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D TASTRAMENT OF LOW FRTQUENCY HOISE IN MOS STRUCTURES WITH 20-h0 4 THICK OXIDES

i,

Vikram: Kumar

ABSTRACT

Since McWhorter [6] suggested that flicker noise is

related to surface states in semiconductor devices, several attempts

: s 0 o o ’ . . . . |
have been made to establish this relationship using MOS'tran31stors
‘and other devices. However, since the surface state density distribution
of such devices cannot be measured, the-correlation has been only

léﬁalitatiVEIyﬂestablished by Sah and Hielscher [7] and others [8,9].

Recently Kar and Dahlke [21,22] have developed MOS structures with
20- - 40 X thick~oxide layers that allow measuring the interface state

density and the noise simultaneously and indepehdently. In this

thesis, a measuring technique is developed to determine the low
frequency noise of such MOS structures. Measurements of three : |
samples show the suitability of the experimental technique and its

reproducibility, revealing a close relationship between the low

£requency noise and the energy distribution of surface states. A
theoretical model is proposed that explains the experimental results;

a further study of low frequency noise and surface states of the MOS

diodes is expected to establish the %elationship in detail.
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ABSTRACT

G . s et - . g el e

Since Mclhorter [6] supgested that flicker noise is
related to surface states in semiconductor devices, several attemptS
have been made to establish this relationship using MOS transistors
and other'devices.;HOwgVer, singe the surface_state density distribution
of such devices cannot be measured, the corrélatlon has been only
qualltatwvelv estahlinbed bv Sah and Hielscher [7] and others [8,9].
Recently Kar and Duahlke r°l 227 have developed M0OS structures with

20 - U0 A thick oxide Jayvers that allow measuring the interface state

B

density and the noise Sfmulfaneously and indcpendently. In this
thesls, a measnring techniocue is;dcvelopedrto detzrmine the 103;'
frecuencv ncise of sueh MOS structures. Measurements of thrae
samples chow the suitability of the experimental technidue and its
reproducibilitv, revealing a close Pelationship between the low
I'requency noi *" and the energv distribution of surface states, A
theoretical mode) is proposed that explains:tﬁe-exﬁgﬁimEﬁfél results;:
a further studv of low freauency noise and surface states of the MOS

diodes is expected to establish the relationship in detail.

{




u')

Noise of electronic dev ' has been stiudied extensivelv

because it limits the ultimate sensitivity of electronic svstems.
It sometimes also reveals detalls of phvsical device processes that

are not measurable otherwise. All resistive devices show thermal

noise which is frecuencv indépenderit and well understood. Further;
! | |

the devices erxhilit a freouenc" devendent noize at low freoucncipo

that can be classified in two types: (i) generation - recombination

noise with a 1/(1 +cA?t:) freauency dependence and a single time ,

constant U, and (ii) flicker noise with 1/f fréaueﬁéy-deendeﬁce

and a diétvibutioﬁ of'timerccnstants [1]. | §
The first is due t6 generation - recombiﬁafiéh.Of~¢arniers

in semiconductors and.haSVbéen;Studied’infjunctibn-field effect |

transistors (JFFETs) ky Sah [?3 and Lauritzen (3], and in metal -

oxide - silicon field eff;ct transistors (MOSFETs) by ¥ [4] and

Yau and Sah [5]. This type of noise is well understood, andpagreeé

ment between theorv and experiment has been established for both

JFETs [3] and MOSFETs [5].

The o_iﬁin of flicker noise is not completelv clear. Tt
) e e __ 4
has been generally recognised [1] that spectra of the type 1/(1 +a D)
~when superimposed with a suitable time constant dispersion can vield

a 1/f noise spectrum over a wide frequency rarige. The basic problem

- is to establish the rechanism that causes the time constant distribu-

bde
0 7‘_
}-"_'0.

tion. Me'terter [4] has attribuisd the dictrikution to eia-~ron!

