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A prospective of work and a feasibility study are undertaken on MOSi; - Ge, transistors with a 130 nm
submicron technology. BSIM3v3 model has been used to analyze the transistors’ operation, according to
the study of the effect of Germanium fraction x (x = 0 to x = 1) on electrical performance of these transistors
taking into account the influence of temperature. PSpice parameters of two different transistors
NMOS: -.Ger and PMOS; _.Ge; have been calculated and used in the modeling. The output and transfer
electrical characteristics have been determined in the temperature range — 200 to 200 °C. The regime sub-
threshold was also addressed by calculating Iox and Iorr currents as a function of Vgs for constant Vop.
Simulation results show that the above transistors work properly in a regime under a threshold voltage of
about 1.2 V. They can be used in low voltage and low power microelectronics by controlling the germanium

x fraction.
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1. INTRODUCTION

Search for increasingly enhanced electronic perfor-
mance, such as speed, low power consumption, etc.,
requires the use of new components to meet ever in-
creasing demands of telecommunications and multime-
dia technologies. The use of silicon has shown its limi-
tations in modern telecommunications and in nanomet-
ric integrated circuit manufacturing. Reducing transis-
tor size causes degradation in silicon transistor perfor-
mance and hence a need for alternative solutions. One
of such solutions is the use of III-V or IV-IV semicon-
ductors that have better properties than silicon such as
mesh size, gap width, carrier mobility, etc.

Band gap engineering has enabled significant ad-
vances in component technologies. Germanium, due to
its compatibility with silicon (the two are completely
miscible), its lattice mismatch, band structure, high
mobility of carriers (electrons and holes), lowest gap
with respect to silicon, forms with Si the material SiGe.
SiGe is introduced into bipolar and CMOS technologies
to boost the limits faced by silicon devices [2].

The use of SiGe materials in microelectronic devices
needs an understanding of doping impurity diffusion
mechanisms in these alloys in order to master concen-
tration profiles during manufacturing of components.
At present, SiGe offers mature processes and substan-
tial yields to compete with traditional technologies [3].
Thus, SiGe heterojunction bipolar transistors and field
effect transistors are good alternatives for power ampli-
fication, communication systems and digital circuits
requiring high speed, high integration and low cost.
The addition of Ge to Si with a fraction x gives Si1 - Gex
alloys. Their use in electronic and optoelectronic devic-
es has grown considerably due to the additional de-
grees of freedom it offers in the design and optimiza-
tion of devices [4]. Many studies have been made on
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Si1-:Gexr heterojunction MOS transistors with very
small x values for solar cells [5], modulation, sensors,
etc. applications [6]. Recently, SiGe alloy has been used
to realize integrated circuits with CMOS and BiCMOS
technologies like PLL, QVCO, mixer and low-noise
amplifier LNA [7, 8].

The goal of this work is to optimize performance of
130 nm Si1-xGex heterojunction MOS transistors de-
pending on Ge fraction x in silicon. To do so, BSIM3v3
Orcad PSpice software is used with MOSi: - .Ge: tran-
sistor parameters defined in terms of dimensions and
doping in different areas of transistor. On the basis of
determined equations, components are simulated for
five values of Ge fraction x (x=0, x=0.25, x=0.5,
x=0.75 and x = 1). Two extreme cases, x=0 and x=1,
corresponding to pure silicon and pure germanium
materials are used to set the model. This interval of x
is used to study evolution of various electronic charac-
teristics of MOSi:-.Gex transistors as a function of Ge
fraction x.

2. BSIM3V3 MODEL

BSIM3v3 is the latest standard MOSFET model
used in industry for highly digital and analog submi-
cron circuit designs under the name BSIM (Berkeley
Short-Channel IGFET Model). BSIM3v3 is based on
Poisson’s equation and the progressive approximation
of the channel and a 2D quasi consistency analysis that
takes into account the effects of the device geometry
and process parameters [9]. For a MOSFET with a
channel having a large length to width ratio, the
threshold voltage assumes that the channel is uniform
and uses a one dimensional Poisson equation (channel
vertical direction). This model is valid only when the
substrate doping is constant and uniform, and for a
long channel. Under these conditions, the potential is
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uniform along the channel. Changes must be made
when substrate doping is not uniform and/or channel
dimensions are short and narrow, or both at once. The

Table 1 - The model control parameters

J. NANO- ELECTRON. PHYS. 11, 04021 (2019)

effects of these hypotheses on threshold voltage are
taken into account in writing the full expression of this
voltage in BSIM3v3 model.

