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FIELD-EFFECT TRANSISTOR NOISE AT LOW
TEMPERATURES

I. INTRODUCTION

Recent interest has been expressed in the use of junction field-
effect transistors for low temperature applications. Since they are
majority carrier devices, silicon junction field- effect transistors
(FET's) operate at temperatures as low as 77°K (-196°C). The low
noise and high input impedance properties of these devices make them
well suited for use with cooled infrared and nuclear radiation detec-
tors (21, 22). Their ability to operate at cryogenic temperatures en-
ables them to be located near the high impedance detectors, thereby
reducing stray input capacitances.

In considering FET's for cryogenic applications, itis often as-
sumed that since noise is fundamentally of thermal origin, reducing
the device temperature should reduce the noise. Conver sely, FET
noise often increases at low temperatures, and has been observed to
undergo cyclic variations as the temperature is decreased (7,12, 13,
33). The cause of this anomalous noise behavior has been attributed
to impurity deionization (12).

This research was undertaken to make detailed measurements of
these noise variations and provide an explanation for the observed be-

havior. The information presented is intended to contribute to the



understanding of FET performance in cryogenic applications.

The pertinent theories of junction FET noise are reviewed with
regard to temperature dependent phenomena. The thermal noise the-
ory of van der Ziel (39) is found to predict a decrease in noise at low
temperatures. Factors of shot noise, induced gate noise and surface
noise are considered. It is found that a theory of FET noise based on
the presence of Shockley-Read-Hall centers in the depletion region
(25) accounts for the observed noise behavior. It is further found that
analysis of the temperature dependence of the noise maxima can yield
estimates of the time constants, activation energies, capture cross-
sections and concentrations of the trapping centers.

Considerations in measuring the temperature dependence of
FET noise are discussed, and a practical approach is described. The
measurements are made in a typical circuit configuration in order
that the results may be directly related to device applications.

Measured data on the temperature dependence of noise in the
300°K to 77° K range is presented for 14 n- and p-channel FET's.
Salient features of the data are analyzed and correlated with theoreti-

cal predictions.



iI. THEORY

FET Noise Sources

Junction field-effect transistors exhibit most of the temperature
dependent phenomena associated with any semiconductor device.
These include mobility variation with temperature, thermal impurity
deionization, variation of junction potential with doping and tempera-
ture, trapping at impurity sites and surface effects. Since FET's
can be characterized by an equivalent active circuit, they may also
exhibit thermal noise and shot noise.

By considering FET circuit properties, bulk effects and surface
effects, the various sources of noise may be identified.

In the following sections, the mechanisms that contribute to
FET noise at low temperatures are examined. These include thermal
noise, shot noise, surface leakage and bulk trapping effects. Factors
affecting device noise at high input impedances are given, although
measurements of these factors could not be made. In order that de-
vice operating characteristics may be better understood, the varia-
tions of drain current and transconductance with temperature are also
considered.

Thus, the important temperature dependent aspects of FET

operation are estimated for comparison with measured data.



Thermai FET Noise

A fundamentai limiting roise in FET's is the thermal noise of
‘he channel conductance. Using the model devised by Shockley (31),
van der Ziel derived an expression for the noise due to thermal fluc-
tuations in the channel (39). It is valid only for non-saturated operat-
ing conditions, but can be extended into saturation on the basis of ex-
perimental evidence (8).

Van der Ziel obtains the following expression for an equivalent

noise current source at the output terminals of the FET:

2
iy = 4kTg  AFQ(W W)

where Q(Wd, Ws) is a function of the potential distribution of the
gate-channel depletion region, and Wd’ Ws are the drain and source

potentials, respectively. When W :Ws, Q(w

q ,Ws) = 1.0 (zero

d

drain bias); Q(Wd,W ) is usually on the order of 0. 60 to 0. 75 for
s

typical drain bias conditions. The term g is the maximum value
' max

nf transconductance in saturation.

Under the condition of zero drain bias, Q(W ., Ws) =1 and

d

g becomes the ac output conductance of the channel, The

max gdo'

noise current becomes

2
iy = 4kTg, af



This expression is simply the thermal noise due to a conductance

Thus, under zero drain bias conditions, the output noise is

Bag’

exactly the thermal noise of the output conductance.
For purposes of device evaluation, it is convenient to express

the noise in terms of a voltage generator at the input. Since the

transconductance is defined as

. . . . 2 o
we may define an equivalent input noise voltage source e giving
n

at the output terminals:

i

2
;—Z- ) ld ) 4:kTAfQ(Wd,WS)
n 2 g ’
€ m

where g is the transconductance in saturation.
m

High-Frequency Gate Noise

Capacitive coupling between the channel and the gate can result

in additional gate noise at high frequencies. Van der Ziel (37) has

calculated the gate noise due to induced thermal noise of the channel.

The resulting expression for a gate noise current generator is given

as:



2 2 2.2
i“ =1 7+ 4kTR Afo C “H(z).
go n gs

o

a2

The value H(z) is commonly 0.3 to 0.4, and Rn is on the order

L eld;
of 8 yielding

2 2 4T 2. 2

i :1O+0.3(——-—A—f)wcs.

g g m g
In this expression, igo is the shot noise due to the gate current.

A similar expression has been derived by Klaassen using a
transmission-line approach (15).

It should be noted that the techniques used in the above refer-
ences should apply to situations where nonthermal noise sources are
dominant in device operation at sufficiently high frequencies such that
the gate-channel coupling results in a significant correlation between

the output and input noise of the FET.

Gate Current Shot Noise

The gate-channel leakage current produces shot noise which
modulates the channel of the FET (28, p. 46). This noise may be

represented by an equivalent noise generator at the input:

.2
1n = ZeIGSXAf,

where Ingyx 1sthe gate current under biased conditions.



This noise may be observed when the gate is open-circuited with
an impedance much greater than the input resistance of the FET.

Since FET's are operated with a reverse-biased gate-channel

junction, IGSX is usually the reverse saturation current of the
> -E
iunction. This current is proportional to n. @ exp(—ET—g), where

Eg is the bandgap energy. An additional nonsaturable reverse cur-
rent source exists in the generation of carriers from SRH centers in
the depletion region (27). Both of these currents are exponential func-

tions of temperature.

Surface Effects

Recombination-generation mechanisms which contribute to the
reverse biased gate leakage current may also be sources of noise.
The gate-channel junction may be treated as a reverse biased p-n
junction in this case. Sah (23) has outlined the basic mechanisms
which contribute to diode voltage-current characteristics. Those fac-
tors affecting the reverse-bias leakage current are:

(a) bulk diffusion current due to thermal generation of carriers

at the bandgap energy;

(b) bulk generation current in the depletion region, such as

that due to trapping centers;

(c) surface generation-recombination; and

(d} surface channel conduction.



