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Low frequency noise characteristics of new high voltage, high performance complementary
polysilicon emitter bipolar transistors have been studied. The influence of the base biasing
resistance, emitter geometry, and temperature on the noise spectra are discusseqnThe
transistors studied exhibited fland shot noise. The@np transistors, on the other hand, are
characterized by significant generation-recombination noise contributions to the total noise. For both
types of transistors, the measured output noise is determined primarily by the noise sources in the
polysilicon—monosilicon interface. The level of thef Hoise is proportional to the square of the
base currentlé) for bothnpnandpnp transistors. The contribution of thefIrioise in the collector
current is also estimated. The magnitude of the ridise normalized to the square of the base
current for devices with different emitter areas was found to be inversely proportional to the emitter
area, but for the transistors with a large ratio of emitter perimeter to emitter area, the contribution
of noise sources located in the emitter perimeter may be significant. Forphgthand npn
transistors, 1/ noise was found to be independent of temperature, andpfgo transistors,
generation-recombination noise decreases with increasing temperatu@9&American Institute

of Physics[S0021-897@08)03413-9

I. INTRODUCTION 1.1, in which case, it is referred to asf Idoise. However,
there are reports of values greater than 1% Others have

used in analog circuits because of their low noise, high cur/éPorted generation-recombinatidg-r) noise in the same

rent, highp-early voltage product, and high frequency prop-féquency range as"” type noise, and even burst nois&
erties. The use of polysilicon emitter bipolar fabrication tech-Was observed. At frequencies greater than 1-10 kHz, the
nology allows one to fabricate transistors with very smallShot noise of the base curréfit'® usually predominates if
emitter areas in the subm? range, and with very high unity the level off =¥ type noise is low enough.
gain frequencies of tens of GHz. However, as the transistors 10 date, most of the publications on low frequency noise
are made smaller, their low frequency noise increases. Evef bipolar transistors in a common-emitter configuration sug-
though the noise is at low frequencies, it can affect the higtgests that the noise is associated with the base curréat
frequency performance of bipolar circuits, for example, themedium to high base currents that are typically used in nor-
phase noise in oscillators is related to its low frequencymal bipolar operation, the spectral noise density of the base
noise. The phase noise in oscillators can limit the channegurrent fluctuations is usually proportional to the square of
frequency spacing in communication systems. In additionthe base current, that i§,~13.1~*%13A stronger base cur-
the low frequency noise can be upconverted to affect theent dependence curreﬁ,t~|§ was also reported in Ref. 19.
high frequency performance of mixers. Also, noise sets thét low base current densities, the base current noise spectral
lower limit for signal detection in electronic systems. density is sometimes given kg ~1g 4101920

To date, there are numerous articles that have been pub- Investigations of transistors with different properties of
lished on the low and high frequency noise characteristics ofterfacial layer§’!® show that the thin interfacial oxide
polysilicon emitternpn bipolar transistors=*® A review of  |ayer between the polysilicon—silicon interface produces the
some of the literature on low frequency noisenpn tran-  main contribution to the noise wh&~13. In Ref. 2, it was
sistors was given in Ref. 10. However, all these articles andhown that hot electron stress by applying a sufficiently high
their references report on low frequency noise onhnn  reverse bias to the base—emitter junction increases only the
polysilicon emitter bipolar transistors. To the best of ourpgise which corresponds ®~ g part of theS, versuslg
knowledge, there is no published information on low fre-dependence. However, the hot electron degradation of tran-
quency noise on polysilicon emittemp bipolar transistors.  sjstors in Ref. 4 and 8 resulted in an increase in the low

At low frequencies below 1-10 kHz, the noise in bipolar frequency noise over the entire range of base currents, even
transistors isf =7 type, with y typically in the range 0.85—  for minimal stress. These results indicate the possible differ-
ent nature of low frequency noise for different base currents,
dElectronic mail: jamal@cs.sfu.ca and for transistors fabricated in different facilities. Also, the

Polysilicon emitter bipolar transistors are now widely
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FIG. 2. Circuit used to bias the transistors for noise measurements. The
simplified low frequency equivalent circuit of the bipolar transistor is shown
inside the dashed box.

