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Analysis of High Frequency Noise of AlGaAs/GaAs HBT

SUMMARY  Hawkins noise model is modified for HBT appli-
cation. The non-ideal ideality factor of HBT is included in both
dynamic resistance and noise figure equations. Emitter resistance
is also included. The extraction method of noise resistance Ry
is developed. Based on the method, a simple analytic equation
of R, is derived and experimentally verified. The effects of noise
sources on minimum noise figure are analyzed. The dominant
noise sources are the shot noises of emitter and collector currents.
Generally, when the minimum noise figure is measured at various
current levels, there exists an current level at which the slope of
minimum noise figure curve is zero. The zero slope current level
coincides with the current level at which the noise contribution of
the emitter and collector shot noises including the cancellation
by correlation of two sources is minimum. Parasitic resistance
degrades output noise through the shot noise amplification with
a minor effect of the thermal noise of itself.

key words: Hawkins model, minimum noise figure, noise resis-
tance, ideality factor, correlation

1. Introduction

Due to the low 1/f noise, high maximum oscillation fre-
quency fiqe and good linearity, AlGaAs/GaAs Hetero-
junction Bipolar Transistor(HBT) is emerging as a very
useful device for a low phase noise oscillator and power
amplifier at microwave and millimeter wave bands. As
a device for low noise amplifiers, HBT has a poor min-
imum noise figure F,,;, than FET. Therfore, it could
be assumed that HBT is not useful as a low noise de-
vice. But the noise figure of HBT is around 1 dB at
mobile cellular/PCS band, which is quite usable. They
have a lower optimum impedance, closer to 50 Q and
smaller noise resistance. Moreover, the current level
for minimum F),;, is about 1 mA, which is much lower
than FET. Due to these favorable characteristics, HBT
is a very promising low noise device at a low operation
frequency range(which is less than about 5 GHz).
Hawkins model[l] is a simple noise model for Si-
BJT. This model includes the analytic expressions for
noise figure and optimum source impedance. The high
frequency noise model[2]-[4] of HBT is a little differ-
ent from that of Si-BJT. But the difference mainly
stems from the higher operation frequencies of HBT
than those of Si-BJT. Within a low frequency range at
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which HBT is applicable to low noise device, however, it
is possible to describe the noise characteristics of HBT
using the noise models of Si-BJT with minor modifica-
tions. This paper proposes a modified Hawkins model
for HBT noise analysis. A method for the extraction of
noise resistance R,, from Hawkins model is also devel-
oped. Using the new extraction method and modified
analytic equation of noise figure, the R, is calculated
and compared with measured results. We have also
analyzed the effect of noise sources on Fy,;, using the
modified Hawkins noise model with correlated emitter
and collector shot noise sources.

2. Modified Noise Model for HBT
2.1 Modified Hawkins Model

A simple noise equivalent circuit of Si-BJT is shown in
Fig.1(a) where i, emitter current shot noise source, i
collector current shot noise source, e, thermal noise
source due to base resistance(Ry), e, thermal noise
source due to emitter resistance(R.), Crg junction ca-
pacitance, 1.(=kT/qlr) dynamic resistance, « common
base current gain. « is a single pole function of the form

(1)

o = 4&0
L+ if/

where ap common base current gain at D.C., f; cut-off
frequency of base transit time(7,) plus base-collector
depletion layer transit time(7.). The form of single pole
function of Eq. (1) is valid within a low operation fre-
quency range( wt, < 0.5). Actually, in Si-BJT, f; was
the cut-off frequency f, of only base transit time be-
cause base transit time of Si-BJT was normally much
larger than base-collector depletion layer transit time.
It is somewhat inconvenient to use the equivalent circuit
of Fig.1(a) in which emitter and collector shot noise
sources are strongly correlated. To avoid the complex-
ity of the noise model, in Fig. 1(b), the correlated shot
noise sources 7, and %, are transformed to the uncorre-
lated noise sources e, and i, given by [5].

e.2 = 2kTr, (2)

—  2kT(ag — |af?
il = (o — |a]”) (3)

Te



KIM and KIM: ANALYSIS OF HIGH FREQUENCY NOISE OF AlGaAs/GaAs HBT

Ol

Fig.1 Simple noise equivalent circuit (a) with correlated noise
sources %, and ic, (b)with uncorrelated noise sources e. and Tep.

re =kT/qlg (4)

Hawkins model uses the equivalent circuit of Fig. 1(b)
without emitter resistance.