Since only low temperatures are being considered here, the
thermal generation current may be neglected in comparison with the
SRH center generation current. The latter is considered in the next
section.

Carrier fluctuations due to surface generation and recombina-
tion at the junction edge can be a significant source of noise in FET's.
Trapping may occur at a localized charge in the passivating oxide
layer, or along a channel in the surface adjacent to the depletion re-
gion.

Recently, correlation of surface fluctuation noise to surface
state concentration has been shown (26). Since a distribution of time
constants is usually associated with such surface states, the noise
will have a 1/f power spectrum.

Onthebasis of trapping by surface states, ithasbeenobserved that
the noise due to distributed time constant fluctuations is temperature
independent from 300°K to 77° K (1).

Cutler and Bath (11) present evidence of temperature-dependent
surface channel behavior. Sah (23) indicates that the temperature-
dependence of channel current should depend on the size of the chan-
nel. Thus, on the basis of surface channel noise alone, one may or
may not observe variation with temperature.

In most junction FET's of conventional design, the junction edge

is physically removed from the modulating or pinchoff region. The
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gate noise current due to surface fluctuations may be represented by
a current generator between the gate and the source. Thus, this type

of noise will not be observed when the gate is short-circuited.

Generation Noise

It is well known that the behavior of silicon junction diodes is
influenced by Shockley-Read-Hall (SRH) centers in the depletion re-
gion (27). These traps can also be a source of generation noise in
junction FET's. This has been shown to be the case in Si:Au FET's
(16, 25). Furthermore, it has been shown (25) that SRH depletion-
region noise is dominant over SRH channel, donor channel, thermal
and shot noise at low frequencies. Previous FET noise theories (8,
9,10, 35, 37, 39) have treated these special cases.

With the existence of SRH centers established in silicon p-n
junctions, the basic properties of a center are reviewed. This is us-
ually an impurity atom; for example, a two-level trap uniformly dis-
tributed in the depletion region. It is characterized by a capture
cross-section and an activation energy (24).

Following Shockley and Read (32), we derive the expression for
the capture rate of a two-level trap. It is assumed that a uniform
trap concentration Nt exists in the region of interest. The traps
considered are a simple type involving two states; one being negative

and the other being neutral. The capture rate is assumed to be
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limiied by the avaliability of iree carriers, not by the properties of
the iraps. For such a trap, four processes are possible, as shown

in ¥igure 1.

E —
C I'.l] [‘g
B
v a. b. c.

=
l
d.

electron capture from conduction band

electron emission to conduction band

hole emission (electron capture from valence band)
hole capture (electron emission to valence band)

po TP

Figure 1. Basic processes of SRH centers.

For an energy level E, measured from below the valence

band, the Fermi factor f and Fermi level F give the occupation

probability:

£= 14+ exp (5]

The probability that the state is not occupied is defined as
E-F

fp = (l-f) =f exp (W).

Hence, the ratio of filled to empty states is given by
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For electrons of energy E, the density of available states in
the energy interval dE 1is N(E)dE. Since the occupation probabil-
ity is f(E), the density of electrons in the interval dE is
f{(E)YN(E)dE.
For a single trap, the average probability per unit time of elec-

tron capture is given by

c (EY=<06 ¢ >,
n nn

where en and o are the thermal velocity and capture cross-
section for electrons, respectively.

Since the probability that a trap is not occupied is fpt’ the
density of unoccupied traps is Ntfpt'

The rate of electron capture by the traps is given by the product

of the capture probability, the density of unoccupied traps, and the

density of free electrons:

cn_'(E) Nt'fpt_f(E) N(E)dE.

By defining an emission probability per unit time, e to-
gether with the density of occupied traps and the density of unoccupied

electron states, we have the electron emission rate:

dE.
enNtftfp(E)N(E) 1E
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The net rate of capture for electrons, u , is determined by
cn :

integrating the difference of the capture and emission rates over the

cenduction band. The net rate of capture in the energy interval dE

du :[cn(E)fptf(E)-enftfp(E)]NtN(E)dE

cn

e
n
= [fptf(E)_ cn(E)ftfp(E)]Cn(E)NtN(E)dE'
In equilibrium, dUCn = 0, so that
en
= ff .
fptf(E) Cn(E) ¢ p(E)

Using the previously defined ratio f/fp, and introducing the quasi-

Fermi level for electrons, Fn’

Et-Ft

e _fptf(E) ) exp( T )

Cn(E) ftfp(E) (E-Fn )
exp( —

Since Ft = Fn in thermal equilibrium,

e E-E

— ( t
c (E) ~ exp
n

kT )-

Substituting into the nonequilibrium equation for the net rate of cap-

ture,
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_ EF
£ % expl an)
40, =| - o () T E J £, JE)e, (EINN(EE
- exp ()
i F-F_
= Ll - exp (= =) Cn(E)fptf(E)NtN(E)dE,

Integrating over the conduction band, we obtain the net rate of elec-

tron capture:

F .F

n o0
U_ =|1-exp ()| ey SE c_(E)(E)N(E)AE .

C

For the application of interest, nondegenerate Fermi statistics
can be used. Since the Fermi level is within the bandgap, we can ap-

proximate the Fermi function by

f(E) = exp (El(_—TE—).

The average value of cn(E) over the conduction band is calculated

E -E

% c
EF exp( T )cn(E)N(E)dE

”

00 EC-E
S‘ exp ( W)N(E)dE

E
c

The denominator in the above expression can be defined as NC, the
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effective density of states in the conduction band.

Also, the electron concentration in the conduction band is

Fn-E
C
n=N exp ( T ).
Then
F -E 0 E -E
n<c > = ex (—n——i)g exp (———)c_(E)N(E)dE
= n P AT P 7%
E
C
00 Fn-E
= E
\Si exp ( T ) cn(E)N(E)d .
E
C
Inserting this expression into the equation for Ucn’ and letting
< cn> =cC the average capture probability rate is
Ft-Fn
UCn =|1 - exp ( *T ptnNtCn'
Ft-Fn
The term  exp ( T )fptn may be written as
F -F E-F F -E E-E
t t ¢

t n t n C
exp (—op )f, exp (o )N exp (o) = N exp () = £y

E-E
t C

where n. = N _exp ( ), the number of electrons in the conduc-
C

1 kT

tion band when the Fermi level is at Et'

The net rate of electron capture then becomes

UCn = Ntcn(fptn-ftn 1 ).
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In a similar manner, the net capture rate of holes is derived.

The probability rate of hole capture is defined as

c (E) =<0 o_>
P PP

where Op and Up are the thermal velocity and capture cross-
section for holes, respectively. We note that the converse Fermi
functions are to be used for holes; a filled electron state is an empty

hole state. Similarly, N(E) is now defined as the density of states

in the valence band.

For hole capture, the net rate is therefore

cp(E)Ntft fp(E) N(E)dE.

