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Bias Dependence of High-Freguency Noise in
Heterojunction Bipolar Transistors

Mirza M. Jahan, Kuo-Wei Liu, and A. F. M. Anwar, Senior Member, |EEE

Abstract—Hawkins' isothermal model developed to study noise
in bipolar junction transistors (BJTs) is modified to investigate
bias-dependent noisein heterojunction bipolar transistors (HBTYS)
by incorporating thermal effects. It is shown that the inclusion
of thermal effects into the high-frequency noise model of HBTs
is necessary as the temeperature of the device may become very
different from the ambient temperature, especially at high bias
current. Calculation of the noise figure by including the thermal
effect shows that the isothermal calculation may underestimate
the noise figure at high bias current. It is observed that noise
at low bias is ideality factor nn dependent whereas high bias
noise is insensitive to the variation of . Moreover, the common
base current gain plays a major role in the calculation of the
minimum noise figure. The excellent fit obtained between the
theoretical calculation and the measured data are attributed to
the inclusion of the bias-dependent junction heating as well as
Cpe and Cy. into the present calculation.

Index Terms—Heterojunction bipolar transistor (HBT), high-
frequency noise, thermal effects.

I. INTRODUCTION

HE most widely used noise model for bipolar junction
transistors (BJTs) is credited to Hawkins [1]. The model
has been quite successful in explaining the high-frequency
noise performance of BJTs. Presently, the same model has
been adopted to study the bias-dependent noise performance of
heterojunction bipolar transistors (HBTS) at high frequency [2],
[3]. Escotte et al. [4] report a high-frequency model valid for
HBTSs operating at low bias with model parameters extracted
from experimental data. It has been observed, however, that the
use of Hawkins' model failsto explain the noise performance of
HBTsat higher collector current and at high frequency [3]. The
inability of the Hawkins' model, used under isothermal approx-
imation (i.e., junction temperature ~ ambient temperature) to
explain the bias dependence of HBT noise performance can be
traced to the noninclusion of bias-dependent junction heating
effect. As HBTS, unlike BJTs, are operated at higher current
density (eg., 10° A /cm?) and fabricated with compound
semiconductor materials with inferior thermal conductivity,
junction heating may often lead to poorer noise performance
than that predicted by Hawkins' isothermal model.
For silicon-based BJTs, the junction heating effect is not
as severe as that in I1I-V HBTSs since silicon has excellent
thermal conductivity. The issue of thermal effects is rather
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serious for compund semiconductors due to their poor thermal
conductivity. Conseguently, Gao [5] has shown the importance
of the inclusion of thermal effectsin the analysis of compound
semiconductor devices. Kim et al. [6] reported the temperature
distribution in multifinger HBTs by solving the three-dimen-
sional (3-D) Laplace sequation. Theanalysisof Liou [7] shows
that the current gain fall-off will occur at a much lower current
level if thermal effects are included. Thisis due to the fact that
the high device temperature would cease the transistor action
by virtually shortening the emitter to the collector. As such,
the resistance of the base region will also deteriorate due to
increased lattice scattering.

Asan HBT isahigh current device, the inclusion of the bias
dependence of thetransistor parametersinto the noise model be-
comes al the more important. This warrants the incorporation
of the bias-dependent element like diffusion capacitance Cp.
[8] and base—collector depletion capacitance Ci,. [8] into the
existing Hawkins' model. Moreover, high and low injection ef-
fects should aso be included. Depending on the injection level
( high, low, or medium), common base current gain «, base
transit time ¢, and base—emitter junction ideality factor n may
vary. In addition, due to the effective increase of the base width
at high bias current, ¢, be comes greater resulting in areduced «
cutoff frequency f,. Thisimplies more noise at a high bias cur-
rent. Another low injection effect isthat, due to the emitter—base
(e-b) junction ideality factor n which becomes as high as 2 at
low bias current. These aspects should be incorporated into the
bias-dependent noise model for HBTS.

In this paper, thermal effects are included into Hawkins for-
mulaand the obtained results show almost no discrepancy when
compared with the experimental measurements. Moreover, the
traditional Hawkins' model is slightly modified to include ca-
pacitances Cp. and Cj,. and their roles in the frequency re-
sponse of the noise are elaborated in this paper. Associated gain
obtained by using the modified noise equivalent circuit is com-
pared with experimental data and shows good agreement.

