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Abstract—A parameter-extraction approach for the hetero- an approach combining analytical and optimization parameter
junction bipolar transistor (HBT), which combines the analytical  evaluation was reported in [7], in which dc and multibias RF

approach and empirical optimization procedure, is developed. tarmation is used to evaluate the model parameters by the
The extraction techniques for extrinsic base—collector capacitance . . L
conditioned impedance-block optimization.

and pad parasitics are also included in this approach. The cutoff 8 ; -
operation of the HBT's is utilized to extract the values of the pad ~ Most of the direct extraction techniques used the deembed-

capacitances. An excellent fit between measured and simulatedded small-signal equivalent circuits [3], [4], [6], [8] to extract
S-parameters in the frequency range of 50 MHz-36 GHz is some model parameters based on the frequency behavior of the

obtained over a wide range of bias points. deembedded equivalent circuit. These extraction procedures
Index Terms—Heterojunction bipolar transistor, parameter are based on certain assumptions and approximations. Due
extraction, semianalytical method. to the diversity of the process technology, device design,

and geometry, these assumptions and approximations need
to be modified and adjusted for specific devices. In this

. ) , paper, an extraction approach combining the analytical and
ETEROJUNCTION bipolar transistors (HBT'S) haveystimization approaches is presented. An HBT equivalent

been used for digital, analog, and power applicationcit includes the extrinsic base—collector capacitance and
due to their superior high-speed and high-current driving,y capacitances. The pad capacitances are extracted from
capabilities. An accurate physically significant HBT model ig_arameters of the HBT's under cutoff operation. The behav-
very important for designing a circuit, evaluating the procesg; of the deembedded-parameters is then analyzed to extract
technology, and optimizing the design of the device. Thg| the parameters, except the base extrinsic and intrinsic
analytical approach in HBT equivalent-circuit parameter €Xagistanced?,;, R,.. The constraint for the base resistances is
traction has been recently addressed. A direct extraction pfsiained from analysis and used in the optimization procedure
cedure was presented in [1]1 _Where special test StruCtUf§Saxiract the exact values dt,. and Ry, The small-signal
were designed for the parasitic parameters. The frequengyqe| parameters at multiple biases were extracted, and errors
dependence of the network parameters of the equivalent cirqyiteen measurement and simulation are given to verify the

was discussed in [2], allowing a direct evaluation of mOSkyjigity of this approach. The influence of the pad parasitics
element parameters. A fully analytical approach for extracting 5o given to explain the importance of considering the
all the parameters was given in [3], where certain assumpti%asitics.

anq local optimizatipns were used. More regent_ly, the combi- gection 11 gives the small-signal equivalent circuit of
nation of an analytical approach and optimization procedu’;ﬁ_,)-r.s, basic formalism, and approximations used in the

was established in [4], where a distributed base-collecifi action procedure. Section Il discusses the basic procedure

capacitance was included. Certain constraints and elemgiteyiracting the small-signal element parameters. Section IV

values derived from the analytical approach used to extract {}Ges the extraction result and discussion. The conclusion is
parameters of InP-based HBT's were presented in [5]. Anoth&tan, in Section V.

direct extraction procedure for HBT's was developed in [6],
where S-parameter data measured under open-collector bias
conditions were utilized to obtain the extrinsic elements and . . ]
a distributed base—collector capacitance was included. Finally,] "€ AlGaAs/GaAs common-emitter HBT with an emitter
area of 30um? was used in this investigation. The small-
_ _ signal equivalent circuit used for this paper is the T-model
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! Fig. 2. The simplified HBT equivalent circuit under cutoff operations in
”””””””””””””””””””””””””” inner shell 2)  which both junctions are reverse-biased and the influence of the inductances

and resistances remains negligible.