For hole emission, the net rate due to the emission probability is

e Ntfptf(E)N(E)dE.

The net rate of hole capture is

du_ = [cp(E)ftfp(E)_epfptf(E)]NtN(E)dE.

In thermal eqguilibrium, dUCp = 0, and Fp = Ft’ such that
E- Fp
E-E
ep _ftf (E) exp( T ) e t)
c ()  f _f(E) E-F P AT
P pt exp( t t)
kT
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Inserting this relation inio the general equation for dU__, we
cp

obiain

F -F ]
- _b_te
dUCp = Ll -exp (75 )J Lp(E)ftfp(E)NtN(E)dE :

Integrating over the valence band,

E

‘— Fp—Ft v
U, :L1_exp( P_t)| £,N, 5; ¢ (E) (EIN(E)IE .

Using nondegenerate Fermi statistics, since E< Fp for holes,

E—Fp
. exp ( T ) . (E-Fp)
p E-T =exp o
1+ (exp T )

The average value of the hole capture probability is then calculated as

Ev E- Ev
§ exp ( T )cp(E)N(E)dE
0

Ev E-E

S\ exp(———— )N(E)dE
(@]

<¢c > =
P

kT

The effective density of states in the valence band is defined as

E E-E
v

v
Nv = § exp ( T IN(E)YAE.
0




The density of holes in the conduction band is

E -F
Y P,

p =Ny KT

exp (

Then we may write

E

E -F E-E

exp (

< > =
P=c, kT

E
v E- Fp
S‘ exp ( *T
o

B

To simplify notation, we define <cp> as
ability rate of hole capture.

expressed as

v ' p M v
) exp (7
o)

17

N(E)d
w;m (E)dE

E)N(E)E.
k&)()

, the average prob-

Then the net rate of hole capture may be

Fp—Ft
={1- f
Ucp 1-exp ( T ) tcpp ¢

F -Et Fp- Ft
Using the fact that ft = fpt exp ( T ), the term exp (T)pft
may be written as
F -F F -E E -F
(—Bt)t  exp (o IN_ exp (—z)
exp (o Vot P VT v kT

E -E

v t
=N, &P (7 ) = Py
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E\_t)t
where p, = N\r eXp 7T IR
Thus, we have
= N f p-f
Ucp Ntcp< ¢P ptpl)'

We are now in a position to calculate the fluctuation in electron
concentration due to the net rate of capture and emission at the traps
(25). The concentration of trapped electrons, n., is given by the
fraction of filled traps, Ntft. The fluctuation in trapped electron
concentration is the time derivative of this quantity, and this in turn

is equal to the difference in capture rates for electrons and holes:

b5} (Ntft) 8nt

ot Y cn cp

= Nt[cn(fptn - ftnl) - cp(ftp - fptpl)]'

Since Nf =n, and Nf =N -Nf =N-n, wemay
tt t t pt t tt t ot

write

or
an,C
ekl nt[cp(p+ pl)+cn(n+ nl)] + Nt(cppl+ c_m).

The regression of the electron fluctuation is calculated by



19
expanding the electron and hole concentrations around the steady-

state values, such that

= ] = y d =
no=n + on, P + 6p an n n__ + 6nt

The differential equation may be written

d(n o+ 6nt)

_fo . (n, +6n ) c (p +ép+tp,)+c_(n +oéntn )]
at =7 W t Cppo PTP) )Ty 1

+ N, (c p

£'%p 1+ cnno+ cn6 n).

The time-derivative of the fluctuation is given by

d(6n,) d(n +bm) 9n,

ot at ot

= - nto[cp(po+ Sp+ P, )+ cn(no+ on + n, )]

+ N (cp

o 1+ ano+ cnén)

- 6nt[cp(po+ 6p+p1)+cn(no+ 6n+n1)]
+ nto[cp(po+p1)+cn(no+n1)] - Nt(cpp1+cnno)
= - nto[cp6p+cn6n] + N c 6n
- 6nt[cp(po+p1+ 6p)+cn(no+n1+ 6n)]
= - 6nt[cp(po+pl)+cn(no+n1)] - ¢, bn,0p - c_bn 6n

B ntocp6p * Cnén(Nt— nto) ’
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For small fluctuations, the second-order terms involving 6nt6p and
6nt6n are small and may be dropped, yielding

a(6n,)

t’ .,
rra 6nt[cp(po+p1)+ cn(no+ nl)] - ntocpép + cnén(Nt- nto)°

The complexities of the general solution to this equation can be
avoided by considering only the portion in 6nt. The solutions in-
cluding 6p and &n yield much shorter time constants and can be
neglected here (25). We must assume that the capture and emission
probabilities remain independent of the electric field, since we are
concerned with processes within the p-n junction of an FET.

A simple exponential solution is assumed for 6nt:

6nt(t) = (6nt)o exp (- t/Tt)

where (6nt)o is the initial fluctuation and T, is the fluctuation
time constant. Letting 6&n and 6p =0 in the above differential

equation, and substituting the above solution, we find that

8(6nt)

ot

= -1/'rt(6nt)O exp (-t/'rt) = - (('jnt)O exp(- t/Tt)[cp(po+p1)+cn(no+nl)]

yielding

-1
T T [cp(po+ p1)+cn(no+n1)] .
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Since the expression for T, is intended to apply in the deple-

tion region of a p-n junction, the electric field will deplete the region
of free carriers. Hence, the steady-state hole and electron concen-
trations, P and n_, may be assumed to be negligible. The re-

sulting maximum time constant, valid for the depletion region, is

therefore

-1
T, = [cppl+ Cnnl] :

The noise spectrum due to the fluctuation in trapped electrons
may be calculated from the Wiener-Khintchine Theorem (38, p. 316).
The random variable is A(Snt(t), the electron fluctuation in an ele-
mental volume A.

The correlation coefficient C(s) 1is

<[a 6nt(t)][A6nt(t+s)] >

C(s) = >
< [A(Snt(t)] >

The random variable corresponds to a stationary process, therefore
the ensemble average, and hence the variance, is independent of time

(19, p. 149). Therefore the correlation function may be written as
2
< [A(Snt(t)][A 6nt(t+s)]> =< [A(Snt]o > C(s).

