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Improved Compact Modeling of Output Conductance
and Cutoff Frequency of Bipolar Transistors

Jeroen C. J. Paasschens, Willy J. Kloosterman, Ramon J. Havens, and Henk C. de Graaff

Abstract—The collector epilayer is a crucial element in the be- E In C: Repi C
havior of modern bipolar transistors. Compact models for its de- ( Q ) ! *
scription, like the Kull model, are therefore of crucial importance }i,_‘

too. We give a Mextram-based improvement to these models for OnE

quasi-saturation and show that the output conductance and the ”
cutoff frequency are less abrupt in this region. Apart from ohmic

quasi-saturation, we also include quasi-saturation due to the Kirk

effect, which results from velocity saturation. —l<]——l>‘—
Index Terms—Bipolar transistors, circuit simulation, compact Ipg Ipc

modeling, distortion, high frequency, Mextram. B

Fig. 1. The intrinsic part of the equivalent circuit of compact models like the
|. INTRODUCTION Kull model, Vbic, and Mextram. We have not shown the extrinsic regions and
. . _all the resistances to the external terminals.
HE SPICE-Gummel-Poon model is still the most widely

“Se‘?' Co.mp‘"‘.‘:t. mod_el to describe bipolar trans!stors, be'In Section Il we start with the equivalent circuit of the in-
cause of its simplicity. It is, however, well known that it cannagé

q " fthe off h . . dern bi insic part of a bipolar transistor. We analyze the Kull model in
escribe some of the effects that are important in modern bipO&( i 1)1 In Section IV we show our improvements and the

_transist_ors. Ong of the effects th"’.‘t is _not adequately descrit3:‘?3(#T1parison with the Kull model. In Section V we add velocity
IS qua;psa’_tura_tlon. Quasgsaturanon (i.e., the mterngl_base—%%{furation effects and the Kirk effect, while current spreading

?seshortly discussed in Section VI. Our experimental results are
i®n in Section VII. In Section VIII, we describe the charge of
e epilayer that is needed for the description of the cutoff fre-

h b d h . f1h . Quency. Temperature scaling and parameter extraction are dis-
ave been suggested over the years. One of the major Contijlisse in Sections IX and X. Convergence results on realistic

tions IS the_descrlptlon of ohmic quas,l-saturatl_on by @Ihl‘ circuits are given in Section XI, and, finally, we summarize in
[1]. This epilayer model has been incorporated into, for instanc€action XII

Mextrant [2], and Vbi¢ [3]. The physical basis of the model
is sound. However, we will show that in its current implemen-
tations it has the disadvantage that it is not very smooth in first-
and higher order derivatives of the current w.r.t. voltages. Before we go to the model equations, we will first show the
We give an improvement to the Kull model that is muclgquivalentcircuit used in many compact models for bipolar tran-
smoother. We also include velocity saturation, based on thitors. The intrinsic part of these equivalent circuits is shown in
same princip|es asin [2] This results in a Superior descripti&ig. 1. It consists of base—emitter and base—collector diodes, a
of measurements. As an examp|e, we compare to measuremeHteent source that describes both the forward and reverse main
on a high-voltage transistor in which the epilayer description @/rrents, and an element for the epilayer current. Furthermore,
of crucial importance. This epilayer model will be part of théll modeled charges are shown as capacitances. The element for

new Mextram 504 release, but it should be noted that it can e epilayer current models the variable epilayer resistance (al-
implemented in other models. though in practice it is implemented as a current source). For

low biases and current densities, its resistance is determined by
the doping level of the epilayer

biased) degrades the performance of the transistor and is du
either ohmic voltage drop in the epilayer or to a voltage dr
caused by velocity saturation (Kirk effect). Many improvemen

Il. EQUIVALENT CIRCUIT OF COMPACT MODEL
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The given expression is for a 1-D model only and changes when 1.0f | memmem-ooozIzzes : .
current spreading needs to be considered. Also, the doping level 0 53_ ,/' /' E
of the epilayerNe; is used in the expression. For the model N ’ E / 7 ]
derivation, we assume this doping level to be constant. In prac- = oof I/’ ,/ E
tice, it is of course an effective value. N E / ]

The epilayer current depends on both the electron and hole _05L / / E
densities in the epilayer. To model it, we need both the electron 5/’ / 1
and hole quasi-Fermi levels. The epilayer current will therefore -1.0¢ A | L ]

0.00 001 002 003 004 0.05

be given in terms of the voltage differenc€gc; and Vigc., Loi (A)
being the difference between the hole quasi-Fermi level in the P
base and the electron quasi-Fermi levels at the base—epilasigr2. The internal base—collector bis ¢; as a function of the currert;

junction and at the interface between epilayer and buried lay®f.Vsc. = —1, —3 V. The parameters we used come from the experimental
results of Section VII.

I1l. ANALYSIS OF THE KULL MODEL

We start our analysis with the Kull model [1], before we give fmittery  Base Collector
our improvements. The Kull model gives a good description of Doping density
the currents and charges in the collector epilayer, aslonga:  §  } cccen Electron density
the whole epilayer is quasi-neutral. Quasi-neutrality means tha 1 .
n = p+ 1, wheren andp are the electron and hole densi- N\ 3 sevene Hole density
ties in the epilayer, both normalized to the doping level of the 3 \\ :
epilayerN.,;. We assume that there is no recombination in the N :.,\
epilayer, which gives a constant electron current. We also as NN Collector
sume that there is no appreciable hole current. This implies tha : | TS epilaver
the hole quasi-Fermi level is constant. It equals the base voltag  ***~ :\-_ “—> Nepi
V. Using all these assumptions, the well-known 1-D drift-dif- T,
fusion equations for electrons and holes can be integrated fron 0 Xi Wepi

z = 0tox = Wepi. The resultis _ o _ L
Fig. 3. Schematic view of the doping, electron, and hole densities in the

base—collector region (on an arbitrary linear scale). It also shows the thickness
Lpi = Vewcs + Vow ) /Rev (2) ofthe epilayedV.,; and the injection layer; .