Il. THE MODEL

The noise equivalent circuit is shown in Fig. 1. The circuit is
similar to the circuit given by Hawkins except that Cp. and C,.
[8] are included in the present model. The expression for noise
figureis derived in Appendix A and is given by

F= 1+7—b+< —

v \JoP -

)-(A2+B2)+<£§> (C?4+D?) (1)

5

where, A, B, C,and D aregivenin Appendix A and other nota-
tions are explained in Table I. The minimum noise figure Fi,;y
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Fig. 1. Modified noise equivalent circuit of an HBT.

may be obtained from (1) by replacing », and «, with the cor-
responding optimized values [cf. (A16) and (A17)].

At a higher bias (or any hias in general), the junction tem-
perature is different from that of the ambient. For a given col-
lector current, Laplace's equation is solved self-consistently to
calculate the junction temperature 1". Self-consistent solution
is obtained by calculating the junction temperature, for a given
collector current, which in turn is used to update the thermal
conductivity and the process continuestill a consistent solution
is obtained. The calculated junction temperature is then used
in the determination of the circuit parameters, using updated
wn (1), that are used in (1). The temperature distribution across
the surface of the chip is calculated by using atemperature sim-
ulator routine. The inputs to this routine are the chip dimen-
sions, finger size and location, substrate thermal conductivity,
collector voltage, and collector current. The simulator calcu-
lates the temperature distribution across the chip based on this
information.

By solving the 3-D heat transfer equation V- o(1)V - T = 0,
the temperature distribution at the surface of the chip can be
written as [5] given in (2), shown at the bottom of this page,

TABLE|
Symbols Meanings
A, emitter area
o common base current gain
oo dc common base current gain
Bo dc common emitter current gain
Cre emitter to base depletion capacitance, fF
Chpe emitter to base diffusion capacitance, fF
Che base to collector depletion capacitance, {F
AW current induced base width increase
€e dielectric constant of emitter
€ dielectric constant of base
€c dielectric constant of collector
f frequency
fo common base current gain cut-off frequency
Froin minimum noise figure, dB
fr common emitter unity gain cut-off frequency
1. collector current
1, emitter current
hn, electron mobility
n emitter-base junction ideality factor
Ny base doping concentration
Npe collector doping concentration
Npe emitter doping concentration
Ty intrinsic base resistance, ohm
Te emitter-base junction resistance, ohm
Topt optimum source resistance for minimum noise figure
Ts source resistance, ohm
ty base transit time, sec
Vep emitter to base voltage
Ve Collector to base voltage
Ug saturation velocity
Viie emitter junction built-in voltage
Viic collector junction built-in voltage
w base width
W 27 fy
W, width of the collector
T source reactance, ohm
Topt optimum source reactance for minimum noise figure
16 m-m n-m
Crin = 5 - COS ( xz) cos (— . yz)
MmN - T Ymn w

X sin (;—ijz) sin (% . li> tanh (Y - d) .

where ®)
4.7 . .
Con :% 5 12 cos (n ’ yz) sin (S—W wz) Here, N is the total number of the elements, o is the thermal
T "W conductivity, w(w;) isthewidth of the chip (ith element), I(l;) is
x tanh (T : d) (3 thelength of thechip (ith element), d isthethickness of the chip,
I 4wy e Cmen and vy, = +/(mn/1)? + (nm/w)2. Power density p; across
Cmo T2 a2 o8 ( 7 -Tz) sin ( 5.1 li) the ith element is given as
m -
x tanh ( T d) @ i = JeiVee (6)
pi N nmwy mry\ | wil;
T(z,y,0 Z Z Coy, - COS ( ) ,; Cino - COS ( ) + nz::“; Cin - COS (T) cos (_l ) + o ] 2
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Fig. 2. Noisefigure as afunction of temperature.

where, .J; isthe collector current density at the ith element and
V.. isthe collector to emitter voltage.

I1l. RESULTS AND DISCUSSIONS

Theimportant noise sourcesintheHBTsare: 1) the shot noise
dueto emitter current; 2) the thermal noise dueto base and other
parasitic resistances; and 3) the partition noise due to the ran-
domness of the recombination mechanism. Of these, thermal
noise varies dramatically with temperature. In order to observe
the temperature dependence of the thermal noise, the collector
current can be made extremely small, and the noise figure can
be calculated for different temperatures. As observed in Fig. 2,
under such circumstances, the noise figure increases by around
6 dB for an octave increase (300 K to 600 K) of temperature.
This implies amost a 72 dependence of the thermal noise on
the temperature. Although the thermal noise spectral density in-
creaseslinearly with temperature, the square-of -temperature de-
pendence of the noise figure is due to the resistance which also
increases with higher temperature.