FIG. 1. Schematic cross-sectional view of the complementaryandpnp  are represented by the two noise power generaﬁcmsndi é
polysilicon emitter bipolar transistors. In Refs. 2, 10, and 20, it was shown that the internal base
resistance, and emitter resistanae, can contribute to the
noise characteristics of the devices. However, for the devices
we have studied, the values of andr are very low, and
they were significantly less than the base biasing resistance

2 ) Rg and the base-emitter resistance~AVg/Alg. Because
nology was developed for the realization of high frequency,othhiS, we can neglect the noise contri?)utiois of the base

hl%hlvqltatge analog cwcmg%. Thereforﬁ, trlle plerpose of th's. and emitter resistances of the transistor.
article 1s 1o measure and compare the low TeqUenCy NOISE 1o hase and emitter resistances of the transistors were

p_ropertl_es OT these nNewpn and pnp polysilicon emitter determined from scattering parameters measurements from
bipolar junction transistors. 50 to 350 MHz using the standard impedance circle tech-
nigue. The base-emitter bias was adjusted between 0.8 and
Il. DEVICES STUDIED 0.95 V for thenpn transistors and 0.7 to 0.85 V for thp
éransistors. Afterr, and r, were extracted, dc current—
polysilicon emitter complementary bipolar technology opti- vol_tage (-v) measurements were mag@aummel charac-
mized for high speed and higi-early voltage product with teristicy and these experimental results were used tp check
}he accuracy of the extracted base and emitter resistances.

BV.eogreater than 85 V. The devices are nonself-aligned fo :
ease of manufacturability. The base dopants are im|olante((§OOd agreement was obtained. The values,dor npnand

H — — 2
through a pad oxide and the emitter is formed through diffy P NP transistors arere= 146 andre=260() unt, respec-

sion from a polysilicon layer. The extrinsic base contacts ar

%lvely. The base resistance at typical operating current levels
also made through diffusion from a poly-silicon layer. The Rewm is SPICE modglwere 50 ipn) and 1020 (pnp) for
poly—silicon/silicon interface is optimized for minimization

the 8um? transistors, and 10n(n) and 20.5Q (pnp) for
of the interfacial oxide and improve matching of the

the 80um? transistors.
devices’! A schematic cross-sectional view of thepn and The noise signal from the collector biasing resistaRge
pnp transistors studied is shown in Fig. 1.

was amplified with a PAR 113 low noise voltage amplifier,

The devices are vertically integrategn andpnp tran- and then measured with a HP 3561 dynamic signal analyzer.
sistors made using polysilicon emitter technology and ar atteries were used to bias the base and collector terminals.
junction isolated. All isolation breakdown voltages for the he collector biasing resistande; used was 258, and
npnandpnp are greater than 85 and 95 V for th@n and this was much smaller than the output resistance of the tran-
pnp transistors, respectively. Their unity-gain frequencies

sistor. All measurements were performed on wafer using a
are 2 GHz for thenpn and 1.6 GHz for thgnp transistors. shletldetd Wa{ﬁr prqblng system. Thte |hnfluince OL thE zomt'
o several ansistors, measured, constan curnt gin SFFISC O 16 105 messuieent 1 beer e e
100 to 150 for thenpn, and 30 to 100 for theonp, was P S
obtained for about seven decades of current variation. pads. The contact pressures used had negligible influence on

The emitter geometries are rectangular with areas onhe noise measured.

2X4, 4x20, and 2<40 um?, so their emitter perimeteiP) 5 trl]:rom thf elqun{aler:jt C'riu't r]f:pr?tsentaftlmnt shtgwn in Fig.
to emitter areaAg) ratio varied from 0.6 to 1.5em™ 2. » (NE spectral noise density of voltage fluctuations across

resistanceR: can be expressed as

nature of low frequency noise may also be differentripm
and pnp transistors.
Recently, a new complementary bipolar transistor tech

The transistors used in this study were fabricated on

1. EXPERIMENTAL PROCEDURE AND DEVICE Sve Rg+rp+re 2
CURRENT-VOLTAGE CHARACTERISTICS RZ |Rgtrptr +(B+1)re
The devices studied were biased in the common emitter AKT

configuration, as shown in Fig. 2. Inside the dashed box in - B2
Fig. 2 is the simplified low-frequency equivalent circuit of
the bipolar transistor. The noise properties of the transistowhere

S +

— +2ql
8 Rgtrptry <08

+Sc, (1a
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Rg+rp+r,+re 2

- + +—. npn transistors
Sc Reg+rptr +(B+1)re (Sct2alc) Rc 10 P
(1b) 109
104 E A, =80 um?

