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,4b.stmct— This work describes a novel equivalent circuit
representation for the modeling of low frequency I/f noise
in Heterojunction Bipolar Transistors (HBTs), and is pre-
sented as part of an extraction procedure which combines
direct calculation of the HBT equivalent circuit from S-
parameters, and separate measurement of the base and CO1.
lector noise voltage spectra to determine the magnitude and
physical locatirm of the dominant intrinsic I/f noise sources
within the device.

1. INTRODUCTION

Device low frequency noise can become a sevwm limi-

tation for many microwave systcxn applicittious rluv to its

upconversion through nonlinearities to sidebands very close

to carrim frequencies of interest. These sidelxmcls degrade

spectral purity imposing limits on amdog colrllrltlrlicat, ion

cb annel bimdwidth, bit error rates in digital conununica-

tion systems, and general level detection accuracy in radar

and transceiver systems. The understanding of low fre-

quency flicker noise, or l/f noise, has been a difficult chal-

lenge [1] and many areas of its origin and behavior are

still uot well understoorf. Many works have described ap-

proaches to extracting the intrinsic noise sources produc-

ing such I/f [2], [3], [4], [5] using a combination of bias

conditions and external impedance terminations and var-

ied transistor configurations. This work introckrccs a novel

i~ppr~~ch that, may be performed at a single bias crmdition

and requires only a separate measurement of collector and

base spectra. In this way, the bias dependence of t,l~e clom-

inant intrinsic noise source may be ascertained accurately

in al~ regimes of device operation, and does not rely on as-

sumptions of impedance values in various bias ranges. The

T-model topology of this work differs from the hybrid-n

configuration of others in its more physical representation

of the current paths within the actual clevice, which is a

critical component of isolating and quantifying the noise

magnitudes of those currents. This technique results in

an accurate model for the single dominant and pll,ysically
iu(kqmmlcnt (llll({>rrel~~te{i) actual sollrcc of l/f uoise in

H13Ts :u1(l may be coupled with a. techniqlw to flctmmirw

Iir Ims(-mlliit m i)Jl( I (,l]l; 1(4(’; swim rmistances of H BTs.

11. Low FREQUENCY NOISE CHARAC’I?ERIZATION

The set-up used to me,asure the collector (Sv(;) and base

(SVC;) noise spectra is a commercially available noise rnca-

surcmcmt systcmj the hp3048. A diagram of tlm complete

system is shown in Figure 1. Both the hpl 1848 and the

hp3561 are complltcr controlled. Th(’ hp11 848 contains

amplifiers and high/low-pass filters which are used to di-

vide the 10H,z to loOklYz measurement bands into clecade

sub-bands, which are separately swept by the FFT ana-

lyzer.

Base bias was supplied across a 40kfl resistor (R~) and

collector bias across a 200!2 resistor (RI.). S,,B imd Srm
(in dBV2/Hz) arc mmsured across the same resistors.

‘i’hc rneasnrwl base and collector voltage noise spvctral

densities arc shown in Fi~ure 3 for a 3 x 1.41mI x 8.5pm Al-

GaAs/GaAs HBT under tlw I)ias conditions Ic: == 14rnA,

lB = 93uA, and VCE = 2.OV. At this cc,llector current

density of 4. 104 A/cm2 the current gain is nearing its peak

level but is still below high-level injection conditions. Al-
though the noise floor level of the base voltage spectra in

Figure 3 is obscured by the white noise flc~or level of the

system under t,hese conditions of test, the lower frequency

of 1ooI-Iz shows 1/f magnitrrdes that arc resolved ckmnly for

‘analysis. It is this lower frequency of 100Hz that is used as

the spot measure for all extraction discussed in this work.

III. DERIVATION OF HBT NOISE IVIODEL

The development of equivalent circuit models for noise

requires several critical issues be observed. First, in or-

der to provide scaling and bias dependent accuracy in

a physically-based extraction, the separate noise sources

should be uncorrelatecl and result from physically sepa-

rate phenomena within the device. Second, the current

paths within the model must accurately represent the cur-

rent pat 11s within the actual device. For this reason, the

T-model of Figure 2i~ is favored over the hybrid-m of Figure

2b, because the hybricl-~ inaccurately represents the base-

rxnitter impedance as gat ing only the base current lB, .s.s
of)pOS(’d to the (Wtir(l CTnitter currmt IE as is the case in the

act oal (Icvice and T-model representation. In the hyl)rid-

7r, the nl:ljoritf,y of t hc emitter current never encounters th~,
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base-emitter impedance and so the device low frequency

noise currerrt, fluctuations through that resistor will not ac-

curately represent the corresponding current fluctuations

of the physical device. The third aspect is the location of

sources themselves within the equivalent circuit, and this is

the focus of section IV. To start, we represent all reasonable

locations for I/f noise generation by a source; including

S.rB from base contact, S.rE from emitter contact, S,EB

from base-emitter junction recombination and leakage to

the surface and base contact, and S,Ec from base-collector

partition noise and general surface interaction and diffusion

effects.