The behavior as well as the low bias value of «aq is crucid
in the calculation of F,,,;;, and is demonstrated in Fig. 3. Fl,in
becomes greater if o falls off (dotted line) rather than remains
constant (dashed line). I, is aso affected by the behavior of
thelow bias « fal-off. The behavior of o at low biasissimilar
to that of the homojunction [9], whereas, at high bias current,
the decrease of the «y is a consequence of base push-out and
base—collector space charge width modulation [10]. As evident
from Fig. 3, I, corresponding to smaller «vg (solid line) at a
low bias shows a greater Fiy;,. For I. = 1 mA, if the bias de-
pendence of « isassumed to be the solid line, dotted line, and
dashed line, respectively, F,.i, becomes 1.95 dB for the solid
line, 1.85 dB for the dotted line, and 1.45 dB for the dashed
line. i, ishigher at low values of « at ahigher bias. Thein-
creased noise at lower « isaconsequence of the partition noise
source 4., in the equivalent circuit (Fig. 1). The e-b junction
ideality factor is also an important parameter that affects low
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Fig. 3. Effect of bias dependence of g on Fi,,;,, Of an HBT. Thesolid, dotted,
and dashed curves of the top set represent the three different bias dependences
of ag and correspond to the solid, dotted, and dashed curves, respectively, of
the bottom set describing the behavior of Fiiy -
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Fig. 4. Foun versus I, for different n.

bias noise. The e-b junction leakage current becomes signifi-
cant at low emitter currents and thus the shot noise contribution
at the output is due to the smaller diffusion current that reaches
the collector junction, giving a nonunity ideality factor. Fig. 4
showsthe plot of F,.,;, versus I. for different ideality factors. It
is observed that I,,;, at lower bias becomessmallerif n > 1is
assumed. Fi,;y, at higher bias (1. > 4 mA) remains insensitive
ton. Thus, for n > 1, low bias noise will be less than that for
n = 1.

The inset of Fig. 5 shows the junction temperature as a
function of the collector current for a device with a make-up
described in Table Il. Asthe plot suggests, the junction temper-
ature varies significantly from the ambient temperature which
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Fig. 5. Comparison of Fy;, as a function of bias current calculated by
using the present model (solid line), the isothermal model (dotted line), and
the experimental data (diamond) for a 3.5 x 3.5 um? InP-InGaAs HBT [2]
operating at 20 GHz.

demonstrates the need for the inclusion of the actual junction
temperature instead of the room temperature in the analysis of
the HBTs operated at high junction current. The departure of
the actual junction temperature from the isothermal approxi-
mation becomes progressively larger as the current increases.
The amount of the increase of the junction temperature over
the room temperature al so depends on the thermal conductivity
of the substrate material and the junction area of the device.
Since HBTs that are made from 111-V compound semiconduc-
tors typicaly have poor thermal conductivity, the rise of the
device temperature is rather a serious problem for HBTs. Even
SiGe-based HBTS, pursued by severa research groups, are not
tractable using the isothermal model at high bias. Moreover, as
the device junction area has to be substantially scaled down for
microwave applications, the increased junction temperature is
even more critical for microwave HBTSs, and the feasibility of
using techniques such as thermal shunts may be investigated.

Fig. 5 shows the plot of noise figure versus collector current
for the HBT [2] with the device make-up given in Table I1. For
comparison, the experimental results (diamond), the isothermal
calculation (dotted line), and the present calculation (solid line)
have al been shown on the same plot. As is apparent, the dis-
crepancies exist between the experimental measurement and the
isothermal calculation. The present cal culation, where the effect
of the actual junction heating as afunction of bias currentisin-
cluded, shows a close agreement with the experimentally mea-
sured values. InFig. 6, calculated F,,;,, (solid lines) isplotted as
afunction of frequency over arange of 2-18 GHz for the same
device. The excellent fit between the theoretical cal culation and
the measured data are again due to the inclusion of the bias-de-
pendent junction heating aswell as Cp,, and C},. into the present
calculation. The contribution of Cn, is found to be even more
important at high frequencies, contrary to the common belief
that it becomesinsignificant at that frequency (see Appendix A).
Therole of C},. isto reduce the noise by establishing a negative

TABLE |1
PARAMETERS USED IN THE SIMULATION [2], [5]
Parameters Expression
InP emitter 2500 A(n =1 x 101 em™3)
InGaAs base 5004 (p = 1 x 100 em?)
InGaAs collector 3000 A(n = 2 x 10™9)
InP substrate 100pum
e-b junction capacitance (Cj,) 220fF
¢-b junction capacitance (Ch) 2LfF
Emitter junction area 3.5 x 3.5 u?
Base resistance 12082 (at 300 K)
o(T) 0.76 — 0.001 - T
(1) 7300/ ((1+ 5.5 % 10~ 17 028y (3007723
Ideality factor n 1
Frequency f 20GHz
12