The spectrum is then
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0
. 2
f)y = 4 > [ s
SAént(f) S; < [Aént]o C({s) cos wsds

Since 6nt(t) has been shown to be an exponential function of time,

C(s) 1is also an exponential function:

{t+s)

exp (-t/7,) exp (- =)

t

exp(-Zt/'rt) = &P (—S/Tt)'

The expression for the spectrum then can be written

—
Lnr

—
H

o0
2
4 < [A(Snt]o > 5\ exp (- s/-rt) cos wsds
o

1!
N
A
>
on
s
[
\Y%

The variance may be calculated by differentiation with respect to the

Fermi level (17)

> 8(Ant)
<[aén ] "> = kT .
to o |1
ANt
We recall that Ant = ANtft = Et-Ft
1+ exp ( )

kT
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so that

) ' -1
E -
ANT-E—“AN——B— 1+ exp tFt)
t 3~ ANt aF | TSP YR
t t
— .__2_ —_
E .-F E.-F \l
= AN - |1+exp( t) —l—exp(———t——g)
tl kT kT kT J
AN,
z— f f
kT ftpt

Then the variance becomes

2
] ©> = aNff

< [A(Snt °

pt
i1 . . . 2
Dividing both sides of the equation for the variance by A , we have

N f{

2 tttp
>:——_.
<[6nt]o A

Thus, the final expression for the generation noise spectrum of the

mean-square fluctuation of trapped electrons is

4N f T
tttp t
f) =
S5, = | J

Temperature Dependence of SRH Noise

The general form of the equation for the generation noise spec-

trum may be related to a variety of simple trapping processes in

semiconductors. The frequency dependent term is a consequence of
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the single tirme constant assumed for the trapping mechanism. For
example, it may be used to describe majority carrier trapping at
ionized impurity sites (35); or minority carrier recombination at SRH
centers in a p-n junction (25, 27); or, as in this work, the equation is
most useful in describing the noise spectrum due to majority carrier
trapping at SRH centers in the depletion region of junction FET 's.

It has been shown that of the three processes mentioned above, the
third dominates at low frequencies (25).

From the previous derivation, it will be shown that T, is an
exponential function of temperature. Consequently, as the tempera-

ture is varied, one would expect to observe variations in S(f).

2 2 .-
When the frequency-dependent term 'rt(1+w T, ) 1 is differ-

entiated with respect to T one finds that the term is at a maxi-

2 2
mum when T, = 1. Since T, is a function of temperature, the

2 2
noise spectrum S(f) will also be a maximum when o T, = 1.

The previously-derived expression for T valid in the deple-

tion region is

T =[c p.,tcn ]_1
t “p1 nl
where
Ev_Et
Py =Ny exp ()
and
E -E

n =N exp (——
c
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We observe that NC is the effective density of states in the conduc-

tion band, and is given by (29, p. 240)

3/2

anekT
N =2
2
¢ h
Similarly,
2mm, kT 3/2
h
N =2 5
M h
In the above equations, m and m, are the effective masses of

electrons and holes, respectively.
For only donor traps present in the bandgap, such that p1 is

negligible, the expression for the time constant becomes

1 ) t—Ec !
T, :(Cnnl) = N exp ( T )
n
C_Et
T_
i eXP( T
2mmk 3/2
2(<125)
h

For (Et-EC) > kT, the temperature dependence of T, will
n

be dominated by the exponential term. Since most observed trap en-
ergies are near the center of the bandgap, T is nearly an exponen-

tial function of temperature,

2 2. - .
The function T, (l+w T, ) 1 is plotted versus T in Figure
n )

2a. The maximum is given by w T, T 1, and the leading and
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trailing edges are exponential functions of T. If this function is re-
plotted versus T ~, as in Figure 2b, the leading and trailing edges
have slopes that are proportional to the activation energy of the trap.
Furthermore, if the frequencies at which the maximum occurs for
various temperatures are known, then the temperature dependence of

Tt can be determined. Again, a plot of Tt versus T_] can

n
yield the activation energy of the trap. Methods for relating the acti-
vation energy to the slope of the plot are presented in Appendix IIL

The above discussion also applies if only acceptor traps are

present. In general, both types of traps will be effective. For the

special case where the traps are located exactly in the center of the

bandgap,
E -E
c v
Et—( > ).
When the capture cross-sections are equal, T, will be inversely
proportional to n., the intrinsic carrier concentration.
Since

2 EV_Ec
n. = (plnl) = (NVNC) exp (T—

ol

and
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h E = -E ), th g = 0.
where g0 (Ec v) e energy gapat T =0

Noise in the One Dimensional Model

The model used by Shockley (31) is presented in Figure 3 in or-
der to derive the expression for device noise due to fluctuations at
SRH centers in the depletion region (25).

The charge distribution also shown in Figure 3 identifies an ele-
ment of fluctuating charge, 6nt, due to the traps in a small volume
AN at x = X, This fluctuation modulates the channel width. A
voltage generator Vn(t) is connected between the gate and the
source, such that variations in the channel width are exactly cancelled
by Vn(t). Thus, it is possible to analyze the charge fluctuation for
zero drain bias even though no measurable output is available at the
drain terminal.

Given the localized charge fluctuation 6nt(xl, t), Poisson's
equation is used to calculate the corresponding potential fluctuation.
The net charge concentration is the sum of the net free and trapped
charge:

p = q(p-n+t ND- nt).

Then Poisson's equation in one dimension gives

5x - K. (P-ntN-n).

t
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Calculating the regression of the charge fluctuation, we find that

8(E_+8E) OF

9(6E) o
9x 9x T 9x  Ke [6p - on - 6nt]'
o

The quantities &p and 6n can be neglected since they represent
the high-frequency fluctuations of free carriers.

The fluctuation in the incremental volume is obtained by repre-
senting that portion by the Dirac delta function, such that the incre-
mental electron fluctuation is 6ntAx16(x_x1). Then Poisson's equa-

tion becomes

9x Ke t 1 1
Solving for AGKE,
: 0
ABE) = - Te 6ntAx1 S\ 6(x-x1)dx
-0
_ q
= - Re 6ntAx1.
o

Then, where & is the fluctuation in potential,

1

_ _9
A(SY) = - S(; AGE)dx = KEO 6ntx1Ax1.

Since the input source must exactly cancel this potential fluctuation,
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4 dn x AX..

t) = -
AV”.( ) Ke t 1 1
(

D

The spectrum of the mean-square voltage fluctuation is obtained by
summing the contributions of A(8y) over the depletion region. The

noise voltage becomes

2
(av_ )" = Z SA(éqJ)(f)Af.

A
1

The spectrum is obtained in a manner similar to that used for
Aént in the previous section; however, A(50) now becomes the

random variable. Therefore, we have

t
fyaf = 4nf{ <(Aad >,
SA((NJ)() 2 2 ( LP)o
1+ T
t
Since
2 q 2 2 q 2
<(A64J)O > (Kg X Axl) <(6nt)o > _NtftftpAA (KeO xlel) ,
q 2 Tt
= ff .
SA(6qJ)(f)Af 4A£(Ks xlel) 5% Nttt A
e} 1+w T

s 2
Letting the volume increment AN = AAxl, and dividing by (aAA)

2 apf , g 2 t
9 . _t
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Allowing the increment Ax1 to approach dx_l, and replacing the

summation with integration from 0 to W,

W A
v2—4Ath( q)2§ Tt gy Pax
n A Ke 2 2 'ttp 1l 1
o o l+w T
By assuming that Ty and ftftp are independent of x, as

in the case of an ideal depletion region, the integral becomes W3/3.

