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Comparison of the New VBIC and Conventional
Gummel-Poon Bipolar Transistor Models
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Abstract—A new bipolar transistor model called VBIC has re- sﬁ
cently been developed and is likely to replace the Gummel-Poon
model as the new industry standard bipolar transistor model. This
paper focuses on the comparison of the VBIC and Gummel—Poon
models under the dc operations. The extraction and optimization
procedure coded in S+ statistical language and required for VBIC
simulation is also developed and presented.
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. INTRODUCTION 7 e
HE BIPOLAR junction transistor (BJT) is one of the most o excess phase network
widely used semiconductor devices in manufacturing in- Qu )
tegrated circuits and electronic components. Because of its st I J,
e

perior speed performance, such a device has found wide appl:-

cations in high-speed switching and digital electronics SySten&%. 1. Equivalent circuit for the new VBIC bipolar transistor model.

The SPICE Gummel-Poon (SGP) model [1] has been the in-

dustry standard bipolar transistor model for more than 20 yrs.

Users of the SGP model, however, have found it to be inad8€ parameters extracted and optimized in this paper are those
quate in representing many of the physical effects importamqssociated with dc and room temperature operations. Extraction
modern bipolar transistors. Recently, a group of representatigParameters associated with ac, low/high temperatures, and
from the integrated circuit and computer-aided design indug€lf-heating is a topic of ongoing research and will be reported
tries have collaborated and developed a new industry stand&lggwhere in the future.

bipolar model called the vertical bipolar inter-company model

(VBIC) [2]. In addition to having an accurate model, it is imper- Il. REVIEW OF VBIC MODEL

ative to be able to extract and optimize the parameters associatelgefore discussing the VBIC model, we give a brief review of

with TQ‘UCh a model. . th? SGP model. Itis a three-terminal model (i.e., emitter, base,
This paper seeks to compare the new VBIC and conventiona : .
anEi collector terminals) and consists of three current sources

SGP models under the dc operations. An accurate and efﬂcEn L., andl,., two capacitances associated with the charges

methodology to extract and optimize the dc parameters for t (ifc andQ@),. stored between the base and collector terminals and

VBIC modelis also developed. First, the SGP and VBIC mOdebetween the base and emitter terminals, respectively, and four

will be briefly reviewed. This will be followed by the discussion eries resistances. two associated with the base redion and one
f the VBIC parameter extraction method. Finally, results ca?— . . . 9 .

0 P Y, each associated with the base and collector regions. The basic
d harg

culated from the VBIC model using the parameters extracté : : )
of all variants of the SGP model is the integral charge control
from the present method, calculated from the SGP model, an . ;
. . odel for the dc current.. passing through the emitter and
obtained from measurements will be compared. It should be

. cqllector terminals [1].
pointed out, due to the large number of VBIC parameters, thac%Fig. 1 shows the equivalent circuit of the new VBIC model.

Unlike the conventional SGP model, which has three terminals,
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model (represented in Fig. 1 by the SGP equivalent circuit co@y gp, Pc, andMe. FromC,.. versusV,. data, in reverse bias
nected to the substrate terminal with components denoted barad low forward bias regions, extraCl;cp, Ps, and Ms.
subscript). Another feature included is that the quasisaturatidbptimize the above parameters.

behavior is modeled with the elemenits:;, Qy..., and a mod-

ified Q. [3]. Self-heating and excess-phase effects have algo garly Effect Parameters

been accounted for in the VBIC model as separate options. ) ) ]
The next step is to extract the parameters associated with the

early effect. The junction parameters extracted in the previous
section can be used to calculate the forward and reverse early

ll. VBIC PARAMETER EXTRACTION AND OPTIMIZATION voltages Ve andVgr) using the following equations [7]:

The VBIC parameter extraction and optimization method de- ; Forrag ;
veloped in this paper is coded in S+ statistical language [4] and (Qj, P /95)/Ver + Q;, e/Ver=-1 (1)
is based on the experimental data measured from bipolar transis-
tors fabricated at Lucent Technologies. Our extraction and opti-
mization procedure follows in general the approach of Seitchik
et al. [5] (Q;, be T C;, be ;/g;)/VER + Q;, bc/VEF =-1 (2)

