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ABSTRACT
This paper presents a comparative study of Si, SiGe and InP based Bipolar Junction
Transistors (BJT) with reference to their DC, AC, and RF characteristics. Double diffusion
doping profile in each case is used to determine the common Figures of Merit (FOM) to
assess their potentials for operation at high frequency. A theoretical analysis using
Gummel-Poon model has been used to validate the data obtained from simulation using
ATLAS module of SILVACO software tool. After validation of models, the three BJT’s DC, AC
and RF characteristics are evaluated and thereafter a comparative analysis has been
carried out based on the important characteristics such as I–V behavior, frequency
response, breakdown, maximum cutoff frequency, and minimum noise figure. It is observed
that, with the same physical structure, InP BJT produced a high dc current gain (505)
compared to a much lower value of the Si BJT (65). In contrast, the Si BJT provides higher
cut-off frequency compared to the others.
Keywords: Silicon BJT, SiGe BJT, InP BJT, ATLAS Silvaco Tool, Semiconductors.

1. INTRODUCTION
Bipolar Junction Transistor (BJT) is one of the most widely explored three-terminal device
seeking applications in both digital and analogue domains. With the advancement of technology,
the device has undergone several transmutations aiming to achieve high transconductance, high
speed, high cutoff frequency, and low noise figure. The Heterojunction Bipolar Transistor (HBT)
has been able to fulfil these goals to some extent at the expense of complex manufacturing
technology. Nonetheless, the fabrication of homojunction BJT has never relented and
researchers continue to explore the device for its simple design and easy fabrication process
compared to the HBT [1]. We believe that, with a judicious choice of the doping profile of the
BJT, it may be possible to obtain device characteristics, which are at par with or better than
those of the HBT [2]. For simplicity, it has become a common practice to consider the junctions
as abrupt, which may be true for alloyed junctions in transistors. However, it is far from reality
for junctions formed through diffusion or ion implantation techniques. Usually, in diffusion
transistors, which has abrupt p-n junctions (with uniformly doped emitter, base, and collector
regions), no drift field exists in the base region and the minority carriers injected from the
emitter into the base only move by a diffusion process. On the other hand, drift transistors have
a built-in electric field in which the minority carriers injected from the forward-biased emitter
are accelerated towards the collector because of the sharp impurity gradient in the base region.
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Consequently, a drift motion is superimposed over the normal diffusive motion of the minority
carriers during their transit in the base region. Thus, the doping profile plays a major role in the
characteristics of the BJT.
Therefore, this work proposes to undertake Gaussian doping profile for both the base-emitter
(BE) and collector-base (CB) junctions. Such doping profile is not only realistic for diffused and
ion-implanted junctions but also provides a drift field in the base region. Studies on BJT utilizing
individual materials such as Si [1], SiGe [3] and InP [4] vastly available in the published
literature unlike the comparative performance analysis of the three materials (Si, SiGe, and InP)
that have similar structures and doping profile. Hence, this study will investigate the
performance of the three materials.
By comparing with the previous experimental studies, this research has used simulation to
understand the detailed physical process and operation of the BJTs [5]. While ATLAS module of
SILVACO software was used as the main tool for the study, most of the simulation results were
authenticated using analytical results from BJT theory. A comparative analysis of the three
materials was carried out based on the common figures of merit such as I–V behavior, frequency
response, maximum cutoff frequency, breakdown, and minimum noise figure. The rest of the
paper is organized with device structure in Section 2, selection of models in Section 3, result and
discussion in Section 4, and finally conclusion in Section 5.
2. DEVICE STRUCTURE

Figure 1. Doping profile of the proposed device.

The drift transistor that has been studied in this work has an n-type uniform concentration of
5×1016/cm3 in the collector region, a p-type Gaussian distribution of peak concentration
1018/cm3 in the base, and an n-type Gaussian distribution of peak concentration 1020/cm3 in the
emitter region. The device structure has a total width of 2 μm; with the emitter, base and
collector widths at 0.05 μm, 0.3 μm and 1.65 μm, respectively. The device is simulated using
Silvaco T-CAD simulator with emitter area, AE = 0.55 μm2. The doping profile of the proposed
device is shown in Figure 1. This is a double-diffused planar process in which p-type and n-type
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diffusions are performed in succession on the same face of the wafer giving the impurity profile
shown in Figure 1.
3. SELECTION OF MODELS
During device simulation, the model selection is important in order to get actual characteristics
of the proposed device. Therefore, the models are selected based on the theoretically calculated
value. Based on the physical geometry, the theoretical DC current gain, β is calculated shown
below. Since we have considered a Gaussian distribution profile, the diffusion profile is
represented by Equation (1):
C (x,t) 

QT
 Dt

exp(

x 2
)
4Dt

(1)