Thus,

An analysis of the two-dimensional model by Sah (25) yields the
above result for the special case of small drain current and voltage.
Other operating conditions yield similar forms, differing in minor
geometrical factors. Thus, to an approximation, this equation may

be used for the device noise voltage referred to the input.

Temperature Dependence of FET Characteristics

The FET characteristics which determine the operating condi-
tions for noise measurements must be examined for possible varia-
tions with temperature. Since the devices studied here are of planar
construction, it is useful to review the device geometry of an n-

channel FET shown in Figure 4.
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The temperature dependence of device performance may be
separated into two temperature regions: {a) above and (b) below the
temperature at which the channel carriers begin to become thermally
de-ionized. In region (a), the channel carrier concentration may be
considered to be constant, and the mobility will vary due to thermal
scattering. In region (b), the carrier concentration will exhibit the
onset of exponential temperature dependence.

Referring to Figure 4, it is seen that there are two distinct re-
gions in the channel which are affected by the mobility and carrier
concentration. The first is the active channel area contiguous to the
upper gate region, in which pinchoff occurs. In this region, the chan-
nel carrier concentration, mobility, depletion layer width and effec-
tive channel height will be functions of temperature. The second
channel region which affects device performance are the areas con-
necting the channel with the source and drain contacts. These areas
act as series channel resistances, independent of other characteris-
tics. Both of these channel regions may affect the drain current,

transconductance and pinchoff characteristics.

Drain Saturation Current (IDSS)
The expression for IDSS’ as derived by Sevin (28, p. 22) is
2 3
qWpP_“(H /2)
C

Ihss * 6eL
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where
q = electronic charge
W = channel width
b = majority carrier mobility
P = channel carrier concentration
H = channel height

L = channel length.

In this equation, , PO and H are functions of temperature.
c
Mobility, p. When the majority carriers are fully ionized,
. : -3/2
above 200°K, the mobility will vary as T due to thermal scat-
tering (29, p. 287). In practice, slightly larger values of exponent,
between -3/2 and -2, are observed due to dependence upon im-

purity concentration.

Carrier Concentration, PO. Below 200° K, when the channel

impurities begin to become deionized, Po will vary exponentially
with temperature. Assuming that the channel is highly doped and that
some residual acceptors are present, the Fermi level will approach
ED at zero temperature (29, p. 360). Thus PO will vary as

- kT).
exp (-E/kT)

Channel Height, H . The height of the channel is established
c
by the edges of the depletion region bounded by the upper and lower

gates. The depletion region boundary will vary with carrier
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concentration and hence with temperature. Assuming that the channel
and gates have the same impurity concentration, the depth ot this de-

pletion region is (20, p. 21)

where Vt = the applied voltage plus junction potential. For temper-
atures below 200°K, the carrier concentration will decrease. As-

suming the exponential temperature dependence of Po’
H «cd o« P _l/zoc exp (En/2kT)
c P o P =D :

Transconductance

The transconductance may be expressed as (28. p. 42)

At temperatures above 200° K, all terms except p and Vp are

constant, since the channel carrier concentration is constant. Fur-

thermore, if V is independent of temperature, g . would be

: o : -3/2
proportional to ., which is in turn proportional to T . As
shown below, Vp exhibits a behavior proportional to temperature

at sufficiently high temperatures.
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Pinchoff Voltage, Vp

The pinchoff voltage is given as (28, p. 7)

2
P
_q oHc

Vp T 8¢ - %

where ¢ is the junction potential, given by

kT NAND

2
n.
1

2
Since n, may be expressed as (2, p. 127)

4
2 21.4x10
n2-1.5%x10°°T exp (1’;‘1—) ,

& becomes
33
k 4 .
¢:-—[1.4x10 -T ln I—E’Nillg—T—)]
d A'D

Then the expression for the pinchoff voltage may be written as

2 2

P
k| @ Fote 1.5x10°°T 4
P g £ ANp

At low temperatures the middle term is small so that Vp is inde-

pendent of temperature. At higher temperatures, this term is effec-

tive and V tends to increase with T. The exact temperature
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dependence is determined by the relative values of the above terms,

and hence varies with the channel and gate doping levels.

Summary

At temperatures above approximately 200° K, the channel car-
rier concentration is constant, being equal to the impurity concentra-

tion. From the expression for I only p will be temperature-

dependent. Thus, a T-3/2

DSS’

behavior of IDSS should be observed
in this region.

Below 200°K, thermal deionization of the channel carriers will
occur, resulting in an exponential decrease in carrier concentration.

Substituting the low-temperature exponential behavior for Po and

i h i f )
HC into the expression for IDSS

-3/2 2
/ =pP 1/ oC . exp (_ED/ZkT).

2
I o }.LPO Po °

DSS

Thus, at low temperatures only, this expression should describe the
havi f .
behavior o IDSS
In general, the precise behavior below 200° K is difficult to
identify since many factors are present. Variations in mobility, con-
centration gradients and series resistances all contribute to the ob-

served behavior. The effects of these factors will depend upon the

geometry of the device under consideration.
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III. MEASUREMENT OBJECTIVES

General Considerations

In order to implement the required measurements, some stand-
ardization and hence compromising was required in order to include a
variety of representative devices. Since the primary objective of this
study was to provide information relevant to circuit design, it was de-
cided to operate all devices in a standard circuit configuration, with
operating parameters similar to those used in low-noise, high-gain
voltage amplifiers. The following conditions were established:

1. operation in the common-source configuration;

2. operation in the saturation region, beyond pinchoff, with a

drain-source potential of six volts; and

3. operation at zero-volts gate-source voltage.

These are the conditions that provide maximum transconductance,

minimum gate leakage and lowest noise.

Parameters to be Measured

In Section II the various temperature dependent components of
FET noise were identified. To indicate the significance of the various
FET operating parameters, the latter are given with their relation to

predicted device performance.
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Drain Saturation Current, IDSS

This is approximately the drain current by virtue of the stand-
ardized operating conditions. It indicates the point at which thermal

deionization of channel carriers begins to take place.

Transconductance, g

The theoretical expression for thermal device noise contains
g in the denominator. The measurement of this parameter enables
comparison with theory. Also, a necessary consequence of measur-
ing g is the measurement of system voltage gain. This gain is
required in order to express noise voltages referred to the input of

the device. The majority carrier mobility may also be inferred from

the measured value of g

Gate Reverse Leakage Current, IGSS

The shot noise of the device and SRH generation noise are con-
sequences of the mechanisms contributing to the gate leakage current.
Also, surface leakage is an inseparable part of this current, and may
contribute a surface noise component. In low-noise FET's IGSS is

very low, decreasing exponentially with temperature. Thus, low-

temperature measurements of this parameter are not practical.
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Equivalent Input Noise Voltage, e,

The theoretical discussion derives the device noise voltage re-
ferred to the input. This is the standard method of comparing noise
performance of devices under the condition of short-circuited input.