HereB= Al /Al is the dynamic current gaihg andl . are

the base and collector currents, respectivSlg,andSiC are

the spectral noise densities of the low frequency néeeh

1/f and generation recombination compongrassociated

with the base and collector noise generatopgsandr . are the
internal base and emitter resistances;-AVg/Alg is the
base-emitter resistance. Noise measurements were made us-
ing base biasing resistan&y between 200 & and 10 M)
typically, and between 10Q and 10 M) for a special series

of experiments.

For thenpn and pnp transistors, possible degradation
effects of both the Gummel characteristics as well as the
noise spectra due to the biasing used or time of several days
were investigated. No measurable effects were obtained.

The Gummel characteristics of bottpn and pnp tran-
sistors are shown in Figs(& and 3b). It is seen that the
current—voltage characteristics of both types of transistors

Collector and Base Currents (Amps)

03 04 05 06 07 08 09 10
Base Voltage (Volts)

—_
Q
L=

pnp transistors

A, = 80 um?

10
are excellent. Gummel plots of transistors with different 107
emitter geometrie€2x40 and 4x 20 um?) but the same area 10

were identical. Note that very little dependence of the/

or noise spectra on the collector voltage in the range of 5-14
V were measured. For alipn and pnp transistors except
one studied, the ideality factor was 1 with no measurable
recombination currents for base currents as low as 1 pA.
Only two transistors showed recombination current. We call
one of these transistors with base recombination current
transistor R for identification latefsee Fig. 8)].

Collector and Base Currents (Amps)

03 04 05 06 07 08 09 1.0
Base Voltage (Volts)

—
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FIG. 3. Gummel plots ofipn (a) andpnp (b) transistors. The characteris-
tics for several transistors of each area and each type are plotted.

IV. RESULTS AND DISCUSSIONS
A. Low frequency noise spectra whereAg=2, y=1, andK represents the amplitude of the
The noise spectra described in this section were meat/f noise normalized to a frequency of 1 Hz and a current of
sured with the base biasing resistafRe>r ., (8+1)re, or 1 A, B, represents the amplitudes of the g-r noise compo-
ry. In order to satisfy this condition over a wide range of nents, r; are the characteristic time constants of g-r noise
base currents, biasing resistariRg in the range X 10° component$A, v, andK are parameters typically used in
<Rg<10’ O was used. In this case, the spectral noise densSpPICE modeling of ¥/ noise.
sity of the base current fluctuationS;() is multiplied by 82 The solid curves in Fig. (4) are calculated using Egs.
[see Eq.(1)], and the collector noise sources can be ne{2) and(3), assuming no contribution of the g-r noisB;(
glected. The thermal noigetk T/(Rg+rp+re)] can also be  =0). OnlyK values were used to fit experimental data over
neglected because it is significantly less that the shot noisiéie frequency range wherefloise predominates. No fitting
(2qlg). In this case, for the input noise spectral den§ity  for the frequency independent shot ndisecond term in Eq.

we get, (2)] was used. It is seen from Fig(a} that the noise ob-
served innpn transistors is described well as a sum of 1/
S— Sve _ 2al 5 and shot noise of the base current.
! WNS‘B+ q's- @) Only for a fewnpn transistors did we observe a small

) . ] ) ) contribution of generation-recombination noise. It must be
Typical noise spectr§, for npn transistors with emitter area ginted out that this low level of generation-recombination

2 . . . .
4x20 um" are shown in Fig. @). The solid lines show the 5ise s typical of modermpn polysilicon emitter bipolar

results according to the calculations using E2). The de-  (angistors, and has been reported by others, see Refs. 2 and
pendence o&B on current and frequendjor the case of I/ 3 ¢, example.

and g-r noisgis expressed as In contrast the noise spectra php transistors had a

K. |AF significant contribution of g-r noise and were characterized
__F's n 2 Bi7, ) by different noise level and different current dependencies of
'8 f7 T 1+ (27fn)’ the spectra. Figures') and 4c) show the noise spectra for
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two pnp transistors with the same emitter area, but different
emitter perimeter.