In order to use Hawkins noise model for HBT, the
characteristic difference of HBT from Si-BJT must be
considered. First, the non-ideal ideality factor of HBT
must be included accurately for both dynamic resis-
tance and noise source equations. Considering ideality
factor n. of HBT, Egs. (2)—(4) for Si-BJT are trans-
formed to following forms:

€2 = 2n.kTr, (5)
—5  2n.kT(ag — |of?)

iep” = - (6)
re = nkT/qlE (7)

Second, the effect of series emitter resistance R, on
the noise figure must be included [2]. Because of the
small emitter size and small base resistance, the emitter
resistance effect on noise figure is not negligible. After
some manipulation, analytic expressions for noise figure
and optimum source impedance of HBT are extracted
as follows.
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nea(Rp + Re + Ropt) n N

Frin = o |a‘2 + (1 - ne)
(8)
ay wCrETe?
opt = 0 ¥MTE"e (9)

[af? @
Ropt2 = (Rb + Re>2 - Xopt2

ap re(2(Rp + Re) + 7e)
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2 e e 1_ e
N re(Rp + Re)( Ne) (10)
Nel
=20 14 2 (wCrpr.)? (11)
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Our modified Hawkins model for HBT, Egs. (8)—
(11), may seem to be the same as Costa model [2]
or Chen model [6]. But there are obvious differences
between our model and the other models. Chen re-
placed base transit time cut-off frequency f, of origi-
nal Hawkins model with total transit time cut-off fre-
quency fr. Except this replacement, Chen’s expres-
sions for noise parameters are the same as original
Hawkins model for Si-BJT. But, in the view of equiva-
lent circuit theory, f; must be used in the noise model
of recent HBT. Costa model also used fr and included
emitter resistance. But he included non-ideal ideality
factor n. in dynamic resistance only. However, non-
ideal ideality factor n, must be considered in both dy-
namic resistance and noise source. So, We have propely
considered non-ideal ideality factor n. and cut-off fre-
quency f; for the noise model of recent HBT which has
similar transit times of base layer and base-collector
depletion layer.

2.2 Extraction of Noise Resistance from Hawkins
Model

The noise resistance R,, was not considered in the orig-
inal Hawkins model. To extract R, from Hawkins
model, R.A.Pucel [7] employed correlation matrix and
the procedure is complex. In this paper, we present
a simple and direct method for extraction of R, from
Hawkins model.

A chain representation of a noisy network is shown
in Fig.2(a) where e, equivalent noise voltage gener-
ator, i, equivalent noise current generator, e; ther-
mal noise generator due to the real part(R,) of in-
put source impedance Z;. A chain representation of
Fig.2(a) may be converted to the equivalent circuit
shown in Fig.2(b), where e,; is the equivalent noise
voltage generator of the input circuit:

eni = €s + e, + Zgip (12)
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Fig.2 Equivalent circuits of noisy network. (a)Chain repre-
sentation. (b)Converted chain representation.

eni = €52 + €n2 + in2|Z|> + 2Re[ Zsinent]  (13)

The current generator ,, which is partially correlated
with e,, is split into an uncorrelated current ¢, and a
fully correlated current 4.

e =Yce, (14)
In =ty + Yeen (15)
In€n™ = tyen* + Yeene,™ = }/0671_2 (16)

where Y.=G.+jB,. is a correlation admittance. From
Egs. (12)—(16), ey,; can be expressed as follows:

eniZ = €52+ en2 + 12| Zs|? + 2Re[ Zyinen*]
= e2 42 +in?| 2 +2[(R,G. — X, Be)ey?]
(17)

Thus, it is possible to extract R, using following rela-
tionship:

eni®ly _o = en® = 4kTR, (18)

Note that e,; can be directly derived from the expres-
sion for noise figure.

[\

€ni
F fr—

€2

(19)

Using above Egs. (18) and (19) and the equation for
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Fig.3 Measured common emitter current gain and cut-off fre-
quency for our AlGaAs/GaAs HBT with Vep = 2 V.

noise figure of our modified Hawkins model, R,, can be
directly extracted as follows:

2
Rn:Rb+Re+nere+ 04_02_1 ne(Ry+Re+7e)
2 |a| 2’/‘5
« n
ﬁ#(wCTEre(Rb+Re))2 (20)
« e

3. Experimental Results

A 3 x 20 um? emitter finger self-aligned AlGaAs/GaAs
HBT with abrupt junction was fabricated and evalu-
ated. The epitaxial structure consists of a 800 A In-
GaAs contact layer(n = 1.0 x 10" cm™2), a 1200 A
GaAs cap layer (n = 5.0 x 10" cm~=3), a 1000A Al-
GaAs emitter layer (n = 2.0 x 107 ecm™3), a 1000 A
GaAs base layer (p = 2.0 x 10 cm™3), a 4000 A GaAs
collector layer (n = 2.0 x 10'%cm™2), a 6000 A GaAs
subcollector layer (n = 5.0 x 10 cm™3) on a semi-
insulating GaAs substrate.