1
VOVV = VT |:2p0 - 2PVV —In <ﬂ>:| . (3)

1+ pw Vac. TO model the increase in current while the voltage differ-

) ] ] ] ~enceVewoi = Vee: — Vees remains constant, the extra term
The epilayer current is now given in terms of the (normahzeq)ow/RCV is present in (2).
hole densitiegy andpy- at both ends of the epilayer. For the In Fig. 2 we show the internal junction bi&gc; as function

calculation of the hole densities we use the general relatigpi,e currentl,,,;, where we keep the external bibigc, fixed.

np = (n7/Ng,;) exp(Vac/Vr) together with quasi-neutrality £or 10w current densities, we see the ohmic region wiiése;

and find increases linear with the current. At some point quasi-saturation
1 1 starts and the increase becomes very small. From then on, a
Po = 5\/1 +dexp[(Veei — Vac)/Vr] — 5 (4) small change ifVz¢; results in a large change i, Vow, and
1 1 hence inlp;.
pw = 5\/1 +4exp[(Vecr — Vac)/Vr] — 3 ) In Fig. 3, we have shown on a linear scale the electron and

hole densities in the collector epilayer, in the case of quasi-sat-
The parametelyc is the built-in voltage of the base—epilayeturation. We can see that the epilayer consists of two parts. The
junction and has the physical valug: = Vi ln(Ne?pi/nZ?). first part, betweer = 0 andz;, is the injection region where the
For low injection, the hole density will be negligible com-hole density is comparable to the electron density. The second
pared to the doping leveli < 1. This means thatpy ~ 0. part, between: = z; andW,y,;, is the ohmic region where the
Hence, in this case, the epilayer current is simply the ohmic civele density is negligible. At the point = z;, the difference
rent through the epilayer, which has a resistamgedefined in  between hole and electron quasi-Fermi levels is approximately
(). Vie(x) =~ V4c. We will use this observation in the next section
For high current densities, the transistor will go into quasi-sdbtr our improved model.
uration. Quasi-saturation means that the external base—collectdwithin the framework of the Kull model, we can calculate the
bias is in reverse, or not too far in forward (Seyc.. < 0.5V), thickness of the injection regiar;. Since the voltage drop over
but that the internal junction bias is almost as far in forward alse injection region is small, the voltage drop over the ohmic
the base—emitter junctioVf; = V4.). As can be seen from region is almost equal to the total voltage drop. This gives the
(4), the value ofy is then of the order of 1 or larger. Since thereelation
is now an exponential relation betweéz; and the current
I.,i, we can expect thaltzc,; will remain at a value close to Vici — Vecs = TepiRov (1 — i / Wepi)- (6)
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1.0 ' In [4], a similar expression is used, but we will extend it to in-

clude velocity saturation effects in the next section. Equation
(7) is only valid for currents that are sufficiently high to get the
transistor into quasi-saturation. For any externally applied bias
Vs, the currentl; at the onset of quasi-saturation can be
found from (7) by demanding that; > 0 whenl.,; > ..
This results in

0.5

xi/ Wepi

Vic — VBCs
I’IS:chC—BC' (8)

To use (7) also for currents belafy,, we replace.p; by Iop;

Fig.4. The normalized thickness of the injection regiofAWV...; as a function where
of the currentl..,; for Ve, = —1, —3 V. Dashed line: Kull model (6). Solid B 1 1nd1 L. /L.—1 .
line (& = 0.1)pand dotted lined,; = 0.3): our model (10) (to be discussed Iepi = Iqs + 2 n{ + exp[( epl/ i )/am]} (9)
later). 1+ ag: In{1 + exp[—1/ax:]}
Note thatfeEi is always larger thad,., unlessi.,; = 0, in

By using Vgc; here instead ofqc the relation also holds for \yhich casel.,; = I,,. This assures a nonnegative When

low current densitiess; — 0). We showz; /W,,; as function Lopi > I, we havefepi ~ I, as desired. The dimensionless

of current in Fig. 4 (dashed line). paramete,; has a smoothing purpose. Our experience is that
From Figs. 2 and 4, we observe that the Kull model has @nhshould be around 0.3 for Si homo-junction transistors, and

abrupt onset of injection (this is the point whérg.; becomes possibly less for hetero-junction processes like SiGe.

of the order ofyc, or whenz; /Wy, starts to rise). This abrupt  The thickness of the injection regian is now calculated by
transition between the two operating regimes leads to poor megying

eling of the higher derivatives of the current. This can, for in-
stance, be observed in low-frequency distortion analysis. It is io— Vac — VBew (10)
especially this behavior that we want to improve. P Rey (1 — 2/ Wepi)

In the original Kull model [1], velocity saturation was

included, under the assumption, however, that the whdf 9VenVsc. andle,;. This equation, as well as the expression

epilayer is quasi-neutral. The latter assumption no longer hofig% I(Its' will be enhanced later on to include velocity saturation
ects.

in modern transistors, in which the Kirk effect is important‘.a :
Hence, even disregarding its abruptness, the original Kull!n Fi9- 4, we have shown the results fey/ W, both for

model cannot be used for these transistors. In Section V, ¥ ©riginal Kull model and for our improved model described
will include velocity saturation in our model for the case wher@P0Ve. Note that our model indeed shows a less abrupt onset of
the epilayer does have a net charge. guasi-saturation than the Kull model. By changig, one can

influence the abruptness by whial/ W, as function of the
current, starts to increase.