For the transistor in Fig. ) at the base currenitg
=0.33 A, there is no distinguishable contribution of the g-r
noise to the spectra which is well described as a sum fof 1/
and shot nois¢B;=0 in Eqg. (3)]. At higher currents, the
significant contribution of g-r noise was observed for this
transistor. It is important to note, that at different currents,
the amplitude of the g-r noise relative to thé hbise and the
corner frequencie$; = 1/27 7, are different. Two corner fre-
guencies are shown in Fig() as examples. The noise spec-
traatlg=1.1 andg=1.94 A are well represented as a sum
of 1/f noise, shot noise, and one g-r noise component. For
the spectra atg=14 andlg=48 uA, two distinguishable
g-r components were observed.

The noise spectra shown in Figichare quite different.

At low currentsl g=0.18 and g=0.33 1A the noise spectra
are close to ¥P°law (the noise spectra with<<1 have been
observed before—see for example Ref).2Phis kind of
spectrum can be approximated by multiple g-r components.
For example, the curves fdg=0.18 andlg=0.33 A cal-
culated according Eq$2) and(3) contain 3 and 4 g-r com-
ponents, respectively. At higher currents, the noise spectra

10-19 E LR LL L LR LLL ] LB RRLLL | T T
. npn - A, = 4x20

n 2
1020 ¢ Hm
102 £
107 E

102 £

102 103 104 105

1026 L v
100 10!

Frequency (Hz)

Noise Spectra S, (A%/Hz)

=

L ) e ) e R

p=48pA
o

vy pnp - A = 4x20 pm?

Spectra S, (A%/Hz)

can be fitted well by the sum of flland one(lg=1.1 and ,qé : . 0 3
l[g=14 uA) or two (Ig=48uA) g-r noise components. 2 L0 o o TR
However the value oK for the spectrum atg=1.1 A is \

very high[see Fig. 4c) captior. This probably means that (b) Frequency (Hz)

the g-r components which contribute to the spectrd gt
=0.18 andl z=0.33 «A can also contribute to the spectrum
atlg=1.1uA, but result in 1f like spectrum.

In semiconductor resistors, the valuks, B (where
B/ =B, /1), 7; in Eq. (3) do not usually depend on current
and for the whole spectrum the laBy~1? is valid. With an
increase in the current, the noise spectral dergiipcreases
proportionally at all frequencies. However, a quite different
situation was observed ionp transistors. For all transistors,
the dependence of the shape of the spectra on the base cur-
rent was observed. In other words, thd hoise and g-r
noise are characterized by different current dependencies.
One of the possible reason of this phenomena may be the
dependence dB; and 7; values on the base current, that is, , _ ,

FIG. 4. Input noise spectr8|=SvC/(,82R(2;) for different transistors mea-

B, is not proportional to the square of the base current.
: brop q sured under the condition of the base biasing resistRpeer . for different

The dependence of the g-r noise on current has beelghse currentbg’s. The lines are calculations using E@); (a) Noise spectra

studied in AlGaAs/GaAs heterojunction bipolar transistorsior a npn transistor with emitter geometry &4mx20 um. | =48 uA
(HBTs).2® In these HBTSs, it was found that the corner fre- —Kg=2.2x10"% Ig=14uA—Kp=1.9x10""% 1g=1.1uA—Ke=2.4
quency of the g-r noisé= 1/2= moves to higher values as *10 ' 1g=0.33uA—Kg=2.7x10"'*; (b) Noise spectra for gnp tran-