.-

¢ 1

states in the oxnde la*er that are-called.supfage states and exi st




~on all semiconductor: surfaces. These states in the oxide layer

| communicate-with'thé semicondﬂctop bandsiby‘tunneling'of carriers
through the oxide, a process causing the necessary time constant
distribution,

MOS transistors have been QidelY'StUdied to show the. |
.relationship«betWeen low frequency.noise-and surface states. Sah and
Hielscher [7], Abowitz et. al. [8], and Hsu et. al. E§]~héve shown
experimentally-that'IOW'frequency:noise and surface states in MOS
transistors are correlated; however, in each case the correlationyWas
only indiﬁéctly and qualitatively substantiated. In recent years several.
tﬁebretigal;models have been proposed for flicker noise in MQS fransistor,
w[ldiu]; most of them [I2-14]are based on McWhorter's tumneling model [5].
Extensive experimental inveStigatidns113J5—1718how that the flicker noise
in this device is very complex, and theorypand:experiments'do not agree é
in all respects. A detailed compaPiSOﬂer*fhetthe@retical:mbﬂéls with
the experimentallv observed behaMiQrfnéQﬁires an exact knowledge‘éf
the trap distribution across tbe~eﬁergy gap and the oxide thickness.

This information is usually not available since fheusupface-Sﬁate;_
density under the gate of a MOS transistor cannot be;measuped;easily, f

Recently, gate COntballéd'p-n.juaniQh.diOdes have been
~empldyed to study flickerfnoise [9,18,19). Unlike the MOS transistor
w;th its always .inverted surface, this structure allows scanning of
the Fermi level across the entire forbidden band gap. However, in this
case also, thg correlation of 1/f noise and sﬁrfaCe states has beeén
only indirectly and_qualitatively.eStabliShed [19].\

Nicollian and Melchior [20] proposed a theory of low o




frequency noise in MOS dicdes with thick oxide lavers. Thev used a

model that has been widerZG?ﬁEGVEd.fOﬁ~Studving.Si—SiOQ interface
properties. However, this structure is not suitable for noise
measurements since its conductance is extremely low (l()'-8 mho and
less). Recently Kar and Dahlke [21,22] have rmeasured the surface
state dehsity of MOS diodes with 20 - MO-K thick oxide lavers. It
is possible to measure simultaneouslvy and independéntlv the surface
and noise properties of theée diodes.

. A theoretical model for low fregueéncy noise of MOS diodes
with a thin oxide laver is given in S2ction 2. The main purpose

of this thesis is to show the feasibility of the noise measurements.

‘c . | ; ie. ® 3y . . ‘» Q. - : °8
Since the admittance of thte test diodes is low (Letween 10 and

’
-

10 mhos dcpehding on bias and freauencv), the-&onventional noise
mesurement mathsd E?él'héd to be modified. The émnléved technicue

is described in Sectioﬁ 3. Low frequencvnoiSE~méasurements of three
samples: are repqﬁted-aﬂdrdiScussedAin Section 4. Conclusions are

given in Sectiqngs,




2. THEOPY OF LOYW FRIAUTNNY NOTSE
2.1 Spectral DPensity of Device Noice }

In this section a theoretical model is proposed to explain N

| .
the low freauencv noise of the employed MOS diodes with 20 - uo A |

thick oxide layers. The most important component of current through i
the test diode is due to majority cappié}sfbeing emitted over the

silicon barrier. and then turneling through the oxide barrier into the §
metal [21]. This thermionic emission cﬁrrent showing full shot nois¢‘ ;

noise [23] is derived similarly to that of an ideal Schottky barrier . |

diode [24], ~ | | I . i

_ . ) ) i

Typ = A T2 & AWK @V/AD 5 2.1)

- | |

where A 1is Richardson's coefficient modified by tunneling of carriers }

through the oxide, VB is the applied bias, and ¢ is the metal barrier

height; e¢f, Fig. 1. Here, cnly the contribution to device noise from

. P

fluctuations of the-surface‘state occupancy will Be considered. Thesa i i
fluctuations are a conséquence of generation - recombinafion of
carriers in the surface states and result in a modulation of -the
barrier heipght. According to eq. (é.i), a fluctuation &¢ of the

barrier height &, induces a fluctuation of the current

I = -I_.(a/kT) b .

em (2.2)

The barrier height for a n-type semiconductor [21],
¢ = -~ - (Q. + )/C 2.3)
q)m xm Q-'ss Qsc ox °? (
depends on thé surface state charge,

Q._ = pCL (2.4)

where the space charge~Q;c@ the qxideeeapaaitaﬁce‘cox, and the number




of occupied surfoce statas Nt (cmPQQ-Whigh are assumed to be of

acceptor type.