Parameters Description Values
Level Level of the model used 7
Version Version of the model 3.2
MobMod Model used for mobility 1
CapMod Capacity models 3
Tox Thickness of gate oxide (m) 2.3-10-9
X; Junction depth (m) 1.10-7
X Doping depth (m) 1.05-10-7
Neh Channel doping concentration (cm ~3) NMOS 2.3549-107
PMOS 4.1589-1017
VBM Maximum polarization of the body applied in the calculation NMOS-3
of Vin (V) PMOS-2.5
L Channel length (nm) 130
w Channel width (nm) 160

3. RESULTS AND DISCUSSION

Table 1 shows PSpice parameters for BSIM3v3
model.

3.1 Output Characteristics Ip = f(Vps)

Five NMOSii1-.Ger and five PMOSii-xGex tran-
sistors in forward bias mode have been investigated.
Vas voltage was 1.2 V and Vps voltage was varied from
0 to 1.2V to distinguish the linear and saturation re-
gions. Fig. 1 shows Ip = f(Vbs) output characteristics for
NMOS Si; - xGex and PMOS Si1 - xGex.
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Fig. 1 - Ip=f(Vps) output characteristics for (a) NMOSi;-.Gex
and (b) PMOSi; - .Gex

Drain current of NMOS Sii-xGe: transistors de-
creases with Ge fraction x from x = 0 (silicon transistor)
to x = 0.5, then increases with x > 0.5 to x = 1 (germani-
um transistor) as shown in Fig. 2. NMOSio.5Geo.5 tran-
sistors have the lowest drain current. To show Ip cur-
rents of NMOS Si:-xGex and PMOS Si; - xGex transis-
tors on the same graph, drain current of NMOS
Sii-xGex has been shifted by 0.5 x 10-*A. For the
same fraction x, the drain current of NMOS Sii-xGex
transistor is 10 times larger than that of PMOS
Si1-xGex transistor. At Vps=1.2V, Ip curves in Fig. 2
can be fitted to the following equations:

1, =(15,43x" - 28,65x" +23,28x* ~9,57x +2,37).10*
for NMOS Si: - xGesx transistors and
1, =(17,1x" —29,95x" + 26,17x* ~11,18x +2,86).10~

for PMOS Si: - xGex transistors.
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Fig. 2 — Change of absolute values of Ip with Ge fraction x

Results show that calculated and simulated transis-
tors have good features and functions compared to
those in literature [10, 11].

For NMOS Si; -xGex transistors, the drain current
characteristic Ip = f(Vps) is:
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In (1), the geometrical channel ratio (Weg/Ley) is
constant and the type of oxide used is the same for all
NMOS Si;_,Ge, transistors. Hence, the current is di-
rectly proportional to mobility that is responsible for
changes in output characteristics. This mobility of
electrons and holes in Si;_,Ge, materials changes with
germanium fraction x as shown in Fig. 3 [12].

3000 . ,

+/,[n

Sy, Gey

2500

2000 4

1500

1000

Mobility z (cm?/Vs)

Fraction x of germanium
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One way to explain the U-shaped curves Ip = f(x) of
Si1-.Gex transistors is that in an alloy, the phonons
will experience a greater number of collisions because
the lattice sites can be occupied randomly by silicon or
germanium atoms. The mean free path of germanium
will be lower, thus inducing a less efficient heat
transport.

Si1-xGex transistors heat up more than silicon ones
because of this low heat removal. In turn, this poor
heat conduction degrades transistor electrical proper-
ties.

Fig. 4 shows the variation of thermal conductivity of
Si1 - 2Gex with Ge fraction x [1].
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Fig. 4 — Variation of thermal conductivity of Sii-.Ge: with
germanium fraction x [1]