InGaAs/InP HBT
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Fig. 6. Comparison of F,,;, as a function of frequency calculated by using
the present model (solid line) and the experimental data (diamonds) for a
3.5x 3.5 um? InP-InGaAs HBT at 300 K [2].

feedback from the output to the input. The presence of Cy,.. in
the noise-equivalent circuit will reduce noise, asis evident from
(A8). However, if a measurement of minimum noise figure is
made, the effect of Cj,. is minimal. This may be explained by
thefact that C,.. reduces both noise and associated gain, making
Fuin insengitiveto any variation of Cy,.. Therefore, the negel ect
of ¢, inthe noise-equivalent circuit ispermissiblefor £,;, (in
the limit r, < r,, z,) measurement, however, an independent
measurement of noise necessitates the incorporation of the neg-
ativefeedback dueto Cy,... Fig. 7 showsthecal cul ated associated
gain asafunction of frequency for acollector current of 0.3 mA
with V. = 1.3 V [2]. On the same plot, experimental data are
shown to demonstrate good agreement. Associated gain is for-
mulated as

1—0,)°
G I slsn |? @

- [1 — 311F5[

where I'; is the source reflection coefficient. A termination of
50 © is assumed throughout the analysis. The gain calculation
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calculation; diamonds: measured data [2]).

follows the derivation presented in Appendix B. The calcula-
tions are performed by assuming an optmimized input and re-
flectionless |oad termination. The optimized source impedance
is the same as that used for the evaluation of a minimum noise
figure.

IV. CONCLUSION

The need for the inclusion of the bias dependence of different
transistor parametersinto the high-frequency noise formulation
has been emphasized in this paper. An expression for Fi,;, is
derived by taking the bias dependence of the transistor param-
eters (i.e., Cpe, C),c) into account. The junction heating, which
becomes important at higher collector currents, is aso incorpo-
rated into the analysis of the high-frequency noise figure cal cu-
lation. It is observed that the estimation of noise figure based
on the isothermal cal culation underestimates the device noise at
higher bias current. Theinclusion of the junction heating effect
into the noisefigure calculation yields an excellent fit to the ex-
perimental results. Asfar asthe emitter sizeis concerned, there
exists a tradeoff between the noise performance and the speed
of the device. Theseissuestogether with the particul ar aspect of
noi se enhancement should be given very careful thought before

681

designing amicrowave HBT devicefor high-frequency commu-
nication circuitry.

APPENDIX A
Referring to Fig. 1, applying K'V L at the input, one obtains

Csteotey =1ty Lyt Ze+is 1 (A1)
where Z, = r, + jz, and Z. = r. || (1/jwChe). Cp. and r.
can be obtained from the imaginary and real parts of the admit-
tanceas[9]Y = G,+j-w-Cpe. Atlow frequencies (w < 1/7,,
wr, < 1), oneobtans Gy = q - pp(T) - (nbo/Ln)chbc/kT
and Cpeo q - pn(T) - (npo/Ln)7 - €=/ and
Y = Go(l+j w-m) ~ Gy = 1/r. and the contri-
bution of the reactive branch seems to be minimal. Therefore,
Cpeo does not play amajor role in circuit performance at low
frequencies. At high frequencies, however, we have

Gy = Gyo - Taw’? (A2)

and

C(De = CDeOan1/2 -

(A3)
Therefore, contrary to the common belief, minimal Cp,. contri-
bution at high frequencies cannot bejustified and the admittance
should beexpressedasY = Gy(1+3). Following the treatment
of Anderson [11], the emitter-to-base depletion region capaci-
tance Cr. and C},. are given as

qNDeN ety
Cre = A4
T \/2(66NDe + eeNap)(Viie — Veb) A9

and

gNpcNavece
Che = . A5
b \/Q(GCNDC + & Nap) (Voic + veb) (A9

Applying KCL, iy, and ¢, may be written as

i, = - Lle + iCP + the (A6)
i =i, +14’. (A7)

After simplification, i, isthen defined as given in (A8), shown
at the bottom of this page. Noise figure is defined as the ratio

ZCP

cs +ep +
fa

o«
@ — 7 N wcche

+j'w'CTe'Ze>'(Zs+7)b)+

«

'Ze
CY—j'UJ'CbC'Ze :|

L -
J - w- Cche

1
a'{a—j-w-Cbc-Ze

j'w'cbc

AZs+r+Z)+ 1+

Ce.[(a—j-w-Cbc-Zﬁ

cw - COre-Ze) - (Zs+11) —|—Z€}

@

- Ze
a—j -w- Cye Ze }

+j'w'CTe> (Zs +7)b)+

* J v CnZ.