Where QT is the total impurity atoms per cm2, D is the diffusivity constant of dopants (in cm2/s),
x is the distance (in cm), and t the diffusion time (in sec.). For this investigation, the GummelPoon model has been employed considering a non-uniform base doping and the presence of an
electric field in the neutral base region. Therefore, there will be a drift component of the
minority carrier current in the base in addition to the diffusion component. In npn transistor,
the electron current in the base can be written as Equation (2) [6]:
I n  qAn n(x )E qADn

n(x )
x

(2)

The electric field in the base E can be estimated by assuming that the hole current in the base is
negligible (and hence zero). This electric field is negative and moves from the collector to
emitter in the base. Hence, it helps in the drifting of electrons from the emitter-end to the
collector-end in the neutral base region. Substituting the value of the estimated electric field E
into Equation (2), the total electron current passing through the base can be obtained using
Equation (3):
In  

qADn d
{ p(x)n(x)}
p(x) dx

(3)

Integrating Equation (3) over the neutral base region and assuming that BE junction is forward
biased and CB junction is reverse biased, then Equation (4) is obtained:
In 

qADn ni 2
qV
exp( BE )
QB
K BT

(4)

Where,
QB 

WB

 p(x)dx

(5)

0

QB is referred to as the Base Gummel Number (BGN). In a straight forward extension of the
above analysis for the emitter region, an expression for hole current in the emitter of a npn
transistor can be obtained as:
qAD p ni 2
qV
(6)
Ip 
exp( BE )
QE
K BT
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Where

QE 

WE

 n(x) dx

(7)

0

QE is defined as the Emitter Gummel Number (EGN). The integration is performed over the
neutral region of emitter extending from 0 to WE.
Let NdE(x) and NaB(x) be the doping distributions in the emitter and base respectively. Then the
Gummel Numbers can be evaluated by assuming complete ionization of dopants given by:
WB

WB

0

0

WE

WE

0

0

QB   p(x)dx   NaB (x)dx

QE   n(x)dx   NdE (x)dx

(8)

(9)

The neutral base and emitter widths of bipolar junction transistors considered in this work are
determined as the width where the value of electric field is approximately zero (a three order
less in comparison to the peak electric field is set as the criterion for zero). The electric field
distributions of the devices are extracted from the plot. The neutral widths of base and emitter
region are determined from the web plot digitizer using the zero electric field criterion set
above. The transistor  is obtained as:


QE
QB

(10)

The model developed above is now used to determine the Gummel numbers. The base and
emitter Gummel numbers have been calculated analytically by performing the integrations [Eq.
(8) and (9) respectively] of the dopant profile in the neutral base and emitter regions.
In this computation, we have considered concentration dependent mobility model, the parallel
electric field dependence mobility model, concentration dependent recombination model, Auger
recombination model, and band-gap narrowing model in each case of the BJTs. The
concentration dependent mobility model is doping versus mobility table valid for 300K. The
parallel electric field dependent mobility model is used to model any type of velocity saturation
effect in the devices and the remaining models are used to account for the generation and
recombination mechanisms inside the devices. For theoretical calculations of the Gummel
numbers, the diffused junctions were approximated by exponential distributions of the form [7,
8]:
x
N (x)  N0 exp( )  N B


(11)

Where N0 is the impurity concentration at the surface, NB is the background concentration in the
starting sample, x is the distance from the surface into the semiconductor, and  is the
characteristic length. The  values for the approximated exponential distributions are obtained
by the process of curve fitting from a MATLAB software. Finally, the following Gummel numbers
and the resultant DC gains were obtained for the three materials based BJTs:
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QE 8.8929  1014

 52
QB 1.711  1013

for the Si BJT,



QE 8.8929  1014

 115.82
QB 0.76782  1013

for the SiGe BJT,

316.87  1013
 498.04
0.6362278  1013

for the InP BJT.

and


4. RESULTS AND DISCUSSION
4.1. DC Characteristics

Figure 2. Total Gummel plot of all proposed devices.

The Gummel plots for the BJTs based on the three materials (Si, SiGe and InP) are shown in
Figure 2. These plots indicate that the SiGe BJT has a superior performance (compared to the
other two BJTs) in terms of the DC current gain when the base-emitter voltage is small (near
about 0.3 V). However, at a higher base-emitter voltage (more than 1 V), the InP BJT shows
better current gain compared to the Si and SiGe BJTs.
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Figure 3. DC Current gain of all proposed devices.