For single energy level states at the interface with a

generation - recombination time constantlaﬁ the spectral fluctuation
density of the surface state occupancy is [23], ?

2.2
Sgyy = WNLE (1~ ) T /(1+8T)

, (2.5) E,

t ﬁ |

-2, . . .
|

|

where NT (cm “) is the total number of surface states, and fs (= N, /N_)
the surface state occupancy factor, Combining equatiens (2.2) to (2.5),

the spectral fluctuation density of the thermionic emission current is

I2 L

o Cem & . 2
S T oy Wi F_(L1-f )T /(14 c-ﬁ ) . (2.6)
em Coxk T

A proposed equivalent circuit of the MOS diode'[2l] is shecwn

y

in Fig 2, For a single level surface state with a time constan® Tp [25]

we have the relatlons,'

“’IPC | C Q |

G_(w) = , C (@)= —Z— | ¢ = £ (1- f )
P l+u?t2 p l+&?C§ I s kT T

(2.7)

Comparison of equations (2.6) and (2.7) yields

Ser T KT (1,0/C KT O () (2.8)

Thus, the diode will show 1/f noise if Gp (@)~ @ .The conductance,G_{w), . |
contains implicitly:as parameters the energy and space distributions

of the surface states and their capture cross-section, o,

2.2 Theorctical Mndels

Three different models for g will be ccensidered:

(1) Hicollian and Melchior [20] asgumed.a q@nstant,capture

cross-section,C ., This leads to eq. (2.7) fer sinzle energy level




states. The dottud lincs in Fig. 3 illustrate a nrmerical exarple

[ 4

y e | . 2 . .
for the functions G (w), G (w)/s, G (w)/oo2~ iy and C (w). This
| P p b P | |
model agrees well with measured Gpr)/u> curves; however, it cannot
explain the large frequency range of the experimental 1/f noise.
(2) McWhorter assumed tunneling of carriers into states
lying in the oxide; thelr capIUﬁéuCrOSs~secfionrdecreasesAexpOnen-

tially with the oxicde depth,
e -
o o e_.gg.x ACR - t.oe

2

. | (2.9)

T‘(cm;‘)}.cnnstant'between X

For a state density ﬂT

1 and x2 of the

oxide, the relations,

.C'
S

G_(w) = P ’
D Aln(CQ/cl

In (wl)
s 1u( T,/ S} ) 4

I

(2.10)

C_(w)

¢! = (o /KT) N

S

LG 7 BN

in the frequency range o.)C' ] KL< >» Where "C‘ C'R(xl) and T ZA'R.(_;\Q )3
cf. eq. (2.9). lumerical values of GPGO), Gp@xﬂﬁa& Gp(wﬂ/ag, and C_(w)
T P

calculated from eq. (2.10) are preseated as dashed curves in Fig, 3.

-~

. The current fluctuation i

;1Gp(u0/b? shows an extremely broad 1/f
| Paﬁge; however; this model fails to explain the measured Gp<¢~>)/ w
maxima, as discussedmhy"iicollian.anﬁ¢Goecherger»[ZSJi

(3) The @ -distributions of models {1)-and (2) are un-

realistic. The true distributior must reéeflect the lattice structure

of the oxide, as indicated by the dashed lines of Tieg., 4. It should

have a broad maximum at the interface layer, k=0, in contrast to

the pointed line for model (2), and then smoath qut“hy averaging the




tunneling effect dzeeper in the oxide. The full line in FTig. 4 presents
as reasonable apprexination of the & -distribution; conseduently,

the functions:Gp@h),gGﬁ(wdﬁn, Gp(é)/ug, and Cp(u) drawn -as full lines

-~

for model (3), are linear superpcsitions of the corrospcnding curves

for models (1) and;(2§,rﬁhe;bump in the noise curve Gp&d)k¢2 in

Fig;.Siis c&used’bj*ﬁtatgs in the interface_iayeﬁ and the 1/f range

by ‘states in the oxide.

The theoretical curves for the realistic model (3) will be

compared with observed results in Séction 4.
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~ dicde has a very low and frequency and bias dependent admittance. Its
conductance usually varies béetween 10  mho and 10 ~ mho and the
capacitance between 5 pf and 40O pF. Since the impedance of the
reverse or moderatcly forward biased diode can be as high as 10 ohms
true ac and de¢ curr=nt sources are difficult to obtain. The solution
~of this problem is discussed in Section 3.1, and the noise measurement

technique is described in Section 3.2.