IV. | MPROVEMENT OF THEKULL MODEL

To improve the formulation, we reverse the order of the calcE—' The Internal Base—Collector Bias

lations in the Kull model. For fixed external base—collector bias, Next we need to calculate the internal base—collector bias via
we assume that the currehy,; is given, instead of the internal the hole density,. To this end, we combine (2) and (6) to obtain
base—collector biaBz ;. (See the appendix for a possible im-
plementation.) From the current and frdrfig,., we calculate
the thicknesg; of the injection region and from that the internal Wepi
b_ase—collec_torbias. The internal bias i_s used for_furthercalcglf'ba?re the right-hand side Ty from (3). From this equa-
tions of, for instance, the (reverse) main current in the base

the b h st as in other binol t model , We cannot calculatgy directly, since the equation does
€ base charge, just as in other bipolar compact models. yield an explicit expression far,. We therefore approxi-

mate the equation above with

Ly

1
Iel)iR'Cv = VT |:2p0 - 2PW —In < Po >:| (11)
1+ Pw

A. Calculation of the Thicknesgs of the Injection Region
Po+pw +1

. 12
po+pw + 2 (12)

We use (6) to calculate the thickness of the injection region. i IopiRev = 2Vir(po — pw)
But instead of using the voltage differenég; at the junction epi
itself, we useVqc, which is the voltage difference at the end ofrhe approximation fok/py we just made does not differ more
the injection layer, as mentioned before. (Remember that beffan 59 from the original equation fdfyy over the whole
are almost the same, as long as there is injectipn: 0). We  range ofp, and py values. Using the second-order equation
can now write (12), we can now calculate from py, Iy andx;/Wep;. The
internal base—collector bias can be found from (4) as

Ti g _ Vee—Vbea @)
Wepi IepiR'Cv ' VBCi = Vac + VT ln[po (pO + 1)] (13)
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i ] In the original Kull model [1], velocity saturation is included,
0.02- N under the assumption, however, that the epilayer is quasi-neu-
tral throughout. We will now show that when velocity satura-
tion is important, this assumption no longer holds. At a current

Ic (A)

0.01F N

] L., the amount of electrons needed to sustain this current, as-
i ] suming they are travelling at.;, is equal to the doping level.
0.00/ . . . . s ] For even higher currents (or lower effective velocity), the elec-
0 1 5 6

tron concentration is even higher. These electrons have a nega-
tive charge, whereas the doping atoms provide a positive back-
Fig. 5. Output characteristic for both the Kull model (dashed line) and oground charge. The net charge will no be longer negligible. With

model (solid line) in the ohmic casés = 50 uA, 100 #A, 150 A, and  jncreasing current, the net charge will become negative. This has

2 3 4
Vee (V)

2004A. an effect on the electric field: it will not be constant anymore.
= Consequently, once velocity saturation needs to be taken into
10 ' ! ! E account {c;,; = Inc), the assumption of quasi-neutrality (and of
. a constant electric field) no longer holds. The net charge in the
O - epilayer will eventually lead to the Kirk effect (also a form of
; 107 _ quasi-saturation), which is important in many modern technolo-
e 3 gies. The Kull model is inadequate to describe the Kirk effect.
8% N ST To include velocity saturation in our description, we will start
S B with considering a very high current. Our approach is based on
' TS = the same principles as those of [2]. From standard theory, we
0 3 ' use the following two equations for the electric field:
Vee (V)
Fig. 6. Outputconductan(,z)e)_“t = (,1]_(;/(1}"’@ corresponding to Fig. 5. Note ((ll—E = % < - IIeIn) (14)
the kink at the onset of quasi-saturation in the Kull model. W € € he
/ Edz = VBCm - VdC- (15)
To compare results of different models for the collector epi- z;

layer, one needs to embed them in a complete compact mod?]l. lectric field in the iniecti . b | d A
The epilayer model described here (including velocity saturg- e electric field In the injection region can be neglected. As

tion effects described in the next section) is part of the new V&_%ou;\dr?ry c_ono_lltlon, we a.SSL:]me t_h_at Ithelz ele_ctrf|_c Igeld a; tr;e
sion 504 of Mextram. Keeping the rest of the model the sanf@d of the injection region is the critical electric field neede

and changing only the model for the epilayer, we are able to gi(??ar velocity saturation:

a realistic comparison between the Kull model (or the epilayer

model of Mextram 503 [2]) and our new model. E(wi) = —vsae/tn = —IncRov /Wepi (16)
The results for the output characteristics are given in Figs. 5 . . . .

and 6 for the ohmic case. As one can see, the difference in Were we used the low-field mobility. After a double integration

collector current is almost negligible. There is a much larg€f (14) and using (15), we get

difference when we look at the output conductance. In the Kull )

model, one can see a kink when quasi-saturation sets in. In our Vac = VBca = IncRevi + (Jepi — Inc)SCRevy; . (17)

new model, quasi-saturation is present also, but its onset is not ) _

as abrupt. We will see that the same holds for measuremefit§r€SCRey = W, /2ev:at A is the space-charge resistance