NMOS Si1 - xGex transistors are considered with bo-
ron doped substrates. According to Gavelle et al. [13],
immiscibility of tetravalent dopants in Sii-xGex is low-
est when Ge x content in silicon is around 0.5. Move-
ment of impurities in a crystal depends on activation
energy, which in turn depends on migrant species na-
ture and type. Crystal lattice (constrained and uncon-
strained), defects and their natures have an effect on
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impurity diffusion and transport phenomena in SiGe.
So for a low doping, device drain current must be low
compared to that of devices where x is not 0.5. In this
case, the device can handle only a low power. Others
authors [14, 15] have argued that the phenomenon
remains unknown and there is no convincing explana-
tion. Drain current depends strongly on boron diffusion
coefficient D in Sii-xGer as shown in Fig. 5. Thus,
there is a similarity in the shape of current obtained in
this work and the shape of diffusion coefficient ob-
tained by Laitinen [16] and MacVay [17].
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Fig. 5 — Evolution of boron diffusion at 900 °C for constrained
and unconstrained SiGe alloys with % Ge content [13]

3.2 Transfer Characteristics Ip = f(Vgs)

To simulate transfer characteristics Ip = f(Vgs) of
NMOS Sii-xGex transistors, an applied voltage
Vbs=1.2V was used with Vgs voltage varied from 0 V
to 1.2 V. Fig. 6 shows the results of simulation.
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Fig. 6 — Transfer characteristics Ip = f(Vas) of NMOS Si: - .Gex

Fig. 6 shows two different operating modes: blocked
and linear. It also gives the value of the threshold volt-
age Vi, of each transistor as a function of the Ge frac-
tion x. Such characteristics are found to be similar to
evolution of threshold voltage of MOS transistors with
germanium fraction x reported in literature [18, 19].

In the blocked region of operation, the gate-source
voltage bias is less than the threshold voltage
(Vas < Vin). All MOSi1 - xGex transistors have the same
characteristics and drain currents are very low (Ip = 0).
These are leakage currents. The MOSi: - «Gex transistor
operation is independent of the Ge fraction x. In the
linear region, where 0 < Ves— Vin < Vbs, a gradual in-
crease of Vas (Vas > Vin) leads to an increase in electron
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concentration n in the channel. The conductivity of the
channel increases according to:

o =nqu, . 2)

MOSi: - xGex transistor transfer characteristics are
straight lines with the slope dIp/dVes changing with x.
The parameters affecting these slopes are the carrier
concentration n(p) and the mobility (1) that change
with germanium fraction x. These devices become
transconductances (dla/dVgs) controlled by voltage.
Results show that MOGe transistors have a high trans-
conductance compared to the low one of MOS Sio5Geo.s
transistors.

3.3 Highlighting Current Ion and Iorr

In the model, the Ion current and leakage current
Iorr are defined by the following relationships:

Ion = Ip| Vs = Vip, Vs = Vi, Vi =0, 3)
Towp = Ip| Vs =0, Vs = Vpp, V;, = 0. (4)

The leakage current lorr is due mainly to the sub-
threshold current and to junction currents Ijps and Ijsa,
while the gate current is negligible. Compared to cur-
rent Torr at Vas =0V, I, Iss and Lps currents are zero.
To do so, the transistor has been biased such as
Vps= Vpp and Vs =0 (substrate bias) and the curve
log(Ip) = f(Vis) has been plotted:

log(I;)=f(Ve)- &)

Fig. 7 shows the simulation results.
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Fig. 7- MOS Si:-.Ge. transistor leakage currents Ion and lorr

Table 2 shows leakage currents Ionv and Iorr ob-
tained from simulation. For the leakage current Iorr,
Si1-2Gex NMOS transistors operate in sub-threshold
regime. For this regime, the drain current expression is
written as [9]:

V-V —V.
I, - Kloexp[csnoff] 1—exp(—VDSj 6
nVy Vi

Since the voltage Vorr is very low, Eq. (6) becomes:

W Vos -V, v,
I, =—Iexp| —GS_TMh || 1 _ gxp| —ZDS 7
e By | G
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q¢ 1 eNc
I, = %fmf%‘h%} = 11,5C,, (77—1)VT2 . (8

Table 2 — Leakage currents Iox and Iorr values for NMOS
Sii - xGex transistors

with

Currents | Iorr (nA) Ion (mA)
Transistors
MOSi 7.89 0.237
MOSio.75Geo.25 1.889 0.104
MOSio.5Geo.5 1.775 7.881 102
MOSio.25Geo.75 2.850 0.108
MOGe 8.658 0.286

The leakage current Iorr is under the influence of
two important variables, namely the threshold voltage
and carrier mobility. To determine this leakage cur-
rent, the transistor is biased such as Vps= Vpp. In this
case, the equation (7) is written taking into account
equation (8):

-V,
Topp = iy (77 —1)exp[ 77VTThJ , 9)

where a is given by:

2
WCV[lp[VD 10
L Vp

The leakage current Iorr of NMOS Sii - :Gey transis-
tors varies with the germanium fraction x. This varia-
tion is very low and is between 1.775 nA and 8.65 nA.
The current Ion of NMOS Si:-.Gex transistors varies
with mobility and the germanium fraction x. The effect
of the threshold voltage is very low on the variation of
this current, as shown in Fig. 7.

