential can be approximated as:

 ðx; yÞ ¼  SðxÞ þ C1ðxÞy þ C2ðxÞy2 þ C3ðxÞy3 ð24Þ
The coefficients in (24) are determined from the boundary conditions, which can be

described as:

@ ðx; yÞ
@y

� �
y¼0

¼ � "0
"si

� �
VGS � VFB �  SðxÞ

tox

� �
ð25Þ

 ðx;WdÞ ¼ 0;
@ ðx; yÞ
@y

� �
y¼Wd

¼ 0 ð26Þ

Then the coefficients of C1(x), C2(x) and C3(x) are obtained, and substituting these

coefficients into Eq. (24):

 ðx; yÞ ¼  sðxÞ � VG �  SðxÞ
�tox

� �
y þ 3�tox þ 2Wd

�toxW2
d

ðVG �  SðxÞÞ � 3

W2
d

VG

� �
y2

� 2�tox þWd

�toxW
3
d

ðVG �  SðxÞÞ � 2

W2
d

VG

� �
ð27Þ

where � ¼ "si="ox, VG ¼ VGS � VFB;ssi is effective voltage. Boundary conditions:

 sð0Þ ¼  bi;ssi and  sðLÞ ¼  bi;ssi þ VDS :

where  bi;ssi ¼ Vt ln½NAND=ðni;ssiÞ2� is the build-in junction potential.

Substituting Eq. (27) into Eq. (23), and setting y ¼ 0, thus the surface potential

is given by:

 sðxÞ ¼ VG � qNA;eff
"si

þ 6

W2
d

VG

� �
� l2 þ ðxÞ ð28Þ

where l is commonly referred to as the characteristics scaling length and is given

by:
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l ¼ ½�toxW2
d =2ð3�tox þ 2WdÞ�1=2 and ðxÞ ¼

1 sinh

�
L � x

l

�
þ 2 sinh

�
L

l

�

sinh

�
L

l

�

1 ¼  bi;ssi � VG þ qNA;eff
"si

þ 6

W2
d

VG

� �
� l2;

2 ¼  bi;ssi þ VDS � VG þ qNA;eff
"si

þ 6

W2
d

VG

� �
� l2

In most of the measurement of threshold voltage, surface potential is symmetric

in the channel, the minimum surface potential is located in the middle of the

channel, and setting x ¼ L=2 [16] in Eq. (28). In this operation, Eq. (28) should be

rewritten as:

 s;min � VG � qNA;eff
"si

þ 6

W2
d

VG

� �
� l2 þ ð1 þ 2Þ

sinh

�
L

2l

�

sinh

�
L

l

� ð29Þ

when the  s;min achieves one-dimensional potential of Eq. (13), the device starts to

work.

In addition, the band-narrowing effect and the DIBL effect also need to be

considered. From Eqs. (13) and (29), the (2D) threshold voltage model of the

uniaxial strained Si nanometer NMOSFETS devices after considering the quantum

effect and total dose radiation effect is calculated by:

Vth;ssi ¼ VFB;ssi � VDIBL

þ

 th;ssi þ 1 � 2

sinh

�
L

2l

�

sinh

�
L

l

�
2
6664

3
7775qNA;eff"si

l2 �
sinh

�
L

2l

�

sinh

�
L

l

� ð2 bi;ssi þ VDSÞ

1 � 2

sinh

�
L

2l

�

sinh

�
L

l

�
2
6664

3
7775
�
1 � 6

W2
d

l2
� ð30Þ

3 Experiment

The device of uniaxial strained Si nanometer NMOSTETwere irradiated with 60Co

£-ray at a dose rate of 29 rad (SiO2)/s at room temperature, with a gate bias of 1V.

Device parameters were measured in the dose range from 0.5 kGy to 2.5 kGy, using

an HP4155B parametric analyzer. Irradiation bias: VG ¼ 1V, drain voltage VD is

equal to source voltage VS (VD ¼ VS ¼ 0). Measurement bias: VG ¼ 0{1V, scan-

ning voltage Vstep ¼ 0:05V, VD ¼ 50mv, VS ¼ 0V. Fig. 2(a) is the micrograph of

a uniaxial strained Si nanometer NMOSTET device. TiAl material is used for the

gate electrode. The oxide layer is SiO2 and HfO2, the equivalent oxide thickness

being 1 nm. The junction depth of source/drain region is 25 nm and the gate length

is 50 nm. Fig. 2(b) is schematic cross-section of uniaxial strained Si nanometer
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NMOSFET indicating the buildup of radiation-induced oxide trapped charge and

the generation of interface traps.

The Vth shifts of relaxed nanometer Si NMOSFET and uniaxial strained Si

nanometer NMOSFET device with different absorbed doses are listed in Table I.