The DC current gain (β) is plotted in Figure 3. The figure indicates maximum  of 505, 110 and
65 respectively for the InP, SiGe and Si BJTs against their theoretically calculated values of 498,
116, and 52 determined using Gummel-Poon model described in Section 3. The close
agreements of the two values in each case justify the use of our simulation model. The high
value of DC gain (β=505) in InP BJT is a clear advantage of the Gaussian doping profile against
an extremely poor value (β=12) from a uniformly doped structure [4]. The high β in InP can be
explained as follows. In order to have a good npn transistor, almost all electrons injected by the
emitter into the base must be collected. Thus, the p-type base region should be narrow, and the
electron lifetime n should be long. This requirement is summed up by specifying WB<<Ln, where
WB is the length of the neutral base (measured between the depletion regions of the emitter and
collector junctions) and Ln is the diffusion length for electrons in the base (Dnn)1/2. Therefore,
the InP BJT with the maximum diffusion length exhibits the highest  followed by the SiGe and
Si BJT.

Figure 4. Common-emitter current-voltage characteristics.
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The IC versus VCE curves are shown in Figure 4, which reveal a great deal of information on the
physics behind the operation of the devices. These curves are plotted for IB = 10 μA. The
maximum collector current for the InP BJT is found to be about 1.15 mA while those for the SiGe
and Si BJTs are recorded to be about 0.45 mA and 0.35 mA respectively. It is clear that for the
same base current, InP based BJT provides more collector current than the Si and SiGe BJT
which is proven by the highest β of InP BJT.

Figure 5. Offset voltage of all proposed devices.

The Vce,offset voltage is computed from the VCE-IC curve by expanding the output characteristics
curve near the origin. The said voltage for Si, SiGe, and InP BJT are shown in Figure 5. The offset
voltage is observed to be 11.24 mV, 41.74 mV and 44.05 mV, for the InP SiGe, and Si BJTs
respectively. The offset voltage can be expressed as [9]:
VCE  I B RE 

A
J
KT
KT
ln( C ) 
ln( CS )
q
AE
q
N J ES

(12)

Where RE is the emitter series resistance, AC and AE are junction areas, and JCS and JES are the
reverse saturation current densities of the collector-base (CB) and emitter-base (EB) junctions
respectively, and αN is the forward base current gain. From the above expression in
Equation (12), it is clear that InP BJT has a low offset voltage compared to the Si and SiGe BJT
due to high mobility and high DC forward gain in the InP BJT. The high offset voltage observed
in Si BJT may be attributed to high RE and low DC forward current gain.
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Figure 6. Early Voltage (VA) of all devices.

The Early Voltage (VA) is computed from backward extrapolated VCE-IC characteristics shown in
Figure 6. The observed Early Voltages for Si, SiGe, and InP BJTs are -25 V, -50 V, and -75 V
respectively. The VA is a simple and convenient measure of the output conductance. Higher VA is
desirable for a BJT for better circuit operation. The VA can be expressed as [10]:
WB

VA 

N

aB

(x)dx

0

W
N aBWB { B }
VCB



QB (0)
C CB

(13)

Where QB(0) is the total base charge at VCB = 0 V and CCB is the collector base depletion
capacitance.

Figure 7. Breakdown voltage of all devices.
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The breakdown voltages in the open base configuration, BVCEO for Si, SiGe, and InP BJTs are
shown in Figure 7. The three BJTs are simulated at a base current of, IB=1e-10 A. The reason for
choosing such a small base current is to assume that the base terminal is open. The observed
breakdown voltages for the three BJTs are 4.24 V, 4.48 V, and 4 V respectively. The open base
configuration BVCEO can be expressed as [11]:
BVCEO 

BVCBO
n

(14)



Where BVCBO is the CB breakdown voltage with the emitter left open. The low breakdown
voltage for InP BJT can be obtained from expression in Equation (14), that the high DC current
gain of the device is mainly responsible for the same.
4.2. RF and Microwave Characteristics
The RF and Microwave characteristics of the device are studied by AC small-signal analysis
using a two-port network [12]. The characteristics analyzed include cut-off frequency (ft),
maximum frequency of oscillation (fmax), Mason’s Unilateral Gain (MUG), and stability factor. The
input reflection coefficients of the devices are computed from the Smith Chart.

Figure 8. Cut-off frequency (ft) of all devices.
The high-frequency performance of the simulated bipolar transistors is characterized by ‘S’
parameters extracted from the Silvaco tool. The cutoff frequency (ft), defined as the frequency at
which the magnitude of short circuit current gain h21  1 , is plotted in Figure 8. They are
recorded to be 2.09 GHz, 178.89 MHz, and 3.57 GHz for the Si, SiGe and InP BJTs respectively.
The cut-off frequency (ft) can be expressed as:
ft 

1
2 b

(15)
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Where τb is the base transit time, defined as the time required to discharge the excess minority
carriers in the base through the collector current [13]:

b 

WB 2
DnB

(16)

Where, WB2 is the width of the base region, and DnB is the diffusion coefficient of electrons in the
base region. It is observed that the Dn values of InP, Si and SiGe are respectively 130cm2/s, 36
cm2/s, and 2.4 cm2/s [14]. Thus, it is clear that InP has a high Dn compared to Si and SiGe. This
makes the base transit-time small in InP BJT with the consequence of higher cutoff frequency of
the device compared to the others.