1
a'[a—j~w~Cbc~Z€

(Zs +7’b+Ze)+(1 +j'w'CTe'Ze)'(Zs+7’b)+Ze:|

(A8)
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of the output noise power to that from a noiseless but otherwise
identical device, i.e.,
i2
F=-L (A9)
52
'Lo
whereiy, isthevaueof i;, dueto the source generator ¢, alone
(e, ev, and 4., equal to zero). The noise figure can now be
expressed as

s \lo?- 2

b E 2 2 6—2 2 2
F=1+—+ (AT B+ | = ) (C°+ DY)
CS

(A10)
where

A :(Ts + 75 + Re) . an, - Xrn, . (-/L's - Xﬁ)
+(rs+re)(w-Xe-Cre) — 5 -w- Re - Cie (A1)
B:an . (xs - Xe)+an . (7)5"_ Ty + Re)

+w - Re : C(Te ) (7’5 + Tb) +xs-w- X C(Te (A]-Z)

C=R,,—w Cre 25— (rs i Crv[' ~ (AL3)

X xs + X, (A4

+ 7’b)
w - Cbc

||

and R,, and X,,, arethe rea and imaginary parts, respectively,
of the following quantity:

D=(r,+m) w- Crot

ap+j-or
Xe)+j'(a1_w'CbC'Xe)

(OéR —Ww - Cbc . (A15)

P=w - X, Cp.+ R,
Py=w R; Cre + X
1 =—2(Xp+w-Re-Cre)
+Ru(rm+R)+ X - Xe+7m-w-Xe - Ore
Qr=—ry-w-Re COpe + Ry (Xe — z,)
— Xon(ry + R +w- Ope - X,)
7. =R. +jX..

APPENDIX B

The formulation of the minimum noise figure may be ex-
pressed as the ratio of the input to output noise and the
reciprocal of the associated gain. Thus, the associated gain
calculation is desirable which not only can be used to verify
the measured noise figure data but also can be used to model
different small-signal parameters of the equivalent circuit. In
the following, the associated gain is caculated in terms of
s parameters. The four scattering parameters (si1, $21, S12,
s22), based on the circuit shown in Fig. 1, are expressed in
terms of the Y -parameters as follows:

(1 —y11)(1 +y22) + 912 X Y21

S11 = A
812 = — 2%
Y21
21 = —2==
s A

(14 g1 )(1 = y22) + Y12 * Y21

where ag and a; are the real and imaginary parts of «. 522 = A (B1)
Optimizing noise figure with respect to source resistance r
and source reactance x,, one can find the optimum source re-  where
sistance R, and optimum source reactance X, as givenin
(A16) and (A17), shown at the bottom of this page, where A =(1+310)(1 + y22) — yroyon
7| ao—[a[2 _ §7Te - Cotl—a+s-7-Che
(T1 +T2) W(PHP;) yi _7’6—1—7’1,(5-7’6 Cet+1l—a+s-1e-Che
[Z | « 6[04[2 1y ret it s Cc-re-1)s- Che
e 0 — =
Cr=- 5 (T§+Tf)—W(Q§+Q§) S b Te Th+TedTh+5 Ty Te-Co— -1
e S Te - Cb(‘, —
" C I Xrn = —
Ty = e om v re +7(s 7 - Cet1l—a4s -7 Che
a o
Ty =w - Cre Yo = 5-7¢ - Che
W Che  Xm s Oy Temytretry+s-m -1 Ce—a-my
T3 :an, 1-— - - —Ww- C(Te T (BZ)
«
Ts 'Xrn'w'cbc
Ty =rp - wCOpe + X, — M =2 70¢ i I
4 =Ty wWlTe + o with s =j-2-7- f.
1 Che
i (o 1) il (o Aot )
Xopt =7 a e 7] (A16)
(1)) W e
m <W - 1) (RrQn + XrQn) + 2WCTe(R€Xm + RmXﬁ) + [alg (Oéoc%e + XrQnClzc)
C
Ropt — - ! (A]-?)
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The gain is computed as

1- [F5[2

G= el
11— s111,)?

(B3)

|s21 |

where I', is the source reflection coefficient. A termination of
50 €2 is assumed throughout the analysis.
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