As can be seen from the Table I, the Vth drift of relaxed Si nanometer NMOSFET is

similar to that of uniaxial strained Si nanometer NMOSFET. It can be inferred that

the stress does not change when compared with the case before irradiation, and the

experimental results are in good agreement with the previous reports [12].

4 Results and discussion

A two-dimensional analytical model of threshold voltage (Vth) has been developed

with the degradation due to the total dose irradiation taken into consideration, and

numerical simulations are implemented by Matlab. Partial model parameters are

summarized in Table II.

Depicted in Fig. 3 is the variation of Vth with irradiation dose for (a) different

junction depth (Rj ¼ 25 nm and Rj ¼ 50 nm) of source/drain region and (b) differ-

ent channel length. As can be seen from Fig. 3(a), the effective doping concen-

tration (Eq. 18) in the channel decreases with increased junction depth of the

source/drain region, so that the device is easier to open and Vth decreases slightly.

From Fig. 3(b), as the channel length decreases, Vth decreases due to the short

channel effect. The depletion regions of source and drain are seriously overlapped,

and more charge sharing appears in these two regions, which diminishes the ability

of gate control. Obviously, the variation of Vth shift on irradiation dose is hardly

different among different junction depths or channel lengths. Moreover, the

(a) (b)       

Fig. 2. (a) Micrograph of uniaxial strained Si nanometer NMOSFET
device and (b) Schematic cross-section of uniaxial strained Si
nanometer NMOSFET indicating the buildup of radiation-
induced oxide trapped charge and the generation of interface
traps.

Table I. The Vth shift of relaxation and uniaxial strained Si nanometer
NMOSFET device under the absorbed dose.

Dose/KGy 0.5 1.0 1.5 2.0 2.5

�Vth,si/V −0.0352 −0.0403 −0.0410 −0.0415 −0.0431
�Vth,ssi/V −0.0354 −0.0405 −0.0408 −0.0417 −0.0428
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calculation results from the model are consistent with the experimental data,

indicating the validity of our proposed model.

Fig. 4 shows Vth versus irradiation dose for different oxide parameters ((a)

dielectric (b) thickness). As shown in Fig. 4(a), the Vth shift for the gate dielectric

of SiO2 ("f ¼ 3:9) is larger than that of HfO2 ("f ¼ 25) and Al2O3 ("f ¼ 11). The

larger the permittivity of the gate dielectric, the smaller the variation of threshold

voltage with increasing irradiation dose. In Fig. 4(b), apparently, the thicker the

oxide layer, the more holes are captured, which decreases the Vth. The Vth shift

increases sharply as the thickness of gate oxide increases slightly under the total

irradiation dose, which indicates that the oxide thickness is very sensitive to the

irradiation effect.

The relationship of Vth with the irradiation dose for (a) different gate voltages

and (b) stress are shown in Fig. 5. As can be seen from Fig. 5(a), Vth decreases

with the increasing irradiation dose due to more trapped holes in the oxide layer. A

higher gate bias can also increase the electric field force that can trap more holes,

thus reducing the Vth. Fig. 5(b) shows the increase of stress leads to the narrowing

Table II. Summary of partial model parameters for uniaxial strained Si
nano NMOSFET.

Parameter Description Value Unit

T Temperature 300 K

W Gate width 3 um

L Gate length 50 nm

ND Doping concentration of source 2 � 1019 cm−3

ND Doping concentration of drain 2 � 1019 cm−3

kg Electron-hole pairs 8:1 � 1010 cm−3.Gy−1

NSi-H
Silicon dangling bond density of hydrogen

passivation
4:8 � 1012 cm−2

�DH
Trapped cross section of holes with

hydrogen traps
2:0 � 10�11 cm−2

Qox Initial charge surface density 0:4 � 1011 cm−2

Nt Hole trap concentration 8:0 � 1015 cm−2

NA Doping concentration of substrate 2 � 1018 cm−3

"si Silicon relative dielectric constant 11.9(Si) —

Fig. 3. The relationship of Vth with irradiation dose for (a) junction
depth and (b) the channel length.
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of band gap and the decreasing of flat band voltage, which reduces the Vth. Good

agreement between experiments and simulations are demonstrated.

5 Conclusion

A two-dimensional analytic model on Vth of uniaxial strained Si nanometer

NMOSFET was established due to the total dose irradiation. Moreover, the results

from the model are compared with the experimental data and they are found to be

in good agreement. Thus, the proposed model provides good reference for research

on irradiation reliability and application of strained integrated circuit of uniaxial

strained Si nanometer n-channel metal-oxide-semiconductor field-effect transistor.
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Fig. 4. The relationship of Vth with irradiation dose for oxide
parameters dielectric constant (a) and thickness (b).

Fig. 5. The variation of Vth with irradiation dose for (a) different gate
voltages and (b) stress.
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