This parameter is temperature and frequency-dependent.

Equivalent Input Noise Current, i
n

The device noise under open-circuited input conditions may be
represented by a current generator in at the input. Since truly
open-circuited conditions are difficult to establish at the input of an
FET due to stray capacitance and the inherently high input impedance,
measurement of in is usually not practical. Noise contributions
from the gate current shot noise and drain-gate coupling are usually
manifested in this parameter.

For purposes of system application, the frequency range of
measurements was restricted between 20 Hz and 50 KHz. Most cir-
cuits with high input impedance are usually limited to this range by
the input capacitance.

Preliminary measurements of silicon FET characteristics indi-
cated that device performance deteriorated excessively below liquid

nitrogen temperature (77°K). Since low-temperature operation of

these devices is the principal objective of this research, the
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temperature range of 300°K to 77° K was chosen.

The specified operating conditions, temperature and frequency
ranges enable a variety of FET's to be compared on a common basis
for their suitability as low-noise, low-temperature voltage amplifiers.
The range of parameters to be measured lies within the capabilities

of available instrumentation and measurement techniques.

Device Selection

The selection of FET's was restricted to devices suitable for
use in practical, high-gain, low-noise voltage amplifier circuits.

The general qualifications were low I low Vp’ high g’

DSS’
and low IGSS' Both n- and p-channel devices were selected. In
order to obtain possible evidence of process control, FET's from
many different manufacturers were selected. Aside from one hetero-
epitaxial germanium unit, all FET's were silicon. A total of 14

FET's, many in duplicate, were selected for the measurements. The

pertinent characteristics of these devices are shown in Table 1.



Table 1.

FET characteristics.

Mfg. * Characteristics at 300° K

No Type Code Channel IDSS’ ma Vp,v. g, MO Notes

1 2N-3089A a. n 1.0 2.8 600 Low-noise at 77°K

2 2N-3089A a. n 0.8 550

3 2N_-3821 d. n 1.6 0.8 4,500 Low-noise at 300° K

4 ()% c. n 4.0 5.0 1,250  Epi-diffused, same geometry

5 () c. n 0.8 2.0 1,000 as 2N-3376

6 2N-3684 e. n 4.0 2.8 2,700 Noisy at 77° K

7 2N-2608 C. P 2.0 1.6 2,000 Diffused

8 2N-2608 c. P 1.2 1.5 1,600

9 (2N -2608) e. P 4.0 2.5 3, 000 Epitaxial, same geometry as
10 (2N-2608) e. P 2.3 1.8 2,300 2N-2608 {(FP-6)

11 2N_-3578 C. P 2.3 2.2 2,300 Low-noise, large geometry
12 2N-3578 c. P 2.2 2.2 2,300

13 2N-4382 b. P 23.0 6.5 3,500 Large geometry

14 TIXM301 d. P 8.0 1.8 10, 000 Heteroepitaxial germanium -

silicon

* Manufacturer Code;

wkPrototype of 2N-4867

(

o a0 T 9

Crystallonics
Fairchild

Siliconix

Texas Instruments
Union Carbide

) = Developmental sample

1557
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IV. MEASUREMENT TECHNIQUES
Apparatus

The device parameters to be measured as a function of temper-
ature were discussed previously. Those that could be conveniently
measured in the temperature range of interest were IDSS’ gm and
e The frequency spectrum of e ~Wwas also measured since the
noise spectrum may be due to multiple time constant traps. Also,
the measurement instrumentation voltage gain and noise was meas-
ured to avoid possible measurement errors. A set of characteristic
curves at representative temperatures was necessary to assure pro-
per circuit operation. Thus, the data taken for each FET included:

drain-source characteristic curves at 300°K, 200°K, 77°K;

IDSS versus temperature, 300°K to 77° K;

gm versus temperature, 300° K to 77° K;

e Vversus temperature, 300°K to 77°K, at 20, 200 and 1000Hz;

en versus frequency at 300° K, 200° K, 77° K;

overall system voltage gain versus frequency and temperature,

20 Hz to 50 KHz; and
measurement system gain and noise versus frequency.
For all temperature dependent measurements, an X-y chart re-

corder was selected for automatic plotting of the parameters. This

enabled unanticipated phenomena to be observed and greatly increas ed
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the effective number of data points that could be taken.

The measurement of device temperature was accomplished by
means of a thermocouple attached to a heat sink which was attached
to the case of the FET. A great deal of experimentation was required
to achieve good temperature control and tracking. Since liquid nitro-
gen (77°K) was to be the lower temperature limit, this was used as a
cold reference with a thermal gradient established to control the de-
vice temperature. A preliminary system using an electrical heater
around the FET proved to be unstable. The final system consisted of
the apparatus sketched in Figure 5.

The copper block attached to the case of the FET served as a
cold sink, lengthened the thermal time constant, and provided a com-
mon thermal sink for the FET and thermocouple. Since some FET's
havethe gate connected to the case, the thermocouple must be electri-
cally insulated but thermally connected to the block. This was ac-
complished by placing a thin layer of mica between the thermocouple
and the block. The FET was located at the end of a glass rod and en-
closed in a shielded test-tube. The tube was filled with nitrogen gas
to avoid moisture condensation. The FET and thermal sink were sur-
rounded with polyurethane foam to further reduce the thermal time
constant.

Prior to the measurements, the rod, FET and thermal sink

were immersed in liquid nitrogen. It was then withdrawn and placed
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in the test tube. A sufficient amount of liquid nitrogen was retained
in the foam to maintain the FET temperature at 77° during this pro-
cess. Then, the FET was allowed to warm slowly by the process of
thermal conduction in the test tube. The bottom end of the test tube
was placed at or near the liquid nitrogen level to achieve some con-
trol over the conduction rate. This method provides a scan time of
approximately 15 minutes between 77°K and 300°K. This period was
required to achieve sufficient accuracy in the noise-averaging pro-
cess.

The thermocouple voltage, relative to a 0°C reference junction,
was plotted on the x-axis of the recorder, and the parameter to be
measured was plotted on the y-axis. As a test of the temperature
tracking accuracy of the apparatus, a dummy FET was made by in-
stalling a second thermocouple in a TO-18 transistor can. Compari-
son of the two thermocouple voltages on the x-y plotter showed less

than 29% tracking error.
Constant temperatures for the noise-frequency spectrum meas-
urements were obtained by the following means:
300°K - water at ambient room temperature;
200°K - mixture of dry ice (COZ) and acetone;
77° K - liquid nitrogen.
The copper heat sink was partially immer sed in the fluid such that

the FET was above the liquid level. The FET temperature was



48
monitored by the thermocouple and the fluid temperature was meas-
ured with a bimetallic dial thermometer.

