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Abstract: A comparative account of self heating effect of four
SiGe HBTs with different Ge grading profiles, designated as
Hybrid Trapezoidal (HT), Symmetrically Triangular (ST), Linear
Increasing (LI), and Conventional Trapezoidal (CT) with
maximum Ge contents of 20%, is presented. Based on an
experimentally validated model of the Silvaco TCAD tool, the
propertiesof thefour HBTsaresimulated. 1t isobserved that both
self heating and local temperature increase due to higher device
power dissipation. The effect of energy balance and non iso
thermal energy balance effect is observed in SiGe HBT with
different Ge base profile have been studied in terms of DC, AC,
and RF performances and compared .

Keywords: SiGe HBT, TCAD Tool, Sdf Heating effect, Ge
grading profile

. INTRODUCTION

Ge incorporation induced bandgap engineering in the base
of silicon bipolar transistors enhances the device
performances and becomes more popular in wireless and
broadband communications, with the recent record of 505
GHz fy, 702 GHz f,o and a minimum of ring oscillator gate
delaysof 1.34 ps[1,2]. Different Ge profileisincorporated in
the base region for better improvement of device
performances [3]. It has high cut off frequency, breakdown
voltage, transconductance, low cost, highly integrable with
CMOS technology and efficient aternative to 111-V group.
But this magnificent performance of the device is limited to
self-heating effect. Temperature rises due to power
dissipation inside the device, as a result self heating effect
occurs. Self heating effect mainly due to thermal feedback
nature of temperature dependent parameters.
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This feedback nature of the device is called thermal run
away condition due to self heating. It also affects the
reliability of the device during circuit design due to increase
of junction temperature [4, 5]. To operate the device in safe
mode the self heating and breakdown analysis has to be
performed which is called electro-thermal instability and it
aso important for large signal analysis. To control thermal
instability due to high current operation in the device,
self-heating characteristics need to be observed [6]. Initially
the modelling parameters of Silvaco T-CAD tool are properly
tuned to validate with experimental results of [7]. Then SiGe
HBTs with different Ge grading profiles are simulated with
energy balance and non iso thermal energy and the results
obtained are analyzed and compared. The rest of the paper is
organised with device structure in Sec. 2, device modellingin
Sec.3, result and discussion in Sec 4 and finally conclusion in
Sec 5.

[I. DEVICE STRUCTURE

The four different Germanium graded SiGe HBTs are based
on a fully sef aigned with Polysilicon emitter. The
polysilicon layer width of 0.06 um is grown on Si emitter
layer which is 0.2 um and peak doping concentration is
4x10%/cm®. During fabrication the arsenic is doped into the
polysilicon layer up to 10 seconds [8] and 15% of arsenic is
electrically active which results the uniform doping profile in
the emitter region. So, here we have simulated the device
using Silvaco T-CAD simulator with a uniform profile in
polysilicon layer and half Gaussian profile in the silicon layer
of the emitter region. The SiGe HBT has base width of 1um
with doping concentration 5x10%%/cm®. The effective area of
emitter is0.2x10 pm? with single contact at top of the emitter
layer. The CT profileis designed with Germanium content of
2% at base emitter junction and 8% at base collector whichis
shown in fig. 1. HT profile (Ge with 20%) which is linearly
graded on both side and uniform on neutral base region, ST
profile (20%) which is linearly graded on both side and peak
is present on neutral base region, LI profile (20%) in which
germanium composition at base emitter junction is 0% and at
base collector junction is 20% and linearly graded throughout
the base region which are shown infig .2. All four devicesare
simulated for both | so-thermal energy balance model and non
| so-thermal energy balance model.
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Fig 1: Gaussian doping profile and Conventional
Trapezoidal (CT) Ge grading profile.
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Fig.2: Different Ge grading profilesconsidered in this
paper.

1. DEVICEMODELLING

The models which are selected in ATLAS are derived from
continuity equation, Poisson equation, Maxwell’s law and the
transport equations. The process of generation, recombination
of electrons and holes are related to continuity and transport
equations. The carrier continuity equation which is explained

by

uy
@:ldiv‘]ﬁGn—F% N
a q
op 1, W
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Where n and p are the electron and hole concentration. J
uy

J

generation rates for electron and holes. R, , R, ae

p’