3.4 Effect of Temperature on the Operation of
MOS:ii - xGex gm = f(T) Characteristic

Transconductance of MOS transistors is an important
electrical parameter that characterizes their performance.
The transfer characteristic is used to study the effect of
temperature on transconductance gm that is determined
by the slope of the current Ip relative to the Vs voltage in
saturation region. It is given by:

dI, (T)
T AV (T)

The chosen temperature range for this study is be-
tween — 200 °C and 200 °C so to make a comparison
with silicon transistors. Fig. 8 shows the variation of
the transconductance gn with temperature for different
values of fraction x for NMOS Si;-:Ger and PMOS
Si1 - xGex transistors.

Transistors work in saturation zone (Vps> Visar).
The drain current from BSIM3v3 model is:

g,(T) (11)

ID = WCox (Vgs - Abulkasat ) Usat » (12)
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where Apur and Visa are independent variables that
change with voltage Vgs. Differentiating Ip versus Vs,
the transconductance gm relationship becomes:

— dID

- —wc
En = Ao v

ox "~ sat

1
= S WC By (13)

Equation (13) gives the evolution of transcon-
ductance with temperature for different MOSii-<Gex
transistors. This relationship is related to the variation
of velocity saturation of carriers that is function of
temperature, where the variation of the mobility is
itself a function of temperature. Equation (13) can also
be written as:
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BSIM3v3 xapakTepuctuka ta mogeaioBaHHa Tpauauctopis MOS Sii - xGex
3a 130 HM CyOMiKPOHHOO TEXHOJIOTi€I0

M. Hebalil2, M. Bennaoum!, M. Benzohra3, D. Chalabi2, A. Saidane?
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IlepcriekTrBY Ta JOLIBHICTH PobOTH mpencraBiieHi mus Tpauaucropis MOSIi:_Ge: 3MomesboBaHux 3a
130 um cyomikporHo TexHosorien. Momeas BSIM3v3 BukopucroByBasacsa 1 aHAMI3y pobOTH TPAH3UCTO-
PiB BIJIIOBIZHO 10 BUBYEHHs BILIMBY (pakiiii x repmanio (3 x =0 10 x = 1) Ha eJIEKTPUYHI XapaKTePUCTUKN
IUX TPAH3WUCTOPIB 3 ypaxyBaHHSIM BILUIMBY TeMIeparypu. PSpice mapamerpu ABOX PISHUX TPAH3UCTOPIB
NMOSi: -xGex 1 PMOSi1 -Gex Oysiz po3paxoBaHi i BUKOPHCTAHI y MOJEIOBAHHI. Buxinwi 1 mepexifHi esext-
PHUHI XapaKTePUCTUKYU OyJid BU3HAYeH] B iHTepBasti temmueparyp Big — 200 o 200 °C. Cybmoporosuii pesxum
TaKOMXK PO3TJISAABCS IUIsIX0M o0uucseHHs cTpyMiB lon Ta lorr sik dyHKII Vis nurs mocriisoro Vpp. Pesysbra-
TU MOJEJIIOBAHHS IIOKA3YIOTh, 1[I0 BUMIE3raJaHl TPAH3UCTOPH IIPAIIOIOTH HAJIEMKHUM YNHOM Y PEKUMI 3 IIOPO-
ToBOI0 Hampyroio 0sm3bko 1.2 B. Boru MoxyTs OyTy BUKOpPHCTAHI B MIKPOEJIEKTPOHII[l HU3bKOI HAIPYTHA Ta
MAaJIol IMOTYSKHOCTI IIJITXOM KepyBaHHA PPAKITIE0 X TePMAHIIo.

Knrouosi ciosa: Sii - .Ger, BSIM3v3, 130 um rexuosoris, -V xapakrepucrura, Temneparypa.
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