For measurements of IDSS and 8 the circuits shown in
Figure 6 were used. The drain-source potential was maintained at a
constant value by a 100-ohm drain load resistor. The voltage-drop
across this resistor was used as a measure of the drain current. The
signal voltage across this resistor for a fixed gate input voltage was
used as a measure of g

Measurements of noise voltage required more elaborate pre-
cautions to avoid extraneous noise pickup in the circuitry. The criti-
cal apparatus was placed in a shielded enclosure and was carefully
connected to avoid ground loops. All critical circuits were battery-
operated. Most of the FET's measured had very low noise levels.
This required that the input circuit under test have large voltage gain
in order that the device noise be greater than the instrumentation
noise. Since a low-resistance dc load was simultaneously required,
an inductor was used as the drain load. This provided a large drain
impedance and maintained the required dc operating point. The input
circuit is shown in Figure 7. Switching is included for proper biasing
of n- or p-channel units, and for input noise and gain measurements.

To satisfy the requirement that the instrumentation noise be

much less than the FET noise, a special preamplifier was designed.

Using FET's throughout, the unit had very low noise, wide dynamic
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range, low distortion and low output impedance. An FET selected for
low noise from 20 Hz to 50 KHz was used. The wide dynamic range
of the preamplifier is necessary when making accurate noise meas-
urements. The performance of this preamplifier was superior to that
of any commercially available unit. The circuit diagram is shown in
Figure 8, and electrical performance is shown in Figure 9.

The complete measurement system is shown in Figure 10. The
same equipment configuration was maintained throughout the series
of measurements.

The method of noise measurement involved the use of a Hewlett-
Packard 302A wave analyzer. This unit functions as a calibrated,
tuned voltmeter with a constant bandwidth 6 Hz filter with a center
frequency variable from 20 Hz to 50 KHz. A recitified dc output is
available, proportional to the RMS value of the noise voltage in the
filter bandwidth.

This rectified output was averaged by a 10-second RC integra-
tion nmetwork to obtain a stable value, and this noise voltage was then
plotted by the x-y recorder. The minimum error attainable is (6,

p. 246)

_1/2 _1/2

E = [2BK] =[2:-6-10] = 9.15%,

where B is the filter bandwidth and K 1is the RC time constant.

Since approximately 200C° were scanned in 15 minutes, an average
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scan rate of 0. 2C° per second resulted. Since the noise was averageaed
with a 10-second time constant, a temperature resclution of approx:.
mately 2°C was achieved. Actually, since the scan rate was exponer.
tial in time, the x-axis temperature resolution was poorer near 77° K

and better near 300° K.

Data Reduction

The process by which IDSS and g, Wwere measured was
relatively straightforward in accordance with the definitions of these
guantities. Since the 100 ohm drain load resistor was orders of mag-
nitude smaller than the output conductance of the FET's, these meas-
urements were made with an accuracy of 5% or better.

The measurement of noise voltage versus temperature required
a careful procedure to assure reasonable accuracy. The voltage gain
of the system was measured immediately before the noise voltage was
plotted. Both measurements were recorded on the same chart to as-
sure coincidence of temperature scales. As stated previously, the
noise voltage was averaged to reduce amplitude fluctuations in the
plot. Since the noise plot produced by the x-y recorder still contained
random fluctuations, the curve was graphically averaged to obtain
data points for the calculations. A sample of the raw data is shown in
Figure 11.

At selected intervals of 10C°, the equivalent input noise voltage
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Sample raw data

Figure 11.
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was calculated from the relationship

where Vn(T) is the measured RMS noise voltage in a narrow band-
width aAf and A(T) is the overall system voltage gain at the
measurement frequency. The voltage gain was measured from the
input of the FET under the same conditions as Vn was measured.
The resulting values for en(T) were then replotted in convenient
form. When necessary, points at special temperatures were calcu-
lated to preserve the shape of the original curve. From the error
analysis presented in Appendix III, it is estimated that the total error

in these noise voltage values is 12. 8%.
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V. DATA ANALYSIS

Measured Data

A complete set of measured noise data for each FET appears in
Appendix I. Each set contains measured noise voltage versus tem-
perature and frequency. The noise voltage versus temperature data
was measured at frequencies of 20, 200 and 1000 Hz. The thecretical
thermal noise calculated from the measured transconductance is also
plotted on the same coordinates.

The upper temperature limit was 273° K on most data. This was
necessary since melting ice at the electrical contacts caused spurious
results above this temperatures.

Many separate comparisons can be made with the existing data.
In the sections that follow, the individual aspects of the data are ana-
lyzed. The most significant results are derived from analysis of the

noise maxima and comparison to the previous theoretical predictions.

Temperature Dependence of IDSS and g

The measured variation of IDSS and g provide good cor-

relation with the behavior predicted in Section II. Both parameters
were observed to change in a similar manner over the temperature

range of this work.

-3/2

Above 200°K, a T dependence was predicted due to
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thermal scatiering of the majority carriers. The temperature de-
pendence of IDSS and 8n is plotted in Figure 12 for a represen-
tative selection of devices. It is apparent that both parameters ex-

i : -3/2 o

hibit approximately a T behavior in the range 200° K to 300° K.
At lower temperatures, a turning point and subsequent decrease

with temperature is observed. This was attributed to thermal deioni-

zation of majority channel impurities. Plots of IDSS and g0

versus reciprocal temperature consistently yielded activation ener-

gies of approximately 0. 04 eV., the energy level of all common dopant

impurities in silicon.

Thus, at these temperatures, either the mobility or thermal

deionization is the dominant factor affecting IDSS and 8

General Noise Features

Distinct similarities in the behavior of similar groups of silicon
FET's were evident. All of the FET's exhibited noise levels above
thermal noise at low frequencies, and the variation in noise with tem-
perature showed multiple maxima and minima, shifting in a regular
manner with frequency. All n-channel units exhibited a sharp noise
peak in the -160 to -196°C temperature region.

A composite of 200 Hz noise versus temperature for three dif-
ferent n-channel FET's is presented in Figure 13. Each device was

produced by a different manufacturer, and each had dissimilar
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geometry. The common low-temperature noise peak is clearly evi-
dent in each curve, even though the higher-temperature peaks bear no
distinct similarities.

A corresponding selection of p-channel FET noise data is pre-
sented in Figure 14. Units 7 and 9 have the same geometry; units 7
and 11 were produced by the same manufacturer. The low tempera-
ture peak of the n-channel units is conspicuously absent, but a higher-
temperature peak is consistently present in these p-channel units.

The general shape of this noise peak is similar for each unit, although
the temperature at which it occurs is different. The high-temperature
slope of the curve is concave; the low-temperature slope is convex.
This general curve shape is indicative of an exponential temperature-
dependence.