For higher derivatives, the difference between the two mod&kthe epilayer, i.e., the effective resistance of a region domi-
becomes even larger. nated by a current whose charge is not compensated by a back-

ground charge. We also abbreviated

x
Wonn ) . (18)

V. VELOCITY SATURATION EFFECTS
Yi = <1 -

The equations we presented above hold only when velocity
saturation in the epilayer does not play a role. We will now
include this in our description. For low electric field, the drifEquation (17) is similar to (7) for the ohmic case. Now, however,
velocity of the electrons is proportional to the electric fieldwe have described quasi-saturation due to the Kirk effect instead
v = upkE. For higher electric fields the velocity saturates. Itef due to an ohmic voltage drop. In both cases, we have a similar
limiting value is the saturated drift velocity,;. We can esti- base widening and injection of holes into the epilayer.
mate the currents for which velocity saturation becomes impor-We have to find an interpolation between the two cases of
tant by looking at the ohmic region (which has a constant eleshmic resistance and space charge resistance. We can use the
tric field), and putting the drift velocity equal to the saturatedame interpolation that has been used in [2, eq. (19)]. This im-
drift velocity. The current we find iSn. = ¢/Nepidemvsat. FOr  plies replacingly. in (17) above byIncIo/(Inc + In), where
epilayer currents of the order @f. or higher, velocity satura- the ohmic current is given by, = (Vac — Vicw)/[Rev (1 —
tion effects need to be included. x;/Wepi)]- For high voltages over the epilayer, this will again
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give I, but for low voltages it will give the ohmic current we Q03T
used in the previous section. The result is i JUTURRES S
002 .
2 $ [ - ,A_A_A_A-A—A-A-A-A-A-A—A-A—A-A-A-A-A'A:
Lo — Vac — Veez Vac — VBez + IncSCRey¥; (19) o e
L= . RS Lk ]
eplL SCRvaZQ VdC _ VBCac + Ihc R'vaz 0.01_—2 /A—A—A—A-A_A—A-A—A-A —
Equation (19) can, as before, only be used for epilayer currents 0,00g,.<~~, """"" , . ,
larger than/,,, the current at the onset of injection. This is pre- 6 1 2 v 3(V) 4 5 6
cisely the current when; = 0. We can find it directly from (19) CE
resulting in Fig. 7. Collector current fof 5 = 50 pA, 100 A, 200 pA, and 4004 A.
Markers are measurements, lines are the model. The dotted line shows the
_ _ I currentl,,, which is almost independent of the base current. For currents
s = Vac = Ve Vac = Ve + hCSCR’CV, (20) abovel,, the transistor is in quasi-saturation.
SCRcy Vac — VBce + IncRev

Next we follow the same procedure as we did for the ohmic
case. Now that we havg;, we use (9) again for the definition of
the currentl.,;. We then replacé.,; in (19) by I.;. This leads
to a third-order equation fay;. This equation can be solved and
an explicit formula can be given. However, we have found that
we can simplify it to a second-order equation without significant N
loss of accuracy. This is easier for the implementation in a circuit R

-3
10°° PN .
8 A A e

288 8 8 o pnbtetE5
54 a =
L N NN PN - 9

aa

S-S
N WYY Y Y
bn b2 2 0 7]

T THTTENE » T T1

A8 p A A

simulator and numerically more robust. Finally, we then find the E \“\“i
following equation: ) T S S S S
Vee (V)
- Vac — VBez Vac — Veor + IneSCRev ¥
epi = a© BQC'T a© BCz hedv vl . (21) Fig.8. Output conductaneg.. = dI./dVex corresponding to Fig. 7. The
SCRevy; Vac — VBcz + Inc Rey dashed curve shows the result from the old epilayer model for= 50 pA.

Note the kink at the point where the transistor goes into quasi-saturation.
From this equation, we solve fgt (or x;).

Note that in the limitl,, — ~o we get the ohmic result back
from the previous section. In the other limi,. — 0, we get
Tepi = (Vac — Vew)/[SCRev (1 — 2,/ Wepi)?]. The relation be-  To compare our model with measurements, we present here
tween the current and the thickness of the injection regionrissults on .6 x 5.4 pm? NPN-transistor from a 12-V BiCMOS
now quadratic, instead of linear as in (10). process. The DUT contains five transistors in parallel. This

Using the thickness:;, we calculatepy from (12) and the transistor has been characterized completely (i.e., including
internal base—collector bidgs; from (13). Note that our de- temperature scaling) for the CMC benchmarking effort,
scription of the injection region{ < ;) is notinfluenced by ve- together with five other transistors from various foundries, in-
locity saturation. This is caused by the fact that the carrier cogluding two SiGe transistors. The extracted epilayer parameters
centrations are high and the electric field is low, which mearfsr this high-voltage transistor aréic = 0.68 V, R¢, = 150 2,