Fig. 1. The small-signal equivalent circuit of the AlIGaAs/GaAs HBT's. . PARAMETER EXTRACTION

ranges are characterized yC,.R,. < 1 (low-frequency A. Extraction of the Parasitic Elements

range),wChe Ri, wCy Ry < 1 andwCieline > 1 (Middle- i no test structure is available for extracting the parasitics,
frequency range), andCi,c i > 1 (high-frequency range). the pad capacitances can be extracted or estimated from HBT’s

In the measurements, most of the frequency data are locafgfier cutoff operation [7], [9]. Under such conditions, the
in the middle-frequency range. In the low-frequency rangggT equivalent circuit of Fig. 1 is reduced to capacitive

we have elements only, and can be simplified, as shown in Fig. 2,
_ p . . as long as the influence of the inductances and resistances
211 = Z12 = B +‘fWLb + R j"éRbcRb‘CS @ remains negligible and the conditiod®,. > (1/wCj.) and
Ziz =Rp + jwLe +1e — jwr;Che Rpe > (1/wCy.) are satisfied.
+ (1 — ) X jwRpC (R, — jwR.Cy) The capacitances in the equivalent circuit can be directly
Zyy = Zoy = Re + jwLe + Ry — jwR}C, (2) calculated by
Im(Y71) + Im(Y;
where C, = Ci. + Cy. Cpve + Cho = 200Y01) - (112) (7)
In the middle-frequency range, thg-parameters can be
approximated as Chee = Im(Y22) 4+ Im(Y12) (8)
W
Z11 — Z19 = Ryx + jwly + R Che (3) Im(Y12)
11 12 = Lipx T JWiy bi C. Opbc_'_c,f_'_cm _ _ u)12 ) (9)
Zio =Rp + jwle + 70 — jwriChe + (1 — @) )
C; In the above equations, th&,,., Cpbe, Cpee, and Cy are
X Ry X — (4) considered to be bias independent aid andCy,. are bias-

C,
1
Zoo — Zo1 = R, jwkl, -
22 21 c +gw ‘+jwcs+w2RchS
Ry,iCheCp BpiCrChe
c? I W3Ry,

1 dependent elements. The value(@f.. can be calculated from
(8). The result is shown in Fig. 3, and it is obvious that the
Chee is bias independent. The calculated average valdg,qf
(5) is 41 fF.
Che, the base—emitter junction capacitance, can be described

In the high-frequency range, the simplified relation is by

Cibeo
1 1 Che = L . 10
w? Ry CeCf + w? Ry CieCy b (14 Vep/Vibe)Mive (10)
1 1 The extraction of”;,,. can be carried out by fitting the sum
< jwC Ry - GwChe Rbi) ©)  of Chne+Che 10 (10) at different reverse base—emitter voltages
or by using the iteration method in which different values of
wherea = ap[1/(1 + jw/we)] 7«7 Viber Mipe, andCjpe are tried until the plot of €ppe + Che)
For the device under investigation, the middle-frequenasersus(l + Vig/Vin.) M- is a straight line. The result is
range is approximately from 0.5 to 20 GHz, the high-frequenshown in Fig. 4. The value of’,;.. is 27.4 fF.
range should go up to 40 GHz. Since the maximum frequencySimilarly, (C; + Cp,c) can be extracted by fitting the sum
measured is 36 GHz, the condition for the high frequency €'y +Cj,1,c +Ch,c) to the expression for junction capacitance at
relaxed and frequencies over 25 GHz were considered to different base—collector voltages. The resulf@& + Cppe) =
in the high-frequency range. 16.5 fF. However, it must be noted that it is difficult to

Zyz — Za1 = Re + jwL. —
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Fig. 3. The calculated’, .. versus frequency. Fig. 5. The extracted valu€,. at different base—collector voltages.
10X 107"
B. The Base—Collector Capacitancg
As indicated in (5), we have the following approximation
95+ Cpbe=27.4 fF Cjbe0=80.7 fF ‘ in the middle-frequency range:

Mjbe=0.45 Vibe=1.43 V

1 RpiCrCe

% o *: measurement | IIH(ZQQ - Z21) = jw‘LC + ijS J wchbc . (11)
| —: fitted curve
% At the low end of the middle-frequency range, the second
%8,5 | term is much greater than the other terms on the right-hand
3 side of the equationC, can be extracted by
(&}

8 | Com (12)

w IIH(ZQQ - Zgl) )

The extracted”; from (12) at the bias values fdrcg =

78 068 07 075 08 005 0e  {0.5V, 1.0V, 2.0V, 4.0V, 7.0V}, and Iz = 200 pA is
(1-VBE/Vjbe)*(-Mjbe) shown in Fig. 5. AtVeg = 0.5 V, 1/wC; ~ 1224 Q, which is
Fig. 4. The fitting of the sum{,1,. + Ci,..) to the expression for junction much larger than the other terms in the middle-frequency range
capacitance. if the values extracted below are used. It is also noted that

the base—collector capacitances decrease aigthéncreases.