The following is a brief description of the development of our
S+ program for the VBIC parameters extraction and optimizhlere, superscriptg andr denote forward and reverse modes,
tion. All the measurements data are stored in only one S+ objé@spectively(); is the charge in the junction, which can be cal-
denominated “data,” which contains several components wiHlated from the junction parametees is the derivative of?;,
the names of base-emitter capacitance (CBE), base-collectorafg, is the output conductance, which can be determined from
pacitance (CBC), “substrate-collector capacitance (CSC), féhe forward and reverse data. Because this early effect model
ward Gummel (FG), reverse Gummel (RG), forward output cuftas developed under low injection condition, it is necessary to
rent—voltage [-V) (FO), and reverse outpiitV (RO). Allthe extract the early effect parameters using data measured at rela-
VBIC model parameters are put into a numerical vector denoiifiely low bias conditions.
inated “para.” A logical vector called “extract” is also used to
define the parameters to be optimized,; in this vector, values with Low-Voltage Parameters
“true” statement are to optimized and those with “false” state-
ment are to be kept constant. A function “weight” could be use
to minimize the effects of the experimental data that fall ouE—
side of the norm of typical data. Based on the model param
ters extracted and optimized (i.e., stored in “para”), a functi

The linear region (i.e., low-voltage region) in the Gummel
ot, which is not influenced by the series resistances and
igh-voltage effects, provides useful information for extracting
e model parameters associated with the current transport in
Qi}polar transistors. The approach of extracting low-voltage

“evaluate” is used to generate the VBIC simulation results. ; )
o . ; . .parameters is the same as that used in the SGP model parameter
VBIC Fortran program, which is available in the public domai : ; .
extraction. However, since the VBIC model incorporates sev-

[6], is needed to interface with “evaluate” to carry out the sim="_ " .
. L N . . eral improved features, more parameters need to be determined,
ulation. A function “residual” compares and differentiates thé . : .
and the extraction procedure is more complicated.

simulated and experimental data. A function “optimize” is then From the forward Gummel plot. extract the followind param-
used to optimize the parameters with “residual” values Iargg{ pioL, gp

than those deemed acceptable. This function “optimize” is e?g—ﬁ :r?n—:gelng : ng?rfégfhféiglfoﬁ;\/’ir?nd]a\\frg ];n e':é?g_] ]t\r; € rIeverse
cuted in conjunction with the nonlinear regression function “nix piot, gp P R SBCT

regb” available in S+ Ncr, Isen, New, Isp, Wsp, Nsp, Iperp, andIgpnp.

. Note that the parameters extracted include the parasitic PNP

Yransistor current components. This is because, in the reverse

volves many steps. The order of these steps is mportant,@&mmel plot, the base-collector junction is forward biased,

a nonoptimal sequence will result in less accurate parameters " . . : -

. . P o .and the parasitic transistor is conducting. Optimize these
being extracted. In each step, a different “extract” (i.e., to define rameters. The voltage range of this extraction is normall
the parameters to be extracted and optimized) and “residu%?’ . g g y

(i.e., to define the measured data to be used for comparison) erﬁtween 0.4 and 0.8 V. It should be emphasized that this set of

be utilized. The steps for extracting and optimizing the VBleargmetgrs Is relatively easy to extract and_ requires minimal
) . Optimization due to the fact that they are isolated from the
parameters are given in sequence below.

effects associated with the high current region.

A. Junction Parameters D. Knee Current Parameters

The parameters associated with the emitter-base andheknee currents are the currents at whicl/tHé data starts
base-collector space-charge regions are first extracted. Frandeviate from its linear relationship. These parametégs-(
Cye versusV,. data, in reverse bias and low forward biagandxg) can be estimated from the forward beta (i.e., forward
regions, extracC; g, Pr, andMg. FromC,. versusV,, data, current gain) versug. and reverse beta (i.e., reverse current
in reverse bias and low forward bias regions, extr@gt:, gain) versud.
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Fig.2. (a)Forward and (b) reverse Gummel plots obtained from measurements (b)
and from VBIC model using the parameters extracted from both the low- and o )
high-voltage regions. Fig. 3. (a) Forward and (b) reverse current-voltage characteristics obtained

from measurements and from VBIC model using all parameters except for those
associated with the quasineutral region avalanche breakdown.

plots by taking the current where the beta value is droppediQts are interacting with each other, one subset of parameters
half of its peak value. Sincéx » and I r are influenced by cannot be extracted independently from the others. A better way

the high-voltage effects, their values need to be optimized laigryo this is to extract and optimize a subset of parameters using
when other parameters are extracted. other subsets of parameters which are not yet optimized. This

process is then repeated until all the parameters associated with
the high-voltage region are optimized.