3.1 Measuring Svsten

A block dizgram of the expgrimﬁﬁtai,getgu@-is showh in
Fig. 5. The different iﬁstPuments.and-theip”fﬁﬁctibnﬁ arv: described
A_inffhis paragranh.
A variable dec voltage supply is used to bias the test
“-device. Rb,is a 1érge.resistor'of which the exact value needs not to be
known. Values of-Rb = 1000 Mohm, lO.Mohm, and 300 kohm are chosa$:
so_that they are at least 100 times greater than the device impedance
and that they allowfthe‘pequiredbiasingicurrent to be drawn from
the battery. A Keithley Electrometer €10B is used to measure the
bias current ; after that, it is:replaéed'by?a short circuit to
prevent any contribution of its noise to the measuring system. The
fest diode is:eﬁélosedain.a shielded, light=tight box. The admiftance,

. Y,, 1s a parallel combination of a resistoer R, and a capacitor C.

chosen carefully to simulate the diode admittance at operating bias
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and measurement frequencyv. Details of the combination are deseribed

in Appendix E. The tliermal noise penerated by the simulated admittance,

XS’ is compared with the device noise.

The noise vcltage of the test-device is amplified by the
low noise amplifier PAR 113, which is described in AppendixD . The
output of the amplifiéﬁAiS-diSpiayed on an osc¢illoscope to confirm
that it is not saturated. It is measured with one of the two
avdilable wave analyzers. Thé{Qpanteéh_Lab 3@3iwéVefaﬁaly2€P‘Péad§
v01tages in-fhe;rénge-of O;l:mV‘to&BOO'V”rms anﬁ;aIIOWS"to.selec% a
;pandwidth of 10 Hz, SQEHz,.LOOfHZ‘oP lOOOfHZ; Choosing the indicated
‘bandwidth:of‘lo Hz in the frequency range of 20 Hz té‘eg kHz , a
corrosponding effective noise bandwidth of 8.8 * 0.5 Hz was deter-
mined (cf;APPendix:Bd. The Hewlett Packard 302 AR wave analyzer
reading voltages in the range of 30 V to 300 V rms has a fixed
signal bandwidthrof 2 Hz between S Hz:and~SO kHz.£requen¢y; its
effective noise bandwidth is 2.05 i;O,laHé. The recorder output
of the wave analyzer is fed through a time averaging circuit of
:2;§ sechd$ time constart intO'ah:X—Y recorder.

The available noise power of the diode is compared with
the available signal power of éfHéafhkit-IC%lB¥signal,generator
at .each meésuring.frequancyyiihe exactly known impedance, Z,
chosen at least thousand times larger than the device impedarnce,
COnVertS:the:Signal.VOltageisaﬂrceuinta-an acﬂCﬁPPent'SQupce‘
by a capacitance of 0,95 pF, and for a larger forward bias or

lower device impedance, by a resistor of 5 Mohm. A frequency

counter determines the exact measuring frequency.

- Cen e b mmme ibie o a4 e s s o i AR = s 4 s




3.2 Measuring Technique

In princ¢iple, the device noise can be represented either
by a short circuit currerit or by an open circuit voltage. Both
representations are equally useful for a purely resistive devices
however, ﬁon_our=test device consisting of a neSiStdrﬂshunted by
a capacitor the open circuit voltage is freouen9y=dependént. In our
case the current Spurce‘représeﬂtatién:isSHPEﬁiQP:Sihce it is
independént.of:éapacitange*and heérice of frequency. Thérefore, the
device noise is repreSéhtedﬂby.an,equivalént noise conductahCé@ Gqu
ﬁgénéhating;the1samersh@nt circuit fhgrmai,noiseteurfent:as the
device at room femperatUre.*The;quantity:directly'méasured 18§ the

"total short circuit ipput noise current", i_ _, additionally

tot

applied to the'amﬁlifierfinput to double the output noise power.
itOt includeSaniSé ccntributions from the teSt deYiCe3 fhE“ampliﬁieF 

and other noise sources in the measuring system.