VIl. EXPERIMENTAL RESULTS

that the mobility has its low-field value. SCR¢y = 1250 2, I, = 4 MA, anday; = 0.3.
Results of the output characteristics are shown in Figs. 7 (the
VI. CURRENT SPREADING currentitself) and 8 (the derivative of the current, the output con-

he derivati h . b . h ductance). As one can see the current is modeled well, although
The derivation we have given above contains the samg, o rent densities are already high and beyond the normal

physics as thg }Tug mc:}del [,1] Totr;he ohlmu_: case or the prev'o%?)erating range. Also the output conductance is described rea-
Mext_ra_m moade d[ Jw en |n|c u |(;1g| V_? OC'E/ saturation. Updt_qsonably accurate. Only the transition to hard-saturation can still
now it is a one-dimensional model. To take current spreadigg improved. The observed differences are probably due to ei-

into account the most important change is due to the fagh, o\, rent spreading, or to the fact that the hole current in the
that the three high current parameters no longer have th@ﬁilayer is no longer negligible
3

one-dimensional value. Instead they get an effective value. Th n Fig. 7 we have also plotted,,, which does not depend

effective value depends on the actual size of the emitter reg'\%}y much onl;. For the part of the curves higher than this

|nf rﬁlatlonl_to th? ip'lr‘?y?‘r thickness. In _[2] an g;](ample IS GV€lbtted line, the transistor is in quasi-saturation (or hard satura-
ofthe scaling of the high-current equations with geometry. n). For the lowest curve, the transition into quasi-saturation

Currentzsprgadlng ahs funcrt]|0n orf_current: CZ” also be w;)clud curs aVer ~ 4.6 V. This transition can clearly be seen in
In[2, eq. (27)] it was shown how this can be done. We observgd, o 1t conductance of the old model, see Fig. 8. Neither in

that in practice the current spreading as function of the epilaygt, 1\easurements nor in the new model do we see such a kink:
currentis of minor importance. Including it would mean solving(;ne transition is much more smooth

a third order equation foy;, something which we do not want
(for .numerlcal_ reasons), if it can be prevented. We therefore dideo, the compact Model Council bipolar standarization effort, see http://
not include this extra feature in our model. www.eigroup.org/cmc
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Fig. 9. The second (squares) and third (circles) derivative of the collector 107 10~ 1072
current w.r.t.Vgg in the Gummel plot, al’5~ = 0 V. The third derivative I (A)
has been multiplied by’z. The dashed lines are with the old epilayer model.
The solid lines are our improved model. Fig. 10. Cutoff frequency’r for Ve z = 0.5, 0.8, 2.0, 5.0 V (bottom to top).

Markers are measurements, solid lines are from the new epilayer model, and
Similar results are obtained if we look to the second arflshed lines are from the old epilayer model.

third derivative of the collector current in the Gummel plot (see
Fig. 9). Here it is even more clear where the Kull model fail&ven need the extra parametgy; . [The first expression in (25)
We removed the large spikes in the derivatives of the old efiér 7.p: then needs refinement.]
layer model, that can be seen aroukidey ~ 0.86 V. The In quasi-saturation the hole chargg at the interface of epi-
higher derivatives determine the low-frequency distortion b&yer and buried layer may be neglected. The expression for the
havior. For distortion at higher frequencies, the charge descrégpilayer charge (24) then becomes, using again (12)
tion also plays an important role [5].

2
x;
eri = Tepi <_> Iepi- (26)

VIII. T HE EPILAYER CHARGE Wepi

For a complete description we also need an expression for fi§s equation was first given in [10] and is used in the compact
charge in the epilayer. To calculate it we use the Integral Chargigdel Hicum [4]s Rather than (26), we use the full expression
Control Relation (ICCR) [6], [7] that is used in many model$24) for the charge because it also describes the charge in the
for the main current in the quasi-neutral base. It is expressedesase of hard saturation (where the currentis small but the charge

o 2 2 Van/Ve _ Ve Vi is not) as well as in reverse mode of operation.

In = Dy Acyni(e ¢ )/Qs @2) " From (22) and (23), it seems logical to make a description
whereQ}; is the total hole charge from the base—emitter to tghere the main current is given in terms of the biaggg and
base—collector junction. Instead of taking only the base into a¢sc- and the total hole charg@s + Q.p.i- There are three rea-
count, we can also include the epilayer. The base charge m%@#s why we prefer not to do this. First, we now have a current
then be replaced b5 + Q. andVise; must be replaced by model independent of the epilayer charge model. This means

Ve Subtracting both equations gives the total hole chargelfift the parameter.,; can be used freely to get a better de-
the epilayer scription of the cutoff frequency. Second, (22) and (23) hold

for a one-dimensional transistor. They do not include current

Qepi = * D A2 2 (eVrei/Vr _ GVme=/Vry 1 o (23)  spreading effects, which can be very important in the epilayer.
) s o . o By having a parameter available for the epilayer charge that has

The pre-factoy” Dy, A, n; contains the diffusion constail, 5 influence on the currents we can keep these effects separated.

and intrinsic carrier concentrationy of the collector epilayer. Third, by describing the base and the collector epilayer sepa-
As long as these quantities are almost equal to those in the b,aaqgw, we have a more natural description of SiGe-base/Si-col-
[8], the pre-factor in (23) can be given in terms of parameters pf.i,; transistors. We do not need to include extra charge en-
the intrinsic model, for instance, x Qzo, and we do notneed anyncement factors [11] to be able to use the ICCR simultane-

extra parameter. In cases where there is a large difference in’JBEIy in the base and in the epilayer. Instead, we use it twice,
instancey, between the collector epilayer and the base (as e for each region, with separated parameters.