distinguish between the base—collector coupling capacitandais results from the increased width of the base—collector

and extrinsic base—collector capacitance [7]. The reason is tH@pletion region due to the increaskdr. The deviation of

the distance between the base probe tip and collector prébeis less than 5% with the exception dtr = 0.5 V. This

tip is longer and, thus, the coupling effect between base aidbecause the base—collector junction is forward biased at

collector contact must be very small; furthermore, the influend&xe = 0.5, and the middle-frequency range moves up.

of Cpne can be absorbed by the extrinsic base—collector The extrinsic base—collector capacitance is generally a weak

capacitance’s. Thus, Cp,. was chosen to be zero. Such afiunction of the base—collector-junction voltage. In extreme

assumption is also confirmed by the empirical optimizatiogases, it can be considered to be independent of the bias

procedures. variation, or the ratio of the extrinsic capacitance to the total
The S-parameters measured over the frequency ranbase—collector capacitance is considered to be a constant.

of 50 MHz-36 GHz were first converted tB-parameters. Practically speaking, the extrinsic capacitarCge is the in-

After deembedding the effect of the pad capacitances, thetween case. In this paper, for simplicity, the extrinsic

Y -parameters of the inner shell are converted tparameters. capacitance is considered to be fixed and extracted from the

Most of the elements are extracted from an analysis of thelues ofC; at the different base—collector voltages. A method

behavior of theZ-parameters. Certain constraints are obtaineiimilar to that used for the extraction of the value @f)..

to help in conditioning the optimization procedure and tand (... is applied here. The value @, is 16.5 F, which

reduce the uncertainty. agrees with that from the cutoff measurement. The parameters
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Fig. 6. The variation ofL. with a 5% error in the estimation &f’. Fig. 7. The extracted.. versus frequency.

. . . 5
for base—collector-junction capacitance are also extracted from s *!°

this approach€;., = 54.7 fF, V,. = 1.30 V, and M. = 0.63. 0:VEE-0SY
J J J X:VCE=1.0V
3r +:VCE=2.0V
C. The Collector-Contact Lead Inductdr, " VCE=4.0V
The collector lead conductdr. can be calculated by (11)  25; \ VeSOV
1 * \\ /// ) \\\
L.=1/wIm(Zoy — Zo1) + . (13) ¢ er % o N
(’UCS i(i + \‘*;(‘~—<,,J/ % \\
The third term in (11) is assumed to be small enough and 1.5+ + x o *
neglected. This straightforward method is not as accurate as N N .+ ,
expected. The deviation of the extracted valueLgfis large, 1+ Xy > .
and an accurate value d@f. is difficult to obtain. The reason X N
. . . X X X
is that the smaI.I error resgltlng frpm extracting coqld lead 5. 1B= 200 UA <
to large errors inL.. We differentiate (13) and obtain
1/ 1 1 AC G s os o5 1 12 s 18 18 2
AL, = ﬁ _E AC, = _wQC X o (14) Frequency (GHz)
s £l £l

. . . . Fig. 8. The extracted?,. at different base—collector voltages.
Assuming a 5% error exists in the extraction 6f and

C, = 5 x 10, the error in estimating.. resulting from _ _

the error in the estimation of’, is plotted in Fig. 6. It is Of Z22 — Z>; in the lower middle-frequency range as follows:
shown thatL. is very sensitive to the error in extractig.

It is also noted thatl. is less sensitive to the error R — 1

: > o : : b T 2O Re(Zaz — Za1)
in estimating C, if the magnitude ofC, becomes larger. w?C;Re(Z22 — Z21)
Therefore, a good bias point to extrdct would be zero bias, _ o _
at which the third term in the equation is negligible and th€he second term in (15) is inversely proportional dg,

value of C, is larger. TheL. extracted at zero bias is showrtherefore, the magnitude of the second term decreases rapidly.
in Fig. 7. The other two terms cannot be neglected as the frequency