Figure 9. Maximum frequency of oscillation (fmax) of all devices.

fmax is the maximum oscillation frequency of a device and it is determined with the condition
MUG  1 , using a unit-gain-point method. A comparative account of Massion’s Unilateral
Power Gain plots for all the transistors is presented in Figure 9. The maximum frequencies of
oscillation fmax of Si, SiGe and InP based BJTs are found to be 2.07, 1.06 and 5.21 GHz
respectively. The maximum oscillation frequency is expressed as [13]:
f max 

ft
8 rb c jc

(17)

Where ft is cut-off frequency, rb the base resistance, and cjc is the collector junction capacitance.
The transistor having reverse transmission parameter Y12 (or Z12, h12, S12) as zero is called
unilateral. The output is completely isolated from its input. Unilateral power gain U in terms of S
parameters is expressed as [13]:
U 

246

S 21
1
S 12

2

S
S
2K 21  2Re( 21 )
S 12
S 12

(18)

International Journal of Nanoelectronics and Materials
Volume 12, No. 2, Apr 2019 [237-250]

The stability factor, K, measures whether a transistor will be unconditionally stable for arbitrary
passive loads [15]. The Rollett stability factor can be expressed in terms of S-parameters as [13]:
2

K 

2

1  s 11  s 22  s

2

(19)

2 s 12 .s21

where, Δs=s11s22-s12s21.

Figure 10. Stability (K) of all devices.

Figure 10 shows the stability factors of all the transistors. It is observed that the InP BJT is
potentially unstable as K<1, whereas Si and SiGe BJTs are both inherently stable as K>1 for
them.
The RF parameters S11 and S22 for the Si, SiGe, and InP BJTs are computed using Smith Chart in
the frequency range from 1 Hz to 120 GHz. Smith Chart helps determine the device input and
output reflection coefficients (Γ). If Γ is less than 0.33, then there is no need of any matching
network at the input as well as output side. Mathematically, reflection coefficient at the input
side is expressed as:
in  Re(S 11 )2  Im(S 11 )2

(20)
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Figure 11. Input reflection coefficient (Γ) of all devices.

The reflection coefficient as a function of frequency is plotted in Figure 11. It is clear that the
reflection coefficient, Γin < 0.33 for the Si BJT up to 100 MHz, which indicates that a matching
network, at the input side, is not required. Above 100 MHz however, the reflection coefficient,
Γin > 0.33, indicating that a matching network is necessary. For the SiGe BJT, the reflection
coefficient, Γin > 0.33 throughout the frequency range. While the matching network is necessary
for the SiGe BJT throughout the frequency range from 10 kHz to 100 GHz, the InP BJT requires
matching network only up to 40 GHz.

Figure 12. Minimum noise (NFmin) of all devices.
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The minimum noise figures NFmin was determined by sweeping the base bias from 0 to 1.25 V
and the collector bias from 0 to 2 V while keeping the emitter voltage zero. Thus, the NFmin
determined for the Si, SiGe, and InP BJTs are depicted in Figure 12. Figure 12 shows that the
NFmin records constant values of 5 dB, 10 dB, and 16 dB for the InP, SiGe, and Si BJTs
respectively, up to a frequency of 0.1 GHz. Thereafter, the NFmin curves rise steeply to attain
some peaks and then fall quickly to low values. Such behavior of NFmin can be understood by
writing the theoretical expression as [10]:
NFmin  1 

1





2 g m rb

f
 
  fT
1

2





(21)

In Equation (21), the expression stated that NFmin depends on β and ft in a critical way. At low
frequency (lower than ft), the second term inside the square root becomes negligible. Equation
(21) is manifested in two ways. First, the frequency dependence of NFmin vanishes which
renders it constant, and secondly the DC gain dominates as a reciprocal term, for which the
constant values of NFmin are observed to be in the reverse order of β values for the three
materials based BJTs.
5. CONCLUSION
Based on this study, we have compared, analyzed, and validated the different properties of the
BJTs using TCAD Software and simple physics relations within this framework. The InP BJT is
found to exhibit the highest current gain of 505, which is a potential advantage of a
homojunction BJT because its fabrication process is less stringent compared to the HBT. The
low offset voltage of InP BJT is preferable for digital application due to low power dissipation. In
addition, the InP BJT has the highest VA, ft, and fmax among the three BJTs. On the other hand, Si,
and SiGe BJTs have higher breakdown voltage and they are potentially stable compared to InP
BJT.
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