. - sistor with emitter geometry 2mx40 um. Note that these spectra show
the base current increases. Since the base VOWE@QQlSO clear g-r noise, in addition to shot noise and Moise. Note thatf;

increases with base current, it is probable that just s — _ 1. |,=48uA—K.=0.9x10°1 f,=8Hz, B,=2x10 8 f,
increase results in a shift of the characteristic frequencies te 16 kHz, B,=1x10"; 13=14uA—Ke=1.0x10"1, f,=13Hz, B,
higher values. Thé/ and r; values are determined by the =3.2x10"% f,=4.8kHz, B,=1.2x10 '} 15=1.94uA—-Kr=3.4
occupancy of the level which is responsible for g-r noiseX10 ™ f1=320Hz, B;=6x10 %% 15=11uA-Ke=16x10"", f,

. =160 Hz,B;=5X10"2%; 13=0.33uA—K-=1.2x10"1% (c) Noise spec-
(see, for example’ Refs. 6, 24 and)26 the level is located tra for a pnp transistor with emitter geometry Amx20 um. Note that

in the base-emittep-n junction, then increasing the base these spectra show clear g-r noise, in addition to shot noise dnabise.
voltage leads to a change of the energy difference betweente that f=1/277 . 15=48 uA—Kg=3.9x10 1%, f;=32Hz, B;=1

the defect energy level and the Fermi level, and consequenthy10 ' f,=32kHz, B,=4x10 ' Ig=14uA-Ke=4.0<10"", f,

P _ =16 kHz, B;=25X10"%8 I;=1.1uA—Kg=4.0x10"° f;=14kHz,
to a modification of the level occupancy and g-r n0|seBl=6_3xlO,1g; = 0.33pA—K,—3.0¢10' 10 f (Hz)=32 Hz: 320 Hz:

spectre?42° —21 —21 —21 —20
p - ) 3.2 kHz; 48 kHz,Bi=1.6X10"~, 6X10 <, 6X10™ =, 3X10 <, respec-
As discussed above, thenp transistors are character- tvely; 15=0.33uA—Kz=1.2x10"1% f,(Hz): 16 Hz; 240 Hz; 6.4 kHz,

ized by a different level of noise. Even a couple of transistors; : 3x10 %, 1.5x10 %, 8x 10 %, respectively.

T T LLRALL e i
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FIG. 5. Noise spectra:Svc/(,BzRé) of the abnormally high noise ob- FIG. 6. Noise spectrSl=S\,C/(/32Ré) for the smallpnp transistor of emit-

served in the transistd®. Kp=3x10"7, f;=110 Hz,B;=1.4x10"*¢, f, ter geometry X4 unm?. 15=6.7uA—-Kg=3.3x10"*, f,=11kHz, B,

—6.4 kHz,B,=1.6x 1018 =35x107"% 13=1.94uA-K=7x10"", f;=24kHz, B;=75
X1072% |g=1.1uA—K=7.4x10"10 f,=3.2kHz, B;=4X10"% Ig
=0.33uA—Kg=7.3x10"1% f;=1.6kHz, B;=5X10"%%; 15=0.18uA
—Kg=6.2x10"1° f,=1.3kHz,B;=1.6x10"%

exhibited abnormally high levels of noise. One of the ex-

ample is transistoR with nonideal current—voltage charac-

teristic shown in Fig. @). The noise spectra for transistr measurements were performed with different base biasing

is shown in Fig. 5 for the same currelg=0.18 xA as one resistancefg . Figure 7 shows the dependence of the output
of the spectra iﬁ Fig. @) ' noises\,C on the base biasing resistance fam@n transistor