High-voltage effects in bipolar transistor make the param- 1) Forward Gummel Plot:In the forward Gummel plot at
eter extraction difficult. They include voltage drops on seridsigh voltages, extract the series resistariégs, Ry, andREg.
resistances, parasitic currents and resistances, high-level injdext, these series resistances, together with the knee currents
tion, quasisaturation, and avalanche breakdown. Since thesesafracted previously, are optimized.

E. High-Voltage Parameters
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Fig. 4. (a) Forward and (b) reverse current gain versus current obtained frbig. 5. (a) Forward and (b) reverse output conductance obtained from
measurements and from VBIC model using the parameters. measurements and from VBIC model using the parameters.

3) Reverse Gummel Plotn the reverse Gummel plot at

2) Quasisaturation and SaturationThe parameters asso-high voltages, extract the parasitic resistaRgg- andRs, and
ciated with the quasisaturation effect can be extracted fraptimize all the former parameters.
the forward current-voltage (forward—V) characteristics Using all the parameters extracted and optimized so far, we
under quasisaturation and saturation operations. They includge/e compared in Fig. 2(a) and (b) and 3(a) and (b) the cal-
the series resistanceB-x and Rqjy, and quasisaturation culated and measured Gummel plots and current-voltage char-
parametersVs, Gannr, and Hreor. In addition, since the acteristics under forward and reverse operations, respectively.
base-collector junction is forward biased and the parasific general, the fitting is quite good. In Fig. 3(a) and (b), how-
PNP transistor is conducting, the parasitic current componeetger, the model becomes less accurate as the current level is
extracted previously, together with the parameters extractedreased, particularly for the reverse operation, where the ef-
here, need to be optimized. fects of impact ionization become significant. This is because
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Fig. 6. (a) Gummel plot, (b}-V characteristics, and (c) current gain of the BJT under forward operation obtained from the SGP model, VBIC model, and
measurements.

the parameters associated with avalanche breakdown haveamat reverse current gains and forward and reverse output con-

been extracted and included in the VBIC model. This probleductances, respectively, obtained from the VBIC model play-

will be addressed and removed in the next step. back and measurements. The predictions from the VBIC model
4) Weak Avalanche Breakdowmext, based on thd—V  using the parameters extracted compare favorably with mea-

characteristics in avalanche breakdown region, we carry @urements.

the extraction and optimization of the parametdis~; and

Ay c2 associated with forward weak avalanche breakdown and

parametersly 1 and Ay g2 associated with the reverse weak _ _
avalanche breakdown. To illustrate the advantage of the VBIC model over its

Gummel-Poon counterpart, we compare the dc characteristics
of another bipolar transistor (i.e., different from the ones used in
the previous section) obtained from VBIC model, SGP model,
Finally, all the above dc parameters are optimized to obtainedd measurements. Because the self-heating effect is not
the best fitting for the current gain and output conductancaccounted for in the present VBIC model (i.e., the self-heating
Fig. 4(a) and (b) and Fig 5(a) and (b) illustrate the forwardption is not considered), a device with relatively large size

IV. COMPARISON WITH THE GUMMEL—POON MODEL

F. Global Parameter Optimization
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Fig. 7. (a) Gummel plot, (b}-V characteristics, and (c) current gain of the BJT under reverse operation obtained from the SGP model, VBIC model, and
measurements.

is used. Fig. 6(a)—(c) and Fig. 7(a)—(c) show the forward asdlely from the advanced features included in the main VBIC
reverse characteristics of the BJT, respectively, calculated fronodel (see Fig. 1). For small-size bipolar devices, the VBIC
the SGP model with the SGP parameters extracted from timedel is expected to be even more accurate than the SGP due
conventional method, calculated from the VBIC model witlo the availability of the self-heating option in the VBIC model.
the VBIC parameters extracted from the present method, and

obtained from measurements. The results indicate that the SGP

model is less accurate when the BJT is operating at relatively

high current level and/or is operating at reverse operation.The VBIC model developed recently is likely to replace the
Again, because the self-heating does not play an import&8®P model as the industry standard for SPICE circuit simula-
role, the observed improved accuracy of the VBIC model cantien of bipolar transistor-based integrated circuits. As a result,

V. CONCLUSIONS
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