, are electron and hole current densities, G, Gp are the

recombination ratefor electron and hole, g isthe magnitude of
the charge R, , R are recombination rates for electron and

holes, g is magnitude of the charge on an electron. The
simplest model which isapplicableto all devicetechnology is
drift diffusion model. Thismodel is used here becauseit links
to change transport model which is responsible for carrier
recombination and generation.
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M, and Y, are the electron and hole mobility @, and &, are
Fermi levels of electrons and holes. Themodel issimulated in
ATLAS domainsin 300k i.e in room temperature. The Fermi
Dirac model is used to simulate the heavily doping material in
thermal equilibrium conditions. Band gap narrowing model
(BGN) is selected due to heavily doping in the base in the
order of 10" cm™ which is most effective in base collector
junction. en the doping level increases the bandgap
separation between the valence band and conduction band
decreases. In bipolar simulation the Klaassen model is taken
which includes Klaassen’s auger model and Klaassen’s
concentration depend srh model. Shockley read hall
recombination (Srh) model isused to activate the el ectron and
hole life time TAUN and TAUP respectively. During the
simulation carrier lifetime is considered as 1x10™ for silicon
and 1x10°® silicon germanium. (Auger) auger recombination
model is introduced for reduction of carrier lifetime in high
carrier densities. The high electric field in the base collector
junction saturates the free electron. So to model the velocity
saturation effect on Silicon device paralel electric field
dependence (FLDMOB) model isintroduced. (PHUMOB) is
used for model of difference between mgjority carrier and
minority carrier mobility. We have used the model parameter
to best fit for the validation purpose of the device.

Non local transport effects such as velocity overshoot,
diffusion dueto carrier temperature and impact ionization rate
on carrier are neglected in drift diffusion model. To signify
those properties, ATLAS offers two non loca models of
charge transport like energy balance model and hydro
dynamic model. Energy balance (EB) model is derived from
Boltzmann Transport equation and it adds continuity equation
for the carrier temperatures. In energy balance model
mobilities and impact ionization coefficients are treated as
function of carrier temperature rather than function of local
electric field. Carrier temperature for electron T, and for hole
Tp are two new independent variables introduced in EB
model. The energy balance equations consist of an energy
balance equation with associated equation for current density
and energy flux S, . The equations are

cun g urur 3Ko,..

dvS =—J EW —— nT 5
S IEW -5 S () ®

J,=dD,V,-quV, + gnD,'VT, (6)

un u ks un

Sn =_Knv-rn _( n)‘JnTn (7)

q

Where S, the energy flux density associated with electrons,

My is the electron mobility, D, is the thermal diffusivities for
electron, W, isthe energy density lossrate for electron, K, is
the thermal conductivity of electron. In our simulation energy
balance transport model is used and the hot carrier transport
equations are activated by the parameter HCTE.EL in model
statement for electron temperature will be solved. The self
heating effect is carried in SiGe HBT using GIGA, which is
responsible for lattice heat flow and genera thermal
environments.
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GIGA implements Wachutka’s thermo dynamically rigorous
model of lattice heating which accounts for joule heating,
cooling due to carrier generation and recombination. Heat
flow eguation in GIGA that are solved by ATLAS.

% =V(KVT,)+H ®

C is the heat capacitance per unit volume, k is the thermal
conductivity, H is the heat generation, T is the local lattice
temperature. LAT.TEMP statement is specified in model
section for stimulated lattice Heat flow eguation in ATLAS
simulation. HCTE and LAT.TEMP parameters are included
in model statement for simulation of non Iso thermal energy
balance model which causes self heating effect. Both energy
balance transport model and energy non balance transport
model are activated by electron and hole relaxation time
TAUREL.EL AND TAUREL.HO respectively. Carrier
mobility for electron TAUMOB.EL and for hole
TAUMOB,HO are specified in model statement.

In the device simulation of Si/SiGe/Si HBT heat capacity of
SiGe dloys is taken to same as Si. The value of thermal
conductivity k for Si and SiGe are specified in material
statement. TC.A, TC.B, TC.C are the user specified thermal
conductivity coefficient parameter which were included in
Model statement. TC.A for Si and SiGe was taken as 0.7 and
2.5rrespectively. TC.B and TC.C were taken aszero for Si and
SiGe. THERMOCONTACT statement is used for self heating
effect in ATLAS in simulation. Thermo contact was given in
the bottom layer of the device. ALPHA istheinverse value of
thermal resistance which is user definable on the
THERMOCONTACT statement. In our simulation ALPHA
is taken as 1500.