One of the reasons whynp transistors under investiga- With emitter area of X4 um? [Fig. 7(@], and for apnp
tions demonstrated significantly different level of the noisetransistor with emitter area of 240 um? [Fig. 7(b)]. The
may be that the transistors in different parts of the wafeSymbols show the experimental results and the lines show
were of slightly different technological conditions. In order the calculated results using Ed). The value of the transis-
to check this assumption we measured noise in the centrf!’s base resistanag, is assumed to be much smaller than
and peripheral parts of the wafer. However the transistor'&itherRg orr ., thatis,rp<Rg, r . The values of the input
noise (for transistors of the same emitter geomgtnas in-  'esistance ,~AVg/Alg were determined directly from the
dependent of its position on the wafer. That is, even neighSGummel plotgFig. 3], and are 5 and 20(k at 6 and 1uA
boring pnp transistorgof the same geometrexhibited sig- base currents, respectively. For the small transistors (2

nificantly different noise spectra. X 4 um?), significant contribution to the dependenceSQ[':
In spite of a large difference in the noise amongpimp  versusRg gives the term g+ 1)r,.
transistors, the current—voltage characteristics forpaip The solid triangles and solid lines in Fig. 7 show the

transistors except two are practically identical, the only ex+esults at 10 Hz where flhoise dominates. The bold circles
ceptions are the transistors for which the base current wagnd dashed curves show the results at 10 kHz, where at all
nonideal(transistor R), and this is shown in Fig.(8). This  values ofRg, the frequency independent shot noise domi-
confirms the fact that noise measurement is a very sensitiveates. The small difference in output shot noise Raf
technique for investigating the quality of materials and>10> Q for Iz=1 and 6uA in Fig. 7(a) is due to the current
devices’®~28and for determining deep level parameters withgain 8 decreasing asg increases. A rather significant de-
low concentration§®2° crease of the noise @&y decreases was experimentally ob-
The typical noise spectra for smaiinp transistors at served, with good qualitative agreement to the calculations.
different base current are shown in Fig. 6 For the small aredherefore, measurements under the condition Rgr
pnp transistors, the noise spectra at low frequencies lesshows only amplified base noise. This conclusion agrees
than 10-100 Hz had the form of fLhoise. At higher fre- with similar measurements and conclusionsrigmn transis-
quencies the spectra became more figt~(f %3 © 05  tors made in Ref. 1.
and they can be fitted only by multiple g-r components. In  In order to fit the experimental data at low values:gf,
order to demonstrate the last fact, only one g-r componerihe collector 1f noise was taken into account. This allowed
was used for every curve in Fig. 6. us to estimate the values & for the collector 1f noise.
This calculation giveKg~10° for npn transistors, and
Ke~10"1%for pnp transistors. However, then p transistors
discussed in this section have emitter areas that are ten times
larger than then pn transistors. Assuming that thé&- values
In order to prove that the main contribution to the outputare inversely proportional to emitter area, then we can con-
noise is due to the amplified noise in the base-emitter juncelude that the collector 1/noise in bothnpn andpnp tran-
tion [see Eq.(1)] under the condition thaRg>r ., noise sistors are of similar magnitude.

B. Dependence of low frequency noise on the base
biasing resistance

Downloaded 05 Oct 2003 to 128.46.200.195. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



630 J. Appl. Phys., Vol. 84, No. 1, 1 July 1998 Deen et al.

ﬁ 10'10 BT T T T T TTTTT T T T TTTTITR 10-19 E T T T T L B R LN § T T VIIIIE
E E ~ npn transistors 7
E F npn- Ap=2x4 pm? (6 pA, 3 g N b
(o] 10-11 E 4 10»20 §_ e _§
> : (1 pA, 20 kQ) 3 i : g E
= a2 L ] ~ 1o L . - J
U)§ 10 § 3 E % 8 lm}f/ ] s %
o 1013 ;_ . _% S 102 3 "x' T £
g S s Sy T M E 2 § 3780 pm? E
4k . - 102 _y
Z 107 Fa . < E » 3 R 2% 3
; Fe P o ,/I/OkHz ] o r . /!" /,d:

10715 =" 210 ¢
=y et “{1 nA, 20 kQ) E > : 3 :
8 10-16 _1 Lol il el il !IIIHI— 10-25 M P S S | L

10?2 103 10+ 10° 106 107 107 10-¢ 10 104
@) Base Bias Resistor R, (Q) (@) Base Current I, (A)
N 10 . 100 ¢ L L AR
Fpnp - A, = 2x40 pm? 3 N £ . % o E
E : ] 6 uA, SkQ)  10Hz ] T o | pnp transistors ]
; 1012 N\ E ;
. (1 pa, 20 k) < o | ;
S i £