increases to a certain point. However, the extracted value
D. The Base—Collector Resistanf,. of Ry,. is not significant since the value oR;,. is very
) _ large and does not affect the frequency response much, as
~ The real part 0iZ;; — Z»; in the middle-frequency range ong as we are only concerned with forward operation. Fig. 8
is given by shows the extracted?),. at the bias/p = 200 pA and
1 RGO Ver = {05V, 1.0V, 2.0V, 4.0V, 7.0V}. It is noted that the
2Ry C. - C? . (15) magnitude ofR),. increases a%'cg increases. Fig. 9 shows
the extractedR),. without deembedding the pad capacitances
If the term(1/w? Ry,.C;) is much larger than the other twoat the biasVeg = 1.0 V, Ig = 200 pA. The magnitude of
terms, Ry, can be approximately extracted from the real pathe calculatedR,,. is negative beyond 1 GHz. This shows

(16)

Re(Zas — Z21) = R. +
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Fig. 9. The extractedz,. at the bias/g = 200 pA, Vcp = 1.0V without  Fig. 10. TheL, versus frequency, in which the pad capacitances have not
deembedding the pad capacitances. been deembedded.
that physically meaningless values may be obtained if no_x1o™ Lb versus frequency

deembedding procedure is carried out.

~
T

E. The Collector Extrinsic Resistande, 1B=200 UA 1

The R, could be extracted by plottinBe(Z22 — Z»; ) versus
1/w? in the high-frequency range. THé-axis intercept is the
value of R.. The requirement for the high-frequency range i%
difficult to be achieved and the conditions for the requireme@’(
are relaxed(C; is bias dependent, and the larger valueCaf g%
could be achieved frons-parameters at zero biag, should
be extracted from zero bias by this method since Heis
more significant in (6) at zero bias. The extracted valu&pof
is 4.99 Q2.

de—embedding

(2]
T
L

F. The Base-Contact Lead Inductd,
From the first-order approximation], could be easily 2 : : ] ; : ' :

. . . . 0 5 10 15 20 25 30 35 40
extracted from imaginary part of;; — Z;» in the middle- Frequency (GHz)
frequency range. That is Fig. 11. TheL, versus frequency, in which the pad capacitance effect has
been deembedded.
Lb = Im(le — Zlg)/w. (17)

wi;gitiﬁtéagfgn?)ei[ d?r:ﬁerfgr:et:jlifss%ﬁeszgwennéjnen':ég.olfoiﬂ ethe middle-frequency range. The requirement for the high-
value of L. on the biagsle is att.ributablepto the pad 'reduency condition is difficult to be satisfied, and the data at
b CE P extremely low frequencies are not available. The constraints

capacitance. After the deembedding procedure is carried or the base resistances can thus be obtained from the real part

the extracted., is shown in Fig. 11. The magnitude varlatlonmc Zi1 — Zip in the middle-frequency range

of L, at the different biases is very small and almost negligible,

and can be considered to be independent of bias. The extracted Che

. Im(Z1 — Z12) = Ry + Rpi——. 18
value of L, is 55 pH. m(Z1 1) b+ Hb C, (18)

o o ) It is also observed that the pad capacitances have a significant
G. The Intrinsic and Extrinsic Base Resistances effect on the obtained value @iy + Rii(Che/Cs)). The

In principle, the sum of the intrinsic and extrinsic basenaximum variations of Ry,x+Ryi+(Ch./Cs)) before and after
resistanceg?y,, + I,; can be extracted from the low-frequencydeembedding pad capacitances are 5 and 0.5, respectively. The
data, and extrinsic base resistanég, can be extracted result, after removing the pad parasitics, is shown in Fig. 12.
from the high-frequency data if the equivalent circuit showmhis value is used to constrain the optimization procedure in
in Fig. 1 describes the frequency response of the HBT&der to obtain accurate values Bf,, and Ry,;. The variation
accurately. However, most of the frequency data are locatefd( Ry + Rui(Ch/Cs)) is due to the change df,. with the
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Fig. 13. L. — r2Cy. versus the inverse emitter curredit, = 9.99 pH.
Fig. 12. The values oR,x + Rpi(Che/Cs) after deembedding the pad
capacitances.

since changing the value d@f},. does not change the error
of optimization much over the bias ranges of the device under

base—collector voltag€cg. Cj,. decreases aBqg increases.
investigation.