The spectral derivation to follow is based largely on the

work of Kleinpennirrg [5]. The equivalent circuit of Figure

2 may be analyzed according to the following:

AIE = AIB + AIC (1)

AIB = AIA +
Av.~ (1 – a) _ AI,=

REE
(2)

Alleb
AIC = AIec + a—

RBE
(3)

Aueb = – (I?s + rB) AIB - I~ArB (4)

– (rE) AIE - IEArE + Av$

Aueb
AIE = AIeb + —

RBE
(5)

where the equivalent circuit elements aml noise sourco

UOtfiltiO1lS correspond to the equivalent circuit of Figure 21).

As a result of reducing these expressions with multiple

substitutions, one is able to express the base and collector

noise voltage spectral densities as :

Svc =
[

,62(RS + rB + rE)2

1
R;.$eb

22
(6)

[

+ (/3+ 1)2 (Rs + r~ + r~ + RBE)2 Ris,,c

22 1
[/321~S.,B + L?21~S.rE + f12sv.bN ~;

+ 22
1

.

[

SVB = (~ (R=+ ‘E)+ ‘BE)2R:steb (~)

z’ 1
[+(/3+1)2(RBE + r~)2 ~%~,c,

22 1
where S1,C~N represents the thermal noise contribution of

the series rmd source resistance and may be expressed M :

.S,,,I,,V==UT’ (R,: + r-n + rl?) (8)

and where the denominator term Z is expressed as :

Z=RS+r~+(fl+l)(R~~+r~) (9)

These expressions may be used to determine the location

of the dominant 1/f noise source(s) within the device as is

outlined in the following section.

IV. PARAMETRIC EXTRACTION OF l/~ NOISE

SOURCES AND THEIR PHYSICAL LOCATION IN

HBTs

In order to accurately determine the intrinsic noise

sources, one must first accurately determine the element

values of the equivalent circuit of Figure 2b. Based on a

direct extraction methodology from S-parameter meawrre-

ments [6], the resistances and base transport factor are an-

alytically calculated at the same bias point under which the

device is operating when the l/f noise measurements are

taken. In doing this, there is maximum certainty that the

extraction of intrinsic noise utilizes accurate de-embedding

at each discrete bias point, instead of applying a model for

those element values meant to be accurate for all bias re-

gions. This allows more accurate deterrnination, especially

at highm bias conditions where l/f noise magnitudes are

much larger. Once these element values are known, the

previously derived expressions may be applied using S,,C

and SUB.

Because we have formulated a system of equations in

which Suc and S,,B are written in terms of four possible

noise sources, we may by the process of elirniuation deter-

mine the corubirmtions of noise sourcm that are possible

from the rrmasurcment of two knowns, SVC and SUB. In

so doing, we are able to tabulate the data in Table I in

which assume a combination of two independent sources.

Knowing the equivalent circuit from direct extraction, we

are able to calculate these two intrinsic noise sources as a

system of two unknowns with two knowns and solve lin-

early. The table illustrates that there are four combina-

tions that are numerically impossible to generate the mea-

sured spectra, that being S,eb and S,.C alone, S,eB and

S..B alone, S,,~ and S..E alone, and SVVB and SVVE alone

They C1Onot allow calculation of positive spectral den-

sities and as such are logically eliminated as possibilities

for modeling the device. The other four possible combi-

nations of two intrinsic I/f sources are eliminated for the

reason that when one calculates the spectra expected from

a single source alone, and that value is very nearly equal to

its value when assumed to combine with a second source,

this indicates that although there is a possible value for

the second intrinsic source, its contribution is negligible

and nuiy be dimegru-derf. That leaves the aforementioned

single source calculations of Table II, in which we assume

all the l/f is attributable to either s~~b alone, Stec alone,

SVTB alone, or S,,rE alone. We see in Table II that SV.B,

SV,E, ancl S,,c when separately calculated from S’vC and

S.B produce largely different numbers, and relative errors

(at a collector current of 4mA) in dB of roughly 56’%, 30%,

and 6°70 respectively. However; the assumption of Steb .%s

the doulillalltl solwcr reslllts Irl x~paratc calcldatioll of tlli !
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intrinsic source with only 0.570 relative error, indicating

that it is not only sufficient, but an accurate assumption

to attribute all the l/f noise at these bias levels to be due

to S,eb, and we are able to extrcwt out this intrinsic noise

sources actual value. Shown in Figure 4 is the resulting

extracted Vahte fOr &.b as a fUnCtiOn Of COlleCtOrCUrrent,
with self-consistent correspondence when extracted from

both SVC and from S.B. In contrast, the attempted ex-

traction of Stec as the single dominant source results in

Figure 5, with a large discrepancy between the calculation

from the collector spectra versus the base spectra, verifying

that it could not possibly be the single dominant source of

the H13T noise.