IV. RESULT AND DISCUSSION

The simulated Gummel plots of the CT graded (2 to 8%)
device with Gaussian doping profile along with those from the
experimental measurements of the fabricated device of Ref
[7] areshownin Fig. 3. Excellent agreements between the two
sets of plots stand testimony to the fact that our model is
strongly validated.
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Fig 3: Gummel plots of conventional trapezoidal (CT)
SiGe grading profile compared with the measurements of
Ref [7].

It is observed form the figure that the DC current gain
decreases from HT, to ST, then to LI, and finaly to CT
profiles recording the maximum values (Bmax) Of 294,225,156,
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and 56 respectively. It is observed that the Ge induced band
grading isthe highest for HT followed by the ST, then the LI
and at last that for CT profile. The collector current density as
afunction of the Ge grading for the different grading profiles
in SiGe HBT isgiven by [9,10]

AE, AE
-9.Ge(grade) 9,Ge(0)

o e
(D) = ( KT Jexp( KT )1

QVee
——_(exp K —-)nf(exp T Wyn

c,.s5Ge —

N, "W, _ _AE Ge(grade)
ab b 1 eXp( QkTQ )
€)
Vf" dx
2
- X
where, Dy, = 5— n, (3 is the position dependent
dx
|5 ooz
2
5> Do (X) Ni," (%)
-~ D R
diffusion constant, 77 = (On)sce is the minority electron
(Dnb)S
= (NeNy)g
diffusivity ratio, and y:M is the effective
(Ne Ny )g
density-of-states ratio between SiGe and

Si. AE, cegraty = AEy ce(W,) —AE, . (0) is the band

offset difference across the neutral base region. Assuming
AE_ corzrade) 7> KT the exponential term in the
denominator of Eq. (9) reduces to zero leaving behind a
directly proportional collector current with AE, ¢.¢zrade) -

This leads to the observed behaviour of B with different Ge
grading profiles. Now The DC current gain for those different
profiles again simulated in the presence of for both
I so-thermal energy balance model and non | so-thermal energy
balance model, which are shown in fig4 ans fig.5
respectively. Peak gain is decreased drastically from 294 to
258 and 225 to 213 for HT and ST profile with 20 % Ge
respectively. Peak gain is inversely related to temperature
which can be observed from eg. 10. Due to self heating when
temperatureis gradually increased from 300 K to 323 K, gain
of the corresponding device drasticaly decreased
exponentialy.
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Fig 4: Variation of DC current gain () with base-emitter
voltagefor L1 and HT
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However gain remains same for devicewith LI (20 % Ge) and
CT (2 to 8 % Ge) graded profile under self heating
condition.From the analysis peak gain of devices with linear
and trapezoidal grading profiles are less affected by self
heating characteristic. The reason behind this is due to more
AEgGrage) Which is nearly compensated with the variation of
temperature.

Output characteristic V-l of SiGe HBT due to self heating
effect observed by controlled the base current I . fig.6 shows
the output characteristic of the device with different grading
profile for self heating effect and without self heating at fixed
Ig of 3 pA. Due to thermal run away, when temperature is
increased from 300 K to 323 K, the saturate collector current
is gradualy varying with output voltage rather to fix at
constant value. As aresult DC operating point is shifted. For
device with HT profile output collector current is increased
from 0.00189 A t0 0.0023 A at 3V of Ve dueto self heating
effect. Increased percentage of output current after thermal
run away with respect to energy balance transport model
simulation is 21.69%. Similarly increased percentage of
output collector current at 3V of Ve for ST (20 % Ge), LI (20
% Ge), CT (2 % to 8 % Ge) graded profile device are of
23.86%, 22.61%, 11.18% respectively. So more self heating
effect observed in ST (20 % Ge) graded device and less self
heating effect observed in CT profile (2 to 8 % Ge). Less
Germanium composition device exhibits less self heating
effect [11]. From previously reported result early voltage of
SiGe HBT degrades due to self heating effect [11]. It is
observed that degradation of early voltage due to self heating
effect as compared to without self heating effect.
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Fig 6: Plots of collector current asfunction of
collector-emitter voltage.

Significant degradation in maximum operating frequency
(fmax) @nd maximum cut-off frequency (f1) of the devices is
observed dueto increase of basetransit time. Basetransit time
increases due to poor thermal conductivity during self heating
in the device [12]. The maximum cut off frequency is
inversely related to base transit time and base transit time is
increased due to degradation of mobility in base region which
is already reported [13]. The relation between [13] 1, and
temperature (T) is given below.