3-21'The’T¢talWSh9nt Circuit Input Noise Current

The basic set-up for measuring i is shown in Fig. 6a.

tot
" First, the amplifier output vcitage;Vn,originating'frcm.cOntributionS
of the noise sonﬁce.and'the«amplifier, is noted for IS = 045 as

indicated in Fig, 6b. The available input noise power of the set-up

is by d&fiﬁiinns

I ; -'
:Nin = © - = + KT(F - i§B , (3.1

Jiiz the mean square value of the short circuit noise current, T the
measurement temperaturéi I the amplifier noise factor, cf. Appendix C,

and B the effective noise bandwidth of'thehmeasuring system,
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- cf. Appendix B. Second » the current I < is adjusted so that the

amplifier output voltage increases to NV

_+ The corrospending

available power of the éignal source is

'I:2 | ,]i JQ i
TERe(ry T U T M U0 - 1) ey

hence

If N 2 = 2,

2 2

I
H

ltOﬁ (3.3a)

and" if N2> 1,

[feoe|” = xg® , NS

Ih.pragtiée-thecurrent'SOurqeig is obtained by wusing the impédance;
Z, 1nSePiSSWith:aVOltage'source,'vs. Choosing the impedange"lépge
cpm@afe&fwith:the.devicg impedance, |Z{>> ﬂ/YS\, vields

I = V_AzZL, | | (3:14)

o

and combining egs. (8.3) and (3.4),

P
L

lltot

Defining,theasiﬁnal eurﬁent? 02

I
“tot

: 2 SN
B {17 ) (3.6)
- 1)1[2FZ' ’tot

for W >>1 g

tot ;VS/N‘Z, i | (3.6a)

is found. The duantity I contains contributions from the amplifier

“tot

.“b

noise and the unknown noisée source; therefore, the next step is to

extract the contribution of the noise source.
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3.22 Device Noise

To measure the déVice:noi§e, the tESt_&fbde is placed in
the position of the noise source in Tig. 6, and the rms value of the
total noise current with diéde, Itot,g’ is determined as;explainéﬂ.

"in Section 3.21. Next, the diode is replaced by the simulating

_ admittance, Y_, and the rms total noise curreit, I, determined.

.Defining the conductances G and G, bv

D Y

2

UKTG,B (3.7b)

from egs. (311),.(3;6)~and'(337), the relations

4 kTG B 4kTG B
D-  _ " eq

b Re(Y ) T W Re(Y_)

# KT(F - 1)B , - (3.8a)

4 kTG, B 4kTRe (Y )B
h Re(Y.) . TH Re(Y )

HKT(F - DE ~ (3.8b)

Geq Gy = Gy, + G_ , | ~ (3.9)

HTE'Obtained.?GeG 1is fhe.ﬁﬁuiwaigﬁt@mﬁiSe'conductancele the test

diode, and GS :Re(Ys), OfteﬁﬁGV_andﬁG§ are neglegible compared~with
a =0 . ) (3.493)
fe0 = O (3.9a)

TQWfiﬁd'Gpﬂ according td ea.(3.9), the effective noise handwidth, B, is

determined according to Appendix B.

3.3 Accuracy of Measurements
The accuracv of the measuring technioue is estimated by

emploving the standard formula [26] fbr~the probable error of

U = Uf?xs@g),
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AU ==[(aU/zu1bAu132 + [CaU/aughkuQJQ /2, (3.10)

Atﬁ_andzsuz are the probable errors in the parameters u

¥ andﬁgg

respectively.
The measuring error of the signral voltare V¥ was 3%, of
: are V_ 3%
the impedance 7 less than 1%, and neglegible for all other auantities.

bot L, AV

A7, and AN, and using eqs. (3.fa) and (3.10), vields the probable

rror of I. .,
erro Liot»

AT /1

N iy Ap N2 ?_;{_,2,_  ¢ v1211/2 L ag N
Liot’ Teot™ L '(Avs /V < )7+ QZ/Z)"+ @N/N ) . = 3% ¢ 3 11)

The probable error of the effective noise bandwidth, cf. eq. (B2) of
Appendix P, is

AB/B = 28T, (Tior = 8%, e | (3.12)

G = [(2AT /T 32 2.1/2
| 1/

) ~ 8.5% , (3.13)

[8a1, /I

tot’ " tot

and of G,, also, .

v

ZSGy%GY: - 8.5% . (3.13a)

The Pr@hahiexernar:of‘Géq:calgulated:from eq. (3.9) is

rave = L '(AGD) + (A’GY)" ]

eq n o *
292 (3.14)

2
p Ty

_This.eQuatiQﬁ.Simplifies-if'GD5> Gys which helds for most of the

~ reported data,

AG__ = 0.085 G = 0.085G_, * (3.14a)

otherwise the probable error is larger.
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In general, the measuring technique allowed determination

of the equivalent noise conductance of the test diode, G » with

‘less than 10% error between 5 iz and 50 kiiz.