This causes the rati6),. /(C),c + Cy) to decrease and, hence,
the magnitude of Ry, + Ry:(Cy./Cs)) decreases.

g (5 bi(Cbe/Cs)) J. The Transport Factot
H. The Emitter Resistand@z and Base—Emitter Resistance The transport factotr can be calculated directly by

(Rg + r.) can be obtained from the real part 8f, in the _ Ziyy — Z12 20
middle-frequency range. With the high collector current where @= Zy9 — Zo1 — Re — jwL,’ (20)
the neutral base recombination is the dominant recombination,

Rg + r. can be expressed as

Assuming a single-pole approximation, one can write
Xg

kT Q@ = ,76_ij 21
Rg+r.=Rg+ an . (19) 1 +]w/wa ( )
q
wherew, can be expressed as
The real part ofZ;- in the middle-frequency range is the sum v P
of (r. + Rg). The plot of Q_ e+ }_?.E) versusl/Ir would give w = 1 _ 1 (22)
the values ofRg, r., and ideality factom ;. Cpere T

7, is the base transit time and is related to physical parameters
I. The Emitter Lead Inductor and Base—Emitter Capacitancey W3./2D,, for n-p-n HBT's.

Le — Cher? can be obtained from the imaginary part of The magnitude of(w) at Ip = 200 pA with different
Z12 in the lower midd|e_frequency range. In the case of higppllector—emitter VOltageS is shown in Flg 14. The fitted curve
collector currents, the fraction of the depletion capacitan®é the magnitude ofv is also given in the plotsy, is obtained
in the base—emitter capacitan¢g,. is small andCj,. can by taking the value ofe| at low frequencyw, (and, therefore,
be approximated to be proportional fg;, and we also have the base transit time, = 1/w,) can be calculated directly at
re o 1/Ig. Therefore, theY intercept of plotL. — 72C;,. €ach frequency using

versusl/Ig gives the value of... The value ofL. — Cj,cr? 2 [al@)P

at f =5 GHz is used for this purpose. The plot bf — Cj,.12 Ty = o (23)
versusl/I. is shown in Fig. 13. The extracted value bf wladw)

is 9. 95 pH. The calculatedr, at Iz = 200 A with different collec-

Based on the values of.. and ». obtained previously, tor-emitter voltages is shown in Fig. 15. Since the base is
the value ofC),. can be easily calculated. The value @f. heavily doped, the base-width modulation effect in the HBT's
obtained in this way only serves to give the initial valug€gf. is negligible and, therefore; should be a weak function of
An accurate value o€, is obtained from the optimization /g and Vog. The dependence af, on the base current and
procedure. It is noted that the magnitude’f, is not sensitive collector—emitter voltage is not completely understood at this
to the optimization procedure. This is also reported in [7lime. One possible reason for the dependence o is
where the value of’},. is calculated fromf, (where f, is the self-heating effect in the HBT’s. The diffusion coefficient
the transport factorr cutoff frequency andf,, = 1/7.Cye). D, = (KT/q)u, is a function of the temperature in which
An accurate value ofCy. is extremely difficult to obtain 1, =« Z"=°. An often quoted value of is 2.3 (for the intrinsic
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Fig. 16. 7 versus frequency at different collector—emitter voltage.
X 107
' ' ' ' ' TABLE |
0:VCE=05V BIAS-INDEPENDENT PARAMETERS
x:VCE=1.0V
6r + :\\i((:)E;z.g v 1B=200 uA 1 Parameters | Values (analytical) | Values (optimized)
v, G (1) 0 0
| - :VCE=7, | Core (IF) 27.4 274
Chpee (IF) 11 42
) C; (IF) 16.5 16.5
A ’ . 1 L, (pH) 55 55
a\ \/\n/\f,\V”\/,¥~A,\L,/\,,«V,«y“~\\,\// v L. (pH) 9.9 5.46
=l ‘ | . (pH) 61 61
Ry ($2) 1.38 1.42
Rb,‘(Q) 2.3 4.049
2r R Re(Q) 1.832 1.832
R{D) 499 4.99
; error 2.2 % 0.43 %
% 5 0 5 20 pvs 0 35 20 All of the bias-independent elements are extracted from

Frequency (GHz) the procedure described above, exceptlipr Ry,;, and R).

Accurate values of.., Ry, and R;,; are obtained from the
empirical optimization procedure. Let= R+ Rpi(Che/Cs)
ndy = C,./Cs. The initial values ofRy,; and Ry, are
stimated from the variation of. We haveR),, = (Aa/Av).