V. Usm OF NOISE SPEC’L’RA ‘ro CALCULATE THE

BASE-EMITTER AND EMITTER SERIES REsls’r,4.NcEs

The formalism as presented allows the calculation of

the base-emitter and emitter series resistances for the case

when ~ >> 1 and RL9>> r~ + rE, and may be described

by

(lo)

These values are entirely consistent with the aforemen-

tioned technique of direct extraction [6] as shown in Figure

6.

VI, CONCLUSIONS

‘J.’bis work presents a novel technique for accurate ex-

traction of the 10 CiltiOU an(l magnitude of the domimmt

intrinsic noise source(s) for hetero j unction bipolar t ran-

sisters. Based on a T-model topology, the current paths

of the device are more accurately represented, and when

combined with direct extraction of the equivalent circuit

from S-parameter measurement, measurement of the col-

lector and base spectra at a given bias condition allows

isolation of the single noise source, or combination of noise

sources responsible for those output spectra. This tech-

nique allows isolation of not only the magnitudes of the

noise sources involved in the transistor operation, but their

location within the equivalent circuit. This provides a tool

to isolate the bias dependence of technological and mate-

rial related causes of 1/f noise generation in state-of-the-art

devices and has been applied to AIGaAs/GaAs HBTs with

excellent 1/f noise performance and determined that these

devices are dominated by a single noise source whose lo-

cation has been identified as being across the base-emitter

junction resistance, and whose magnitude is investigated

vs. bias. This technique is also used in an alternative

approarh to calculate the base-emitter ,and emitter series

resistances of these devices, and serves CM an important

tool to establish the physical phenomena and technologi-

cal dfccts limiting the low frequency noise performance in

state-of-the-art HBTs.
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Intrinsic Noise Ic = 2mA IC = 4mA

J

IC = 10mA
Source Pairs

Sieb(dBA/~Hz) -206.2 -204.2 -198.ll__l

I .s;;(dBv/J7zj II -89.0 NP

I I 4-100.6

:,e.(dBAl~Hz) -207.9 -203.2 -200.7

TABLE I

CALCULATION OF POSSIBLE INTRINSW NOISE SOURCE PAIRINGS TO

PRODUCE MEASURED SPECTRA ( NP = NON-PHYSICAL flsswr )

Intrinsic NoLse

Source Pairs 2~A $L!$??J
Sneb(riBA/dHz) from SWC -!207.8 -203.1

E

-200.7
.5’;cb(riBA/@) from SUB -206.2 -204.1 -1984

S,e=(dBA/~Hz) from S.c -207.8 -203.2 -200.7
.& (dBA/~) from SUB -191.4 -192,1 -189.6

&b(dBV/~Hz) from SVC -21.7 -21.5 -25.4

Sw,b(dBV/~) from S.B -43.7 -49.2 -53.4

%. (dBv/dIfz) from .$tiC -61.8 -630 -68.7

Su,c(df3V/&) from SUB -83.8 -90,7 -96.7

TABLE 11

CAIAXJ1.ATION OIJ POSS113LJ? SINOLU DOMINANT INrTUNSI(: NoJs~

SOIJRCES TO Prwtrucr? MEASURED S’uC SPECTRA AND S.B SPECTRA

ter, and the technical correspondence of G.P. Li of Univer-

sity of California at Irvine concerning 1/f noise testing.
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Fig 3, Measured collector ( S,c )md base ( SVB ) noise vul[nge

spectral densities (dBV/ Hzflz ) for a 3 x 1.4 mn x 8.5 urn emittet

geometry at a collector current of Ic = 3 mA and VCE = 2 V.

J2~~J
AfGa&sfGeAs HBT I

‘“l
,f=100Hz

3.x 1..4tthK8<5_Urn. ~___L... ._.__+._ . . . _

VE = 2.0 v,’

R =40 Ohms. . .. . . . _. ., ._ . . ..- . .....’~ .–.$ ..–.

RL = 200 Ohms SwCalsuatedfromS

..

—

— \ .—

1 -S~Calw atedfmmS~

o 5 10 15 20 25

Ic(mA)

Fig 4. Extracted intrinsic noise source Sicb located fit base-emitter

heterojunction. Calculation from SW and from S,B self-consistently

establish same dominant noise source magnitude verifying Sieh as the

single dominant noise source in this device
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Fig 5. Attempt to extract intrinsic noise source Sicc located at bJse-

collector junction from Svc and from S,B results in significantly

different noise source magnitudes, verifying that Site alone is

insufficient to mndel the HBTnoise behavior.
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Fig6, Extraction of the sum of base-emitter junction and emitter

series resistances It mn S-paranwtcr direct rxt rmt Inn an{! irnm the
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