1o

L, ERESUP$$,6N9391SCUS§LQN,

'Tﬁeilow ﬁfequency-naigéaof*fhree MOS samples, c¢f. Fig. 2,
has-bﬁeh-me&SUPedy They consisted of 1 ohm-em n-type silicon with a
thermally grown oxide layer of approximate}y'?o3;¢The-cOntactumetal
were 200 & thick chrbmiuﬁ'feinforce&ﬁbygOld,gthevcontact areafiofutmg.
These sampleS:mOunted in V-2 packages w@re_kindlyssuppliéd;by Bell
Laboratories at Murray Hill, New Jersey.

First, the signal properties of the devices were measured.
Théuéurrénfgvéf voltage (I —“V),éharaéteristic‘waS'méasured using
the set-up shown in Fig. 7, and the admittance as function of frequency
andibias in'fhe:meésuping set-up of Fig. 8, TheméaSured.I}=~V '
5¢haracteristi¢ of sample 1 is“pl@tted'fn-Figg 9; the.measured,cénduQs
tance vs. bias (G - V) curves with frequency as parametef=in Fig..lO,
and the measured capacitance vs. bias with frequencyfas parameter
in Fig. 11. The device is ingdeep-depletion-fOr“ajbias VB<'—O.7 V.
beyond thE‘méasuring range of the caPacifanée‘bﬁidgeg therefore
oxide'caPaCitance‘and@surface"State-density Qf'the*samplg:soﬁld only
bewroughlyestimated; The conductance cupves show a.largé dispersion
indicating:surf§CegStates (217, between‘Vé = —0;7’V‘and 0.0 V.

Figupe.lz presents-thegmeaSMﬁéd equivalent noise cenduc-
-tangg,iG ”, as fhnctionaOfffPequency~with bias as parameter. The

conductance, Geq,shows a (1/f) dependence at frequencies less -

than 200 Hz with 1.1$%£1.3, humps at a ifi?e;q;uency‘ of about § kHz,

and a faster decrease at higher frequencies, This behavior of

N ' o 2 o N
Géq ﬁesembles the full drawn curve, Gp@”)AQ , of Fig. 3b, The
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CQAGHCtance, GéQ'OfISémpie 1 is shown in Fig, l3~as;fﬂntfi9h*6f the | }
bias curneht; I, and the bias Vgltage,'VB, in reverse and forward
directions. It shows I®-— dependence with 852 and bumps at the same
reverse bias, =0.7 V:‘VBs'O.O V, at. which the Conductance maximé
in Fig. 10 occur. This behavior is predicted by eq: (2.8) and shows
the éloSe'ﬁelainﬁship:of low frequency noise and surface states.

| The dispérsionwof‘the-cgnéugtanﬁewVS.'bias (G - V) curves
of sample 2 in Fig. 14 is caused by surface states in the bias |
range Of;~Q¢81V‘tO?Q;O V;‘TherGeq(f}.curves for reverse bias in
Fig. 15 resemble the full drawn theorstical Gpﬂn)hm? curVé.bffFig; 3b.
The GQQ(I? curves in Fig. 16 show only the interface state related
bump in.theireVerse'bias,raﬁgérCQVéred;byimeasurements-

:Samplé:3°in Fig. 17 shows a lower reverse saturation

current than sampie.lfin;Pig« 9. The conductance curves in Fig. 18

exhibit frequency dependent maxima at reverse bias, Vo= -0.7 v t; -0.1 V.
'The-Geq(fj'curveS in Fig. 19 are similar to that of-fhé thecretiéai
model (3) of Section 2.2. The Geq(iﬁﬂcurves.in Fig. 20 increase
‘approximately with the square of current and have bumps at the same

bias -0.7 VS VB‘ S -0, l V as the conductance maxima in Fig. | 18.

6 = Gy .