The AuGe/Ni/Au and Pt/Ti/Pt/Au metal sys-
tem([8] are used for emitter and self-aligned base elec-
trode. The specific contact resistance of base contact
was measured to be 3.0 x 1076 Qcm?. The device had
base and collector current ideality factors of n,=1.37
and n.=1.23, respectively. The ideality factor of emit-
ter current n, was 1.29. On-wafer s-parameter mea-
surements was performed using HP8510C network an-
alyzer. As shown in Fig. 3, the device has a common
emitter current gain of 30 and a total transit time cut-
off frequency fr of 36 GHz at a collector current of
Ic=6 mA. A base resistance of R, = 15 2, a series
emitter resistance of R, = 2.5 ) were exracted from
the s-parameter data.

To calculate noise parameters, it is necessary to
accurately extract circuit parameters. The circuit pa-
rameters for noise modeling were derived as follows.
The common base current gain at D.C. oy and ideality
factor n, were extracted from the Gummel plot. The
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Fig.4 Minimum noise figure versus frequency of our Al-
GaAs/GaAs HBT at I¢ = 1 mA.

dynamic resistance r, was also derived from the emit-
ter current level and n.. Junction capacitance Crg
and cut-off frequency f; were derived from the curve
1/(2w fr) against 1/Ic. This extraction method for
Crg and f] was also proposed in Ref. [1],[9]. The ex-
tracted value of Cpg was a function of bias and 0.16 pF
at Ic = 6mA. The extracted f; was 45.8 GHz. Base re-
sistance Rj was obtained from the method described in
Ref. [10]. To calculate R, using the resistance model,
it is necessary to know specific contact resistance of
base contact and exact emitter width considering lat-
eral under-cut depth under the emitter electrode. We
have measured lateral under-cut depth under emitter
electrode by SEM and specific contact resistance of
base electrode by TLM pattern. The calculated value
of Ry from the base resistance model was about 15 €
which was agreed with the extracted value of R, from
s-parameters.

The noise figure were measured using a HP 8970A
noise figure meter and FOCUS tuner. Figure 4 shows
the noise figure vs. frequencies, calculated from our
model and measured ones at I = 1 mA. As shown, our
model traced the measurement data very well. To fur-
ther investigate the current dependence of noise figure,
Figure 5 shows the calculated and measured noise fig-
ure vs. emitter current. As shown in Fig.5(a), Fi, of
our modified Hawkins model agrees very well with the
measurement. But Costa model overestimates Fi,;, at
a low current and underestimates at a high current. We
assume that the overestimation at a low current is due
to the replacement f; with fr, because fr is a lot lower
than f; at a low current, while the two frequencies be-
come similar at a high current. The underestimation
at a high current is due to the ideal n. in noise figure
equation of Costa model. As shown in Fig. 5(b) and (c),
R,p; and X,,; obtained from the two models did not
trace the measured values very well. This is the draw-
back of Hawkins model. We assume this is due to the
simple Hawkins model in which many parasitic circuit
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elements are not included. Specially, the optimum noise
susceptance resulting from simple noise model with-
out external base-collector capacitance Cj. does not
agree well with the measurement data[11]. As shown in
Fig.5(d), the calculated R, using Eq.(20) agrees very
well with measurement. Therefore, we could verify our
extraction method of R,,.

4. Effect of Noise Source on F,,;,

In Hawkins model, to avoid complexity of calculation of
F,in, due to the correlation between emitter and collec-
tor shot noise sources, the correlated shot noise sources
i, and i, are transformed to the equivalent uncorre-
lated noise sources e, and i.,. However, to investigate
the F,,;, dependence on the noise sources, it is more ef-
ficient to use i, and i, instead of e, and 4.,. The noise
figure F' for HBT using i, and i, was derived using
equivalent circuit of Fig. 1(a).
(Rb + Re) Ne 2 2
Ri+ Ry + R X

R, +2Rsre[( s o+ Re) 4+ X.]
ap Me ((R5+Rb+Re+re(1—wCTEX5))2)
laf? 2Rsre \ H X +wCrp(Rs+Ry+R,))

R"er [(Rs+Rp+Re+7e)(Rs+Ry+Re)+ X7
(21)

F =1+

where R; and X, the input source impedance terms.
The 2nd term in Eq.(21) is due to the base thermal
noise e, and emitter thermal noise e,., the 3rd term
due to the emitter shot noise, the 4th term due to the
collector shot noise, and the 5th term due to the corre-
lation [12] between the emitter and collector shot noise
sources. The calculated minimum noise figure using
Eq. (21) is identical to the results of Eq. (8) using un-
correlated noise sources e, and i.,. Therefore, we could
know that the correlation between emitter and collector
noise sources was actually included in Hawkins model.