Fig. 15. 7, versus frequency at different collector—emitter voltages.

: o a
GaAs). It is noted that thé),, decreases when the d|SS|pateg
power in the HBT's increases. Therefore, thencreases with The calculated values iy, and Ry,; are listed in Table .

ths_.\rrllarger_VCE. I h delay i b lculated Instead of defining just the absolute and relative errors, the
& emitter—collector phase-delay ime can be calculate erd relative and absolute errors are used to obtain the best

1 L fit between the measurement and simulation. The optimization
T = —[—loé(w) — tan (w/wa)} (24)  error is defined by

W
N . 2 : 2
Sﬂea _ Sfllm Sigea _ Slem
E= 1/4N § : < SQmea + Smea
i=1 11 12

H 2
. 5 Smea _ gsim
+ (Sgiea _ Sgllm) + < 22 G 22 ) (25)
22

whereT = (m/1.2)7, + 7. andm ~ 0.22.

The calculatedr versus frequency afg = 200 pA with
different values ofV-y is shown in Fig. 16. When the collec-
tor—emitter voltage increases, the collector transit time=
Whe/2vs: increases due to the larger base—collector space
region. Therefore, the emitter—collector delay time increases

as expected with the larger collector—emitter voltage. where N is the number of frequency points.
The errors between the measured and simulated

S-parameters are also listed in Table I. The optimization
was carried out at the biak; = 200 ¢ A and Vg = 2.0V.

The values of the bias-independent elements are givenltinis shown that the error between the measurement and
Table I. simulation at the biagg = 200 A, Vo = 2.0V before the

IV. RESULTS AND DISCUSSION
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TABLE I
BiAs-DEPENDENT PARAMETERS

Ves (V) ] 0.50000 ] 1.0000 | 2.0000 | 4.0000 | 7.0000

Io (mA) | 6.0 6.2 6.1 5.9 5.6

Coo (fF) | 109.1 | 6475 | 4150 | 26.8 | 18.70
(D) 1168 | 4.0432 | 4.218 | 1.518 | 5.018

Ry (kSY) 8.6 70 121 180 200
oo 0.9741 | 0.9751 | 0.9751 | 0.9740 | 0.9740
C{ (1) 344 344 344 344 344
A (Glz) 63 66 66 35 15
3 (ps) 0.42 0.95 1.7 2.52 3.42
2 (iF) 289 238 239 268 293

fO (GHz) | 582 58.9 523 | 47.10 | 39.9
79 (ps) | 0.158 | 0.69 1.09 208 | 3.4
error? 0.98% 1084 % | 086 % | 0.62% | 0.9 %
error® 0.50% (069 % | 0.43% | 0.41% | 0.56%

TABLE 1lI Fig. 17. The simulated and measur&¢h and S2z2. o: measuredSyy, [
BiAs-DEPENDENT PARAMETERS simulatedS;1, V: measuredSza, A: measuredSss.
I p(A') {200.000 | 400.000 | 600.000 | 800.000 | 1000.000
Ic (mA) 6.1 14.1 226 30.19 38.8
Cy. (IF) | 41.50 374 32.7 28.75 27.15
() 4218 | 1.798 | 1.133 | 0.8482 | 0.6912
R (EQ) 200 200 200 200 200
Qo 0.9751 | 0.9785 | 0.9796 | 0.9790 | 0.9790
CE (i) 344 863 1275 1704 2190
JI(CTLe) 66 72 94 114 102
4 (ps) 1.7 1.6 1.52 1.73 1.2
C2(fF) | 0.239 | 0.682 | 1.070 1.537 1.984
/O (Gllz) | 523 64.4 79.1 $8.9 81.2
79 (ps) 1.09 1.02 0.98 0.68 045
errory 0.86 % 2.6 % 32 % 52 % 7.6 %
error® 043% | 062% | 1.1 % 21 % 2.9%
optimization is already 2.2%. The bias-dependent parameters
Che, Ter Ohey Rye, o, fo, and 7 at constant base current Z90°
Ig = 200 /JA and Veor = {0.5V, 1.0V, 2.0V, 4.0V, 70V} Frequency 0.41 to 36.0 GHz

are given in Table Il. Superscripi represents the resultsy,, ;4
from optimization; Superscrip® represents the results froms,;.
the direct analysis.