Figure 21 illustrates the ac conductance, G
defined as the difference of the measured conductance, G, and the
de CDnduCtanceiGdcb:ObtaiHEd-bYdiffereﬁtiating the measuped I i'V
curve. It alSO7ShQWS'the'éXﬁQéS*ﬁOise~CQHﬁHCtaﬁéEg Gex’ as ‘difference

of the measured noise COnducfaﬁ035-Gea,_and;itsextrapdlation into the

and 6__ of samples 1 and 3 exhibit a

bump region. The CurvestaC
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similar bias dependence since both are catused by interface states

®

[21 ] . This proves agaln the close rel atlonshlp between low frequency

noise and surface states.




5+  CONCLUSIONS

The feasibility Qf'simultanédus and.iﬁdependgntﬂmeasurements
of low frequency>noiseiand'5urface state properties of MOS diodés with
20 - 40 X thick oxide, layers has_been shown. A siﬁplé theoretical
médel explains qualitatively the exPerimental results. Continuation
of this work in a Ph.D. thesis is expected to reveal further details
of the relation between low frequengy:noise.and surface stdtes. Both

£

should depend on sample material and processing.
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Appendix A. Measuring Precautions

Dﬁring‘the experiments, the following precautions were
taken:
1. To avoid pick up of disturbances from the EO"HZ line and other
external electromagneticzsources; the noise measurements were
performed in a shielded room, and all ihstruments and their connec~
tions were carefully shielded.
2. To reducé~stray capacitancés partiéularly-at the preamplifier
input.that increase the‘amplifier noise (cf. Appendix D), all connect-
ing cables were kept as short as possible. |
3. To check that the amplifier operated in its linear region and
was never saturated, its dutput:WQSgdiSplayed on an OScillQS¢0pe;
If the output signal was clipped, the amplifier gain was reduced
-and/ or its lower cut fo'fﬁequencysinéreased;
4.  Since low frequency rioisée components Ean drive tﬁe'waveanalyzer
into saturation where it is not calibrated, these components were
cut off from the amplifier/input when small high frequency components
were measured.
5. Th€~signal.generat0rwasCbmlﬁtelyﬂdisconnécted‘iﬁswitéhreff‘
conditionatQVavoid 1ts residual‘voltage.
6. ' To avoid undesired noise gQﬁtﬁibuIiOns,;ali_instruments Aot-
-employed\dgring‘ﬁaisevmeasupeménfs4were,3130~&isconnected from the
Jcircuit. This is partiCularLy~imP0rtant fop-thesﬁeithley Elegtrq_

meter that produces a high noise level.

Appendix B. ELffective Hoise Bandwidth

The wave analyzer is calibrated by the manufacturer for a

sinusoidal input; however, the measured noise voltage has a normal

]
|
{
g
|
|
|
|
i
i
i.
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time distribution,'This,faCf is taken into account by,definigg'an

effective noise bandwidth of the wave analyzer, 1 ]
? e | ;
B o g e 2 2 .. : S ?
B = (l/JAOl )J]A(f)l af, (Bl1) |

A(f) is its voltage gain with input shorted, and Ab the maximum

value of A(f).

To measure the effective,naise;ban&widfh5'the.admittance, | %

Yoo in Fig. 22 is replaced by a 1apgewresistoriké producing thermal

noise of such magnitude that the amplifier noise is neglegible. Then |
the noiseé current Itot 1s measured as outlined in Section 3.21

resulting in

Lot = WKT(/R) B, | (B2)

T . (Roa

Using egs. (3.6a) and (B2a) yields the desired quantity

°R_/(ukTivl) © (B2b)

B =V
The wave analyzer QTL 303, set at 10 Hz Signalfbandwidth,

exhibited an effective noise bandwidth,
B = 8.8t 0.5 Hz , (R3a)

while the HP 302 AR wave analyzer had & noise bandwidth,

B = 2,05 ¢+ 0.1 Hz. (B3b)

Appendix C. Amplifier Noise Figure

The amplifier noise figure depending on frequency and source
:admittance,'YS (='GS_+ j@CS), Was determined in two ways; first, by
comparing the thermal noise of the source admittance with a signal

in series with YS,

T
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In the first case, the rms noise current, Ifﬁfa is determined .