Using the terms in noise figure equation (21) with
optimum noise matching condition, the contribution of
each noise sources to the minimum noise figure at 4
GHz has been calculated and depicted in Fig.6. As
shown in Fig.6(a), comparing the noise due to the to-
tal noise sources with that due to the thermal noise
sources, we know that the shot noise sources are the
dominant term. The noise figure due to the each shot
noise sources are much higher than that due to the to-
tal shot noise sources. However, the correlation factor
of the two shot noises are almost —1 and they are can-
celing out almost exactly. As a result, noise figure due
to the total shot noise sources(i., i., and correlation)
is much smaller than that due to the each shot noise
source. The correlation between the shot noise sources
is stronger at a higher current level, and the noise due to
the correlation increases strongly as current increases.
Figure 6(b) shows the noise figure due to the total shot
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Fig.5 Noise parameters versus emitter current of our AlGaAs/GaAs HBT at 4 GHz
with Vg = 2 V. (a)Minimum noise figure Fp,;,(dB). (b)Normalized Rop: to 50 .
(c)Normalized Xop¢ to 50 . (d)Normalized noise resistance R, to 50 Q.

noise sources and the thermal noise sources. Due to
the reduced correlation at a low current level, there is
a current level at which the noise figure coming from the
total shot noise sources(i, i, and correlation) is mini-
mum. This current level (I,,:,) agrees with the current
at which noise figure due to the total noise sources(i,,
ic, correlation and thermal noises) is minimum. The
terms of noise figure due to the thermal noise sources
increases with current.

Figure 7 compares the calculated F,,;, due to the
each noise source. The complete noise model model-21
(see Eq. (21)) accurately predicts measured noise figure.
The model- 22 is the output noise due to the total shot
noise sources(ic, i., and correlation) with R.+Rp # 0
(the output noise without the thermal noise sources),
the model-23 due to the total shot noise sources with
R.=Ry=0. Comparing model-21 with model-22, we
know that F),;, due to the thermal noise sources in-
creases with current. Comparing model-22 with R.+ R,
# 0 and model-23 with R.=R;,=0, we found that F,,;,
of model-22 is higher than that of model-23. The higher

Fpnin of model-22 is due to the shot noise amplification
by R.+R;,. Therefore, we conclude that base and emit-
ter resistances degrade output noise through the shot
noise amplification with a lesser important effect of the
thermal noise itself. This amplification effect of R.+ R}
is seen once more from the result of comparison model-
11 with model-12. The model-12(with R.=R;=0, 4.=0,
i #70) have approximately constant value of F,;, ver-
sus current. However F,,;, of the model-11(with R.+
Ry#0, 4.=0, i. #0) is not only higher than model-12
but also increases with current. It is due to the shot
noise amplification effect of R.+ R, and the increased
thermal noise with current. We have seen a quite simi-
lar behavior for emitter shot noise sources in our model.

5. Conclusions

We have proposed the modified Hawkins model for
HBT. First, non-ideal ideality factor of HBT is con-
sidered in both dynamic resistance and noise figure
derivation in our model. Second, we have used cut-off
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Fig.6 Contribution of each noise sources to minimum noise fig-
ure. The curves are extracted from the each terms of noise figure
equation (21) under the condition of optimum noise matching.
(a)noise figure due to each noise sources. (b)noise figure due to
total shot noise sources (i¢, ic and correlation) and thermal noise
sources.

frequency f; of base transit time combined with base-
collector depletion layer transit time. New extraction
method of R,, was also proposed. R, is directly derived
from noise figure equation in our model and it has been
experimentlly verified.

We have analyzed the effect of noise sources
on Fi, of AlGaAs/GaAs HBT using our modified
Hawkins model with i, and i, instead of e, and ig,.
We found the dominance of shot noise sources and the
amplification effect of R.+R;,. Parasitic resistance de-
grades output noise through the shot noise amplifica-
tion with some thermal noise contribution. The correla-
tion coefficient of shot noise sources is approximately -1.
The noise contribution of thermal noise source increases
with current. The current level for the minimum F,,;,
coincides with the current level at which output noise
due to the total shot noise sources is minimum.
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Fig.7 Minimum noise figure calculated from the model with
each noise sources (%, %c, thermal noise sources) and parasitic
resistance (Re+Rp) for our AlGaAs/GaAs HBT at 4 GHz and
Veg=2V;
model-11 : F, with i = 0, ic # 0, Re+Rp # 0,
model-12 : Fypp with i =0, ic # 0, Re = Ry =0,
model-21 : Fpp with 4 # 0, ic # 0, Re+Rp # 0,
model-22 : F,;, with i # 0, ic # 0, Re+Ry # 0,

(the output noise without the thermal noise sources)
model-23 : F,, with i # 0, ic # 0, Re = Ry = 0.
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