10'13 E kHz = r 3
v 100 Gun, 50y _joxte Tl

[} - ~— E E
2 (1uA, 20 k) __10KHz] = g ]
© LUl e 3 ~ 102 E d
Z ' 4 = :
= I @ gL ]
= 1005 2 10 ¢
& ) ] Z, g ]
= F L 4 1025 L L il L
O 10-16 i oS Lol cvod i 1077 106 105 10+

102 103 104 105 106 107 B C I (A)
. . (b) ase Current

(b) Base Bias Resistor R; (Q) B

FIG. 8. Dependence of noise specla S\,C/(,BZRé) at 10 Hz, on the base
FIG. 7. The dependence of the output nae on the base biasing resis-  cyrrent for(a) npn and (b) pnp transistors. The lines show the variation
tanceRg for (a) npn and(b) pnp transistors. The bold triangles and bold g «|2 since 1f noise is dominant at 10 Hz. The bold circles show the
circles show the results of measurements at 10 Hz and 10 kHz, respectivelyseasured data for transistors with emitter geometmn®. The open circles
The lines are calculations using Ed). The base currents and the input  and crosses show measured results for transistors with emitter geometries 2
resistanced Vg /dlg are given in the figure. umx40 um and 4umx20 um, respectively. For th@np transistors, the

g-r noise contribution at 10 Hz was subtracted from the measured spectra.

C. Current dependence of the low frequency noise Therefore, at high base currents, the spectral noise density of
Noise measurements at different base currents were peibe base current fluctuations is proportionallfp but the
formed under the conditioRg>r .. Figure §a) shows the spectral noise density of the collector current fluctuations is

current dependence of the noise measured at 10 Hz frofot proportional td .
npn transistors with different emitter areas. It is seen that for ~ Figure 8b) shows the dependence 8f=S,_/(8°RZ)

both the small and large devices, that on the base current fggnp transistors. Becausgnp tran-
sistors were characterized by significant contribution of g-r
Sv. noise to the measured spectra, we subtracted out the g-r noise
S,=WO<IZB. (4)  and kept only the ¥/noise and shot noise. That is, in Fig.
c

8(b), only noise data for the fl/component as a function of
base current for devices of two different areas are shown. It

Figure 9 shows the dependence of the staBig)(and s seen from Fig. @) that for the 1f noise,S_~12 with
dynamic(B) current gain on the base current. For base Curgood accuracy. ®

rents less than 1pA, Bs= B and the spectral noise density
for collector current fluctuations\,cl R(Z; is proportional to

%_ However, for base currents larger than 48, Bs> 3 D. Dependence of low frequency noise on the emitter

and S\,c/R% variation with collector current depends on geometry
Bl Bs. That is, if Eq.(4) holds, then It is known that if the noise is produced by independent
fluctuators homogeneously distributed in the same part of the
2 2 device, that the relative spectral noise density of voltage or
Sv. 188 R : .
. (5) current fluctuations is inversely proportional to the size of
Rc Bs this element. For example, the spectral noise density of bulk
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FIG. 10. Dependence of the noise param&teon the emitter area farpn

FIG. 9. Variation of the dynami¢g) and static 8<) current gain on base transistors. The meanings of th_e symbols are as follows: Bold circles-
current for anpn transistor with emitter geometry 4mx20 m. unmasked emitte(Ref. 14; bold diamond-masked emitt¢Ref. 14; bold
squares(Ref. 2; bold triangles(Ref. 3; bold crosses(Ref. 32; open

symbols-present work. Note that the 8én? transistors have been offset for
clarity (the open squares are fox20 um? and the open triangles are for