using the set-up of Fig. 22, cf. Section 3,21. Using eqs. (3.1) and (3.86)
yields ‘
1° UKTG E
_tot ,,QKT¢SB“
T T T
: S

ico

Lot h (vs/leb'w

: " WTGE T TEKTG_E S (e2)

where F' is the amplifier noise factor.
In the second case, the sigﬁal»generat@r~v¢ltagg in the

set-up of Fig. 23 is set to zero- and the amplifier output voltage, V

n ﬁ..,

noted. Then the signal generator voltage is adjusted to V

. such that i
"S;l. :

thg.amplifieﬁfgut put voltage becomes NVH,,Ac¢drding to Section 3.21 é

the power relation,

2 8

Wy T M VTiRerryy KPS DB, (e

the noise factor, 5 z

Vi.x 10 1 ﬁ o
Fom—th ey i (cu)
- 1) YkTRe (1/Y_)B

The noise figure,
NE = 10 log. (F) . : (CS5)
_ NF = 10 log, ((F) , | (cs)
is obtained from egs. (C2) and (C4).
To determine I from eq. (C5), the exact values of both the

source capacitance,fcga~and the condu¢fanCé5 G§$.haV€ to be known

while eq. (C2) does not prequire knowledge of €_. Application of a

cables usuallv add unknown contribution to C_.




Appendix D. Preamplifier Properties

5Thefpreamplifier PAF 113 has a voltage galn continuously
variable from 10 ‘to 25000 at an input impedarnce of 100 Mohni shunted
by a 15 pF capacitance. Its lower cut off frequency is variable
between 0.03 Hz and 1 kHz and itsmuppen-cgtfoff fpeqﬁency between
3 Hz and 300 kHz. To.measubéfhe.ampiifier lefageggainj
A, = A zi/(zi +;ZS).:;AQ_$5/(Yi Y ), - ()
as function of frequency and source admittance, the set-up of Fig. 23
is used. AQ,iS the voltage gain with shorted amplifier input, Zi“ﬁhe
input impedance, Z_ the source impe&ance?'Yi the inputuadmiﬁtanéeg
and Y_ the source admittance ofthe amplifier. The gain A  for
resistive Z, depends strongly on frequency as shown in Fig. 24. It
reduces at high frequencies, cf. eq. (Dl), to
‘ ;Av_zfgo ¢s/(gi f.csy R - (D2)
a function of the amplifier input and seurce capacitances, Gi;and CS,
but independent of frequency and swuréeiresistance, R, - This behavior
The‘measuPEd amplifier naise.figure‘as function of frequency
and source impedance is pr@sented.in_Fig;zﬁafemplaying a*signal-current
source and in Fig. 26b employing a.signal V0ltage.saurne;Sincetheznoisef'
figure increases at high fre@uehcies With.incféasing<cs,~thiséapaCitf

ance is kept smdl by using short connecting cables.

‘Appendix E. Simulation of Dicde Admittance

The diode admittance is simulated by an adﬁittance,:YS;-Which

consists of a resistor R

S,'variabieﬁbetWeeﬁ 1 kohm and 87 Mohm, and

a Qapacitar=Cé,"vaniable,betweenfS»pFVanﬁ 400 pF. To obtain the

simulation admittance above 5 kHz, the Boonton 75-CS capacitance




bridge which allows differential C-,G-measurements was used, adjust<

ing both R_ and C_ so that the differential capacitance and
ﬁondhctance bétween diode and admittance box became zero.
To obtaln Xé_fbr=freqUeﬁ¢ies'belQW‘B kKHz, the set-up of

Fig. 5 was employed. An ac signal current of the measuring frequency

‘was applied to the biased diode andythe.deWeIOPQd?voltagegnoted,
Then, the same ac current was applied to the admittance box, and

the ir'*’e’esistanc:e'R-S adjusted so that the-measuréﬁ voltage drop
appeared again acrossrthe.admiifaneegqiwas:keptjat its value deter-
mined at 5 kHz, since an_inSPQCfioh-of the diode:QPV'Curves prqved

that theidiQdé»¢apacitance}&id>not;éhange.much.at low frequencies.
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Fig. 1. Energy band model.
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admittance, (c) Equivalent circuit.
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Fig, 2l  ¥easured gainq‘ﬁvi vse. frequencw characteristic with
source resistance as parameter for amplifier PAR 113,
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~Fige. 25 Normalized gain vs, frequency measured with source
impedance as parzmeter for arplifier PAR 113,
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Fig. 26a, lieasured nolse figure vs, frequency of amplifier PAR 113 using current standard,
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