SiGe-processes [9]), we do need an extra parameter (see belowyi, the expression for the charge, we can calculate the cutoff
We can rewrite (23) using (4), (), and (12) to get an expregzquencyy;-, shown in Fig. 10. The cutoff frequendy is re-
sion for Q.,; directly in terms of hole densities, such that it CaliLiad to the total transit timer = dQ/dL.. Since in the old epi-

be used also whef,,; = 0 layer model the collector current is not very smooth (as can be
2Vr seen from the abruptness in its first derivativg;), one cannot
Qepi = Teps Rey Wepi (o +pw +2) (24) expect the cutoff frequency to be smooth either. This can indeed
2 W2 be observed in the plot ofr, which shows a clear kink in the
Tepi = Ls Qa0 < Rev ) eVac/Vr _ __ept (25) previous model when the transistor goes into quasi-saturation. It
2Vr 4D, must be mentioned that this specific transistor has been chosen

Flexibility in parameter extraction is enhanced whep; is for the problems it poses for modeling the epilayer and that the

made a model parameter itself, instead of being a function Obro; the model definition and more information about Hicum, see
DC parameters. As mentioned before, for SiGe-processes mg://www.iee.et.tu-dresden.deliee/eb/comp_mod.html
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fr-resultis not representative for the previous model (Mextram L -

503). The new model shows a clear improvement. Obviously i RN ]

such a better description also facilitates parameter extraction. 100l \ N

T ™ N0

IX. TEMPERATURE SCALING £ [ . \\ o]

The temperature scaling of the parameters of the high-current Sor- u\ﬂ\; ]

regime is rather easy. The diffusion voltagg scales as any [ \\:“':
diffusion voltage in most, if not all, bipolar compact models, L R T R

and needs one temperature parameter: a bandgap voltage. The 10 10 Ic (mA) 10

parameterdy,. andSCRq, do not scale with temperature. The
variation of low-current resistandg, with temperature is de- Fig. 11. The dc current amplification as function of the collector current for

. . . Ve = 0 V. The markers are the measurements. The lines are simulations
termined by the temperature variation of the mobility. We ther?o'r various values of the low-current epilayer resistamge:= 150 2 (solid),
fore haveRc, ~ T"=:, whereA.,; is the temperature parametet,, = 75 Q (dotted), ance, = 300 2 (dashed).
and7 the absolute temperature. When the doping level of the
epilayer is known, this parameter can be found from the temper- USHAEE /'/_'o\" '\”” '
ature dependence of the electron mobility at that doping level. i S0 N
For the transit time of the epilayer we fing,; ~ 7%=, since 8:_ 4
the transit time goes with the diffusion constant [see (25)]. r

~

X. PARAMETER EXTRACTION

JSr (GHz)
F =S
T
NN
N,
\

S
NN

Parameter extraction is an importantissue in the use of a com-
pact model. For many of the Mextram model parameters, stan- i S
dard methods can be used. This includes the depletion capac- e '““'_:"“' |
itances and other low-current parameters like those of the for- 10 113 (A) 10
ward and reverse Early effect, avalanche multiplication, and the
collector, base, and substrate saturation currents. Also for the Bg- 12. The cutoff frequency’r as function of the collector current for
traction of the resistances of base, emitter, and collector burjégr = 0-5 V (triangles) and 5.0 V (diamonds). The markers are the measure-

. ents from Fig. 10. The lines are simulations for various values of the epilayer
layers, standard methods can be applied. Here we need tQ,h&e charge resistancgrs, = 1250  (solid, as in Fig. 10)SCRe, =
concerned only with the parameters discussed in this paper, 4t (dotted), andicRe, = 2500 €2 (dashed).
is, the parameters related to the series resistance of the collector
epilayer. voltage. We have shown the effect of varyiRg, in Fig. 11.

In general, the extraction of parameters related to high-ctrherefore the Gummel plot measuredigle = 0 V (which
rent operation of a bipolar transistor is complex. This conis only slightly influenced by self-heating) is used to extract
plexity is even enhanced due to self-heating at high curreni@th parameters. Neverthelegs, andvy. are to some extent
To take into account self-heating, we need to know the paraowerrelated, and it is difficult to extract both in a unique way. This
eters for temperature scaling. Fortunately, the most importashot needed, sincg. is mainly determined by the doping level
temperature parameters can be extracted from measuremengmdtis therefore more or less geometry-independent. It can be
small current densities performed at various temperatures. Friixed at the calculated value, depending on the specific bipolar
the decrease of the base—emitter voltage in the output charagbeocess, wheredg, can then be optimized.
istic (I versusVcg at constanfg), the rise of the temperature It is hard to extracfly. andSCR¢, from the decrease of the
can be estimated. dc gain measured at higher collector voltages. Often avalanche

The Mextram model mainly distinguishes itself from othemultiplication, self-heating, and high injection in the base (mod-
compact models like Vbic and Hicum in the way the collectagled by a knee current) determine the gain. The knee current can
epilayer resistance is modeled. However, since the basic phydiesextracted froml in the output characteristic at sufficient
are the same, all models have similar parameters. Hence simgh collector voltage where the transistor is not in quasi-sat-
ilar parameter extraction methods can be used. Our prefertgdtion and avalanche multiplication not yet present. The DC
method is discussed below. In all cases one should start wighin is then modeled well over the entire collector current and
good initial values. These can be calculated when the dimensiaitage range.
of the emitter and the thickness and doping level of the epilayerFrom the cutoff frequency; we extract the other high-cur-
are known. Since the parameters have a physical meaning, theitt parameters. The transit time parameters of the base and
optimized values should not be far from the initial values.  emitter determine the maximum ¢f-. The onset of quasi-sat-