. . . . . . 4X 20 umd).
generatlon-recomblnatlon noise Is |nverse|y proportlonal to

the volumé®* In accordance with the Hooge’s expression,

the relative spectral noise density of thé @ibise is inversely  characteristics of both types of transistors studied were close
proportional to the total number of carriers, so that for ato ideal characteristics, and at 85 °C, the ideality factor is
homogeneous semiconductor, this leads tb ridise being close to its ideal value to within 5%.
inversely proportional to the volume. This empirical obser-  Figure 12 shows the noise spectra at 22 and 85 °C for
vation can be used in measurements of noise in SemiCOHdUpﬂptransistors for which, g-r noise at room temperature was
tors and semiconductor devices with different relationshipglearly observed. It is seen that with increase in temperature,
of volume to surface area, or surface area to perimeter in aghe level of g-r noise decreases at all frequencies. Measure-
attempt to localize the noise sources. ments of noise spectra at temperatures between 22 and 85 °C
There have been some previous attempts to measure tBow that the noise decreases monotonically as the tempera-
1/f noise in polysilicon emitter bipolar transistors with dif- tyre increase®®
ferent emitter area®\g,>>*° different emitter perimeters As was discussed before, fopn transistors, ¥/ and
Pe,*™and different area-to-perimeter ratidg /P .>***°It  shot noise dominates the spectra at room temperature. No
was showf>***that the relative spectral noise density of temperature dependence of the output noise was observed for
the base current fluctuations normalized to 1 Hz is given bythese transistors. This agrees with the experimental results in
Ke=S/(12-1), varies inversely with emitter are® . Fig-  Ref. 13, and supports the idea that hbise in polysilicon
ure 10 shows the dependencekaf on emitter area for our  emitter bipolar transistors is due to fluctuations in the tunnel-
npntransistors, as well as those in Refs. 2, 3, 14 and 15 It isng probability across the interfacial oxide barrier at the
seen that alhpn transistors studied here demonstrated a lowpolysilicon—monocrystalline silicon interface of the emitter.
level of 1f noise. The dependence of noise on emitter arean Refs. 3 and 6, the temperature dependence of the low

may be described biKg~Ag*. However, three transistors frequency noise was also measured in polysilicon emitter
with emitter perimeter of 84um have a slightly higher noise,
and this indicates that there is some contribution of the noise

sources located in the emitter perimeter to the total transistor o 50 g™ e T T T T T T
noise. g= : R AN Sy
O “F ssc A ]
‘a E 4o°c‘ [
E. Temperature dependence of the low frequency 8 30 ;zoc/" E
noise = £ ~ ) 3
20 E pnp - A = 2x40 pm 3
Low frequency noise, and current—voltage characteris- S F 3
tics were measured for botipn andpnp transistors at tem- 2 0k
peratures between 22 and 85 °C. Figure 11 shows the depen- = E
dence of the dynamic current gagthon base current fgonp B E o~
transistors at different temperatures. It is seen that for the G012 1011 100 109 10 107 10 105 104 10° 104
range of base currents for whighdoes not change withs, Base Current IB (A)

that B increases as the temperature increases. This is the
usual_t_:lepender_wce ﬁon temperatu_re for3%0nvent|0ﬁéhnd FIG. 11. Dependence of the static current gain on the base currephfor
polysilicon emitter bipolar transistof$3® The Gummel transistors at different temperatures.
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N monotonically with increasing temperature. This indicates
o 10 g that the energy lev&) of the defedts) responsible for the g-r
& o b noise is(are located near or above the quasi-Fermi level at
< 107F pap - Ag = 2x40 pm? the temperature of measurement
S g .

— 1072 ¢ I, = 0.33pA Finally, the dependence of theflhoise magnitude,
v 1022 measured with th& parameter, on the emitter area fgon
g : transistors can be described By~Ag!. Transistors with

o 0% the same area, but larger perimeter exhibited a slightly
& 10 L i SV higher noise level. This indicates that there is some contri-
% i 85°C - bution from noise sources located in the perimeter of the
8 1072 emitter. Thepnp transistors have a large dispersion of the
‘'S 10 Y VTR AU SR TY Y TS noise level, mainly because of the contribution of the g-r
'z, 10° 10! 102 10° 104 10° noise. However, the noise level of tipnp transistors are

Frequency (Hz) comparable to the noise of thepn transistors of the same

emitter area, and are similar to published noise levels for

FIG. 12. Noise spectr&, for a pnp transistor with emitter geometry 2 npn transistors of similar areas.
pumx40 um at 22 and 85 °C.
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