Once the values of the bias-independent elements are
known, all the bias-dependent values can be easily calculated
and no further optimization is needed. It is shown in
Table Il that by using the directly calculated values of the
bias-dependent elements, the error between simulation and
measurement are very small. All the errors are less than 1%.
Optimizations are also used. Only the three eleméefits,
fa, and 7 are optimized. The errors after optimization are
given in the Table Il. The variation of. is dependent on
the collector current and self-heating effect. As explained
previously, accurate values af;,. are very difficult to be
obtain. The variation of’},. may result from the numerical
techniques. The bias-dependent parametéss, 7., Cie,

Ry, ap, fo, and 7 at constant collector-emitter voltage
Vep =20V andIp _: {290 pA, 400 pA, 600 pA, 800 LA, Fig. 19. The simulated and measurgg,. o: measureds; 2, [1: simulated
and 1000 A} are given in Table III. Sia.

The errors in using both the analytical approach and opti-
mization procedure based on the initial values obtained fromeating effect becomes more significant when the collector
the analytical approach are given. It is shown that the errararrents increase. However, the bias-independent elements
obtained by using the analytical approach become higheme forced to be fixed in all the extraction procedures, and
if the collector currents increase. This is because the sdliey are practically functions of the device temperature. The

The simulated and measurgg; . o: measuredS2, OI: simulated
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thermal effect is absorbed by the bias-dependent elements after signal equivalent circuit,JEEE Trans. Electron Devicesiol. 42, pp.
optimization. Thus, the errors become smaller. As expecteq, 1059-1064, June 1995.

. R . ] J. M. M. Rios, L. M. Lunardi, S. Chandrasekhar, and Y. Miyamoto, “A
Ch,e increases with increased collector currents. It is observed” seit-consistent method for complete small-signal parameter extraction

from Table Il thatCh,. decreases with the increased collector  of inP-based heterojunction bipolar transistors (HBT'SEEE Trans.
currents. This is not clearly understood at this time. One Microwave Theory Techyol. 45, pp. 39-45, Jan. 1997.

. . . e ?] C.-J. Wei and J. C. M. Huang, “Direct extraction of equivalent circuit pa-
possible reason is the self-heating effect and modification of " rameters for heterojunction bipolar transistol€EE Trans. Microwave

the base—collector-space charge region by the injected carriers Theory Tech.vol. 43, pp. 2035-2039, Sept. 1995.

[7] [7] A. Samelis and D. Pavlidis, “DC to high-frequency HBT-model param-
: . . eter evaluation using impedance block conditioned optimizatittEE
The simulated and measurédparameters at the bidg; = Trans. Microwave Theory Techuol. 45, pp. 886-897, June 1997.

200 pA and Ve = 2.0 V are shown in Figs. 17-19. The fit [8] S.Leeand A. Gopinath, “Parameter extraction technique for HBT equiv-

. alent circuit using cutoff mode measuremenEEE Trans. Microwave
between the measured and modeled data is excellent. Theory Tech.yol. 40, pp. 574577, Mar. 1992.

[9] Y. Gobert, P. J. Tasker, and K. H. Bachem, “A physical, yet simple,
small-signal equivalent circuit for the heterojunction bipolar transistor,”

V. CONCLUSION IEEE Trans. Microwave Theory Techol. 45, pp. 149-153, Jan. 1997.

A parameter-extraction procedure for the HBT's combining
the analytical and optimization approach has been developed in
this paper. The pad capacitances are extracted from the HBT's
under cutoff operation. Most of the elements are obtained frdsm Li (S'86) received the B.S. and M.S. degrees from Nanjing University,
the analysis of the behavior of trﬁhparameters. The Va|ueSNanjing, People’s Republic of China, in 1985 and 1988, respectively, and the

. . L. Ph.D. degree from Northeastern University, Boston, MA, in 1998.
of uncertain elements are obtained from the optimization afie is currently with Vitesse Semiconductor Corporation, Camarillo, CA.

a specific bias. The initial values of these uncertain elemefts research has been in the area of modeling and simulation of HBT
are also obtained from the analytical approach. The agreem@ljfacteristics at microwave frequencies.

between measurement and simulation over a range of bias

values shows the validity of this approach.
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