Next, one needs to know how the parameters influence thiation (the current whergr decreases rapidly) is set iy,
characteristics. The parametggs, SCRcy andl,. determine the andSCRcy. In Fig. 12 we have shown the influence3#R¢, on
onset of quasi-saturation. Parameétgrdetermines the increasethe cutoff frequency. Note that it is mainly for the larger cur-
of the injection layer thickness with collector current. The effecents thatSCR¢, is important, whereag, is important for the
of R¢, andVy. can be seen predominantly in the decrease of tlmver current densities. By changifig. one has a way of deter-

DC gain with collector current at small (zero) base—collectonining where the transition between the two parameters takes

(=
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TABLE | APPENDIX
CONVERGENCERESULTS IMPLEMENTATION |SSUES
Circuit #lterations . . . .
#  #unknowns #Mextram | 503 504 In this appendix, we will give some remarks about the actual
; égg 4§ lTBé :gé implementation of our model into a circuit simulator.
1 .
3 116 7 | 247 207 In forward mode we calculated the internal base—collector
4 174 12 153 153 bias Vp¢; as function of the biad’zc, and the currenfp;.
5 2758 260 316 312 | . it si lat h th d It
o 2962 28 |72 319 n many circuit simulators, however, the node voltages are
7 626 32 203 165 given and the currents need to be calculated. To circumvent
8 3900 264 TR 346 ; : : ; .
° 130 1 TR TR tr_ns problem we start with the biases as given by the CII‘.CUIt
10 1562 156 | 254 266 simulator ¢s): Ve, andVpe, .. From these we calculate in
a e 150 32 3% some way the currenk.,,; (see below). Using this current we

calculateVgc;, as described in the main text. The blidgc;
(and notVgc:, ) is then used to calculate other quantities like
place. The transit time of the epilayes,; determines mainly the main currenf in (22) and base charges.
the cutoff frequency when the transistor is in deep quasi-saturatn principle, we can take any expression for the current as
tion (Qepi > @B + QE). function of Vpc,, andVacy, s, since in forward mode we only
need it as a kind of “current sensor.” In practice, it is conve-
nient to take the same expression as the one we use in reverse
mode of operation. In reverse, the epilayer will be flooded with
The new epilayer model has been implemented, amongétctrons (since the base—collector junction is in forward). The
others, in our in-house circuit simulator Pstar (see the Appendilectric fields will be low and therefore velocity saturation is
for some implementation issues). The simulator has been ug@d important. As a result the Kull model can be used to de-
to do some convergence tests. These tests were based on twasitige the current in reverse. (Note that there is no transition to
different circuits of real designs for filters, bandgap referencegyjasi-saturation, for which we need to consider the abruptness.)
high-gain amplifiers, and picture correction circuits. They wergherefore, we take the original Kull formulation (witfsc;, cs
designed for various processes (and hence with various paramstead ofVz¢;) for the calculation of the curredt,,;, both in
eter sets), like pure bipolar, BICMOS and DMOS processgé€verse and in forward.
The results are shown in Table I. The total number of unknownsTo make sure that the forward mode and reverse mode give
(node voltages) as well as the number of bipolar instancegntinuous results around,,; = 0 we must make sure thag
(modeled with Mextram) is given. The last two columns shoig continuous there. We can calculate from the Kull model that
the number of iterations the simulator needed, both for Mex: = po/(1 + po) = pw /(1 + pw) for zero current. To make
tram 503 (with the old epilayer model) and Mextram 504 (witsure that we get the same result in forward mode we take
the new model discussed here). The Mextram 504 parametersy: /(1+pw ), instead ofr; = 1 —y; as previous defined.
were automatically calculated from the Mextram 503 ones. T{Rlote thaty; = 1 whenl.,; = 0.) This does not influence the
stands for cases where direct convergence was not reachedriignal forward mode of operation whesg, ~ 0.
the simulator had to go to transient methods for convergenceWe have discussed the normal forward operation, as well as
As one can see, the new model gives similar or (much) bettbe reverse mode of operation. As a final point we need to con-
results for convergence. sider the transition from normal forward operation or quasi-sat-
uration to hard saturation. In the latter case not dfy:; is of
the order ofV,c, but alsoVzc... In the main text we have used
the expressioy. — Vgc. We cannot allow this to become

We have given a compact model for the behavior of the cdl€dative and therefore replace it by
lector epilayer of a bipolar transistor. It includes base—widening
and quasi-saturation due to an ohmic voltage drop as well as due
to the Kirk effect. The excess charge is also described.

We have shown that compared to, for instance, the Kull o .
model it gives a much smoother behavior, which can alreadnger,evfzs is the theo.retlcal valuge — VBC,-’" , i
seen in the first derivatives likg.. and fz. Smoothness is par- Usmg the expr?}ssmn above, the transistor will go into hard
ticularly important for higher derivatives which determine thaaturation whervg =~ 0, or whenVpc, = Vac. We have

distortion behavior. The new model is in very good agreeme?ﬁ?t'ced that, especially for large currents, this is a bit too early.

with experiments. This holds for those described here as W@ne can only observe this when considering the simulated

as for measurements from many other transistors, includiftPut conductt]ance |(r;p(3?)ta|l.) We have found that it helps to

state-of-the-art double-poly transistors and various SiGe on#&it€ insteadV,;* = V™" — Vibc., where

It also shows good convergence behavior in practical circuits.
The epilayer model is part of a new Mextram 504 release, and

can be implemented also in other models.