7, (T) 300K, 44,(300K) , T 5

nGoK) T am Gk W

Similarly operating frequency is aso degraded like cut off
frequency. Relation between f1 and f,,,. can be described inin
eq.12 [13]

e = |-
" \87R,Cy.

From the simulation result reduction of f; and f,. for all the
four profile can be observed in Table.l. The frequency at
which unity power gain is observed is caled maximum
frequency of oscillation (i) and the frequency at which
unity current gain is observed is called cut off frequency (f,).
The variation of power gain and current gain with respect to
frequency for CT, HT, LI, and ST profiles. f; and f. are
shown in Fig.7, Fig.8, Fig.9, and Fig.10 respectively. The
detailed values of the f, and f,, iS given in the tablel.

(12)

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation



OPEN aACCESS

—{+ =29.36 GHz

fT Without self heating,CT

Current Gain, h,, (dB) and power gain, UG (dB)

I nter national Journal of Innovative Technology and Exploring Engineering (1JITEE)
ISSN: 2278-3075 (Online), Volume-8 | ssue-12, October 2019

U=t Without self heating, ST

2 fmax,“’ithout self heating,

=31.29 GHz
-10
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-20 4 72 F1 With self heating,sT~26-67 GHZ

Current Gain, h21 (dB), Power Gain, UG (dB)

max Without self heating,HT=19'65 GHz

20 12 Ip it self heating HT— 2355 GHz

When the transistor is used in circuit for power amplification
purpose, it depends upon transistor characteristics with source
and load impedance of the circuit. So the stability factor can
be described as in terms of S- parameter by Rollet stability

09 o . ! =25.43 GHz

15 A maxwithout self heating CT _v_fmax,Without self Iwating,S'l‘=]3'80 GHz

20 1. Self heating,cT-20-42 GHz -30 : T T

—f ) =20.15 GHz

-25 - max,Self heating,CT Frequency (GHz)

-30 T T T Fig 10: Determination of fr and f. for ST profile
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Frequency (GHz) Table 1: f; an f for different condition of the devices.

Fig 7: Determination of fy and f,., for CT profile
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factor (K).
L1 sl #[as
2|S_L2'521|

Where AS=S,;-S,, =S, Sy

When K > 1 there is a conjugate matching between source
impedance and load impedancei.e. circuit isinherently stable.
The circuit is potentialy unstable when K < 1 [14]. The
stability criteria of all grading profiles for energy balance
model and energy non balance model are observed. From the
observation the devices with different Ge garding profile Self
heating effect achieve potentially unstable at below 1 GHz as
K<1 and above which all are inherently stable. It may be
occurd due to degradation of gain as compared to without self
heating effect.

During high frequency operation exact short circuit and open
circuit condition are difficult to achieve due to inherent
inductances and capacitances. During device under test
(DUT) it oscillates at open circuit and short circuit condition.
So some difficulties occur during wavelength testing of
devices. Therefore, to overcome those difficulties,
S-parameter were developed and it is exclusively used in RF
performance.

(13)
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In S-parameter dependent variables are Voltages waves.
These combinations are chosen for parameter measurement in
high frequency operation. Consider the wave variables g, a,
b, b,. Where g and &, indicates incident scattering, b; and b,
reflection scattering. The scattered wave can be written in a
linear equation in terms of incidence and reflection scattering
parameter [14].

b)) (Su So)a

b,) Sy Sxla (4
Su =% Reflection co-efficient corresponding to input
imepedance

S, =T,,; for practical application I';, should be less than

in>
0.33. In this condition circuit does not need any matching
network.

S, = Reverse transducer Gain

| S,, [ = Transducer gain

_
Sy b,

impedance

Reflection co-efficient corresponding to output

T, =yRe(S,) +IM(S,)” (15)
Reflection Coefficient for CT is less than 0.33 in the
frequency range of 2 GHz. Reflection coefficients of HT, ST
and LI device have lessthan 0.33 in the frequency range of 40
GHz, 50 GHz and 70 GHz respectively in case of self heating
effect. In this frequency range circuit does not require any
matching network because no reflection of the signal occurs at
the input port.

V. CONCLUSION

Thermal effect inside the device which results self heating of
the lattice degrades the device characteristic drasticaly.
Electrical performance such as Gain (), output characteristic,
Maximum operating frequency (fuax), cut-off frequency (fr),
early voltage (V,), and Stability criteria of the device
degrades due to self heating effect inside the device. The built
inpotentia of the devices before self heating islesser than the
built in potential after self heating. So turn-on voltage
increases after self heating effect which affects the device
performance.
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