XI. CONVERGENCERESULTS

XIl. SUMMARY

1
Vs =5 (V;Sh + 4/ (V)2 + 0.04v§c) (27)

appr Ie)iR' v
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is the approximate value dfgc; in quasi-saturation (but not
hard saturation). It can be found from (12) and (13) by takir
z; /Wepi = 1 and assuming, > 1 andpg > pw.

Jeroen C. J. Paasschenwas born in Valkenswaard,
The Netherlands, in 1970. He received the M.Sc. de-
gree in physics from the University of Nijmegen, The
Netherlands, in 1994, and the Ph.D. degree from the
University of Leiden, The Netherlands, in 1997.

He joined Philips Research Laboratories, Eind-
hoven, in 1998, and has been working on bipolar
device modeling for circuit simulation. He is
currently a member of the Modeling and Character-
ization Program committee of the Bipolar/BiCMOS
Circuits and Technology Meeting (BCTM).

ACKNOWLEDGMENT

The authors would like to thank M. Stoutjesdijk for doing th
convergence tests.

Willy J. Kloosterman was born in Olst, The Nether-
lands, in 1951. He graduated from the Technical Col-
lege in Zwolle in 1974.

He joined Philips Research Laboratories Eind-
hoven, The Netherlands, in 1974. He worked on
the dynamical behavior of CRT tubes, powder
compaction models, and, since 1980, has been
involved in bipolar and MOS compact transistor
modeling, characterization, and parameter extrac-
tion. In 2001 he joined Philips Semiconductors,
Nijmegen, The Netherlands, where he works on
| process characterization.

REFERENCES

[1] G.M.Kull,L.W.Nagel, S. Lee, P. Lloyd, E. J. Prendergast, and H. Dirks
“A unified circuit model for bipolar transistors including quasisatura:
tion effects,”IEEE Trans. Electron Devicesol. ED-32, pp. 1103-1113,
June 1985.

[2] H. C. de Graaff and W. J. Kloosterman, “Modeling of the collector epi
layer of a bipolar transistor in the Mextram moddEEE Trans. Elec-
tron Devicesvol. 42, pp. 274-282, Feb. 1995.

[3] C.C. McAndrew, J. A. Seitchik, D. F. Bowers, M. Dunn, M. Foisy,
Getreu, M. McSwain, S. Moinian, J. Parker, D. J. Roulston, M. Schréter,

P. van Wijnen, and L. F. Wagner, “Vbic95, the vertical bipolar inter-
company model,JEEE J. Solid-State Circuitsol. 31, pp. 1476-1483, Ramon J. Havens was born in Nijmegen, the

1996. Netherlands, in 1972. He graduated from the
[4] M. Schroter and T.-Y. Lee, “Physics-based minority charge and tran: Eindhoven Polytechnic, The Netherlands, in 1995.

time modeling for bipolar transistors|EEE Trans. Electron Devices He joined Philips Research Laboratories Eind-

vol. 46, pp. 288-300, 1999. i hoven, The Netherlands, in 1996. He has been
[5] M. Schréter, D. R. Pehlke, and T.-Y. Lee, “Compact modeling of high involved in bipolar characterization and high-fre-

frequency distortion in bipolar transistors,”"BESSDERCvol. 29, 1999, quency measurements.

pp. 476-479.

[6] J.L.MollandI. M. Ross, “The dependence of transistor parameters (
the distribution of base layer resistivityProc. IRE vol. 44, pp. 72-78,
Jan. 1956.

[7] H. K. Gummel, “A charge control relation for bipolar transistorBgIl
Sys. Tech. Jpp. 115-120, Jan. 1970.

[8] D. B. M. Klaassen, J. W. Slotboom, and H. C. de Graaff, “Unified ap
parent bandgap narrowing i andp-type silicon,” Solid-State Elec-
tron., vol. 35, no. 2, pp. 125-129, 1992.

[9] H. Kroemer, “Two integral relations pertaining to the electron transpo
through a bipolar transistor with a nonuniform energy gap in the ba:
region,” Solid-State Electronvol. 28, pp. 1101-1103, 1985.

[10] J.R.A.Beale andJ. A. G. Slatter, “Equivalent circuit of a transistor wit
a lightly doped collector operating in saturatio§g¢lid-State Electron. transistors, MOST, bipolar devices, and material
vol. 11, pp. 241-252, 1968. research on polycrystalline silicon. His present field

[11] M. Schréter, M. Friedrich, and H.-M. Rein, “A generalized integra . of interest is device modeling for circuit simulation.
charge-control relation and its application to compact models f®&ince his retirement from Philips Research (Nov. 1991) he has been consultant
silicon-based HBT's,”IEEE Trans. Electron Devicgsvol. 40, pp. to the University of Twente (until 1996) and the Technical University of Delft,
2036-2046, 1993. both in The Netherlands.

Henk C. de Graaff was born in Rotterdam, The
Netherlands, in 1933. He received the M.Sc. degree
in electrical engineering from the Delft University
of Technology, Delft, The Netherlands in 1956, and
the Ph.D. degree from the University of Technology,
Eindhoven, The Netherlands in 1975.

He joined Philips Research Laboratories, Eind-
hoven, in 1964, and has been working on thin film