In the n-channel data, an average trend of increasing noise
magnitudes at low temperatures is indicated, whereas for p-channel
units, the trend is toward decreasing noise at lower temperatures.

Some insight to the nature of the noise data presented above can
be obtained by examining the noise-frequency spectrum. Consider
sample number 5, presented as noise versus temperature in Figure
15. A 200 Hz noise maximum occurs at -75°C (approximately 200° K).
Referring to Figure 16, in which the noise spectrum for this device is
plotted, we observe that the spectrum at 200° K is flat below 200 Hz,

decreasing with increasing frequency above 200 Hz, and is -3 db, or
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0. 707 of its low-frequency value, at 200 Hz. Thus, the behavior of
this noise voltage spectrum at 200°K is similar to that produced by a
single fluctuation time-constant. The fact that the exact shape of the

-1/2 . .
f in many cases, in-

noise spectrum is complex, approaching
dicates that multiple time-constants are present at any given temper-

ature.

Thermal Noise

The limiting noise is due to the thermal noise of the transcon-
ductance, as discussed in Section II. To compare the measured noise
values with this theoretical prediction, the thermal noise was calcu-

lated from the expression

where gm(T) is the transconductance measured as a function of
temperature. With the exception of units 3 and 5, all FET's exhibited
measured noise in excess of values calculated from the above equa-
tion. Unit number 5 at 200° K, approaches this limiting thermal noise
at high frequencies on the order of 50 KHz, as evident in Figure 16.
Unit number 3 approaches this noise level for frequencies greater

than 1 KHz and temperatures greater than 300° K, as indicated in Fig-

ure 17.
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Noise Due to Shockley-Read-Hall Centers

In the previous discussion of SRH centers, it was determined
that this mechanism could be the dominant source of low frequency
FET noise. It was observed that a single fluctuation time constant
with an exponential temperature-dependence would yield a maximum
noise voltage when T = 1. Furthermore, the activation energy of
the center is related to the slope of the leading and trailing edges of
the peak when the noise is plotted versus reciprocal temperature.
The activation energy may also be determined from a plot of T ver-
sus reciprocal temperature.

The noise voltage data of sample number 5 is re-plotted versus
T in Figure 18. The leading and trailing edges of the noise maxi-
ma yield linear slopes which can be assigned activation energies.

The noise voltage is theoretically proportional to

[ (1+w2_r2)-1]1/2

with

where E is the trap activation energy equal to -(Et-EC) for do-
a
nors and -(E -Et) for acceptors. Therefore, at temperatures on
v

the sides of the noise maximum the noise voltage will be proportional
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to

+F
a .
exp (Spg)

Utilizing the method described in Appendix II, the activation energies
in the 200°K region are 0. 28 eV for the leading edge and 0. 16 eV for
the trailing edge.

By computing the time constant of this same maximum from

3/2)

T = w 1 and plotting (7T versus T-=l as in Figure 19, an
activation energy of 0. 34 eV is obtained. This method is inherently
more accurate since ¢ is known exactly and the peak of the noise
voltage curve may be determined with more certainty than the slope
of the same curve.

Sufficient data now exist to estimate the capture cross-section
of this SRH center. From the measured data, we found that

-4
T =8x 10  seconds at 200°K. An approximate energy level of 0. 3

eV is assumed.

To simplify the procedure, we assume that the SRH center is a

donor impurity with a time constant described by

-1
Tt_(cnnl)
where
E-E -FE
=N exp ( C)—N exp ( a)
S Pt N U KT
and
c =600
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Substituting and solving for ¢ , we find
n

E
a, -1
o= [+ tenNc exp (—1;—1:)] .

The thermal velocity, 9n, is given by

2 -
) :[El—‘l]l/ :7.85X106 cm s 1,

n m

and the remaining values are

T = 200°K
Tt:8x10‘4
3/2
NC:4.78X1015T/ :l.36XlO19 at 200°K
E =0.3 eV.
a

Inserting these values into the expression for o we find

o = 4. 7x lO_16 cmz.

The FET under present consideration is an n-channel device.
Since the depletion region extends into the channel in pinchoff, it is
reasonable to assume that electron trapping in the channel depletion
region would be the dominant process. Gold is a common impurity
present in silicon. The published value for the electron capture

-16 2
cross-section for Au in n-type silicon is 5x 10 ! cm (5). Other
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recombination-center capture cross-sections are also on the order of
10"]L5 cmz. The agreement with the calculated cross-section is sur-
prisingly good.

Since SRH centers are known to contribute to the reverse leak-
age current of silicon diodes, measurement of the gate leakage cur-
rent versus T_l should yield the activation energy of these centers.
With this as the objective, the leakage current of unit number 5 was
measured. The data was analyzed in the manner used by Sah, Noyce
and Shockley (27), with the result that a 0. 586 eV activation energy
was measured over the temperature range +10°C to +80°C. Unfor-
tunately, the 10°C gate leakage current of 1 x lO_13 ampere at 6 volts
was at the lower limit of the measurement instrumentation, so that
measurements at -75°C were not possible. Also, noise measure-
ments were not made above 0°C on this sample, so that confirmation
of the 0. 586 eV level was not possible. Extrapolations from trends

of the noise versus temperature data indicate that a 0. 6 eV center

could be present.

Low Temperature n-Channel Noise Maxima

The behavior of the n-channel samples was examined in closer
detail near the low-temperature noise maximum. A composite plot
of T, Vversus T"l was made in order to determine the activation

energy. As shown in Figure 20, this data yielded an energy of 0.26 eV
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for units 1, 2 and 3; and an energy of 0. 22 eV for units 4 and 5.

The temperature dependence of the curve shape of unit 5 was
measured in detail and plotted versus T ~, as in Figure 21. The
leading edge yields an activation energy of 0. 22 eV, and the trailing
edge yields 0. 12 eV. It should be noted that the trailing edge appears
to be a composite of slopes.

The agreement of the two methods for unit 5 in yielding a 0. 22
eV energy level suggests that the capture cross-section might be val-

idly calculated.

For the conditions of

E =0.22 eV
a
T = 105°K
Tt:1.56x10"4
18
NC:5.13xlO at 105°K
6 -1 o
6n:5.67x10 cm s at 105°K

the capture cross-section is calculated as

o :'8.7x10-12crn.
n

This value is in excess of most published values for large capture

cross-sections, and hence suggests that a more complex trapping

process is responsible for the observed low-temperature behavior.
As indicated previously, the energies of the leading and trailing

edges do not always correspond to those of the noise maxima; often
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the slopes are different on each side of the peak. The noise data was
measured with insufficient accuracy to enable resolution of more sub.
tle structures in the slopes. However, the original data for sample
number 5 at 200 Hz shows definite double maxima separated by five
degrees at 100° K. This fine structure was not evident at other meas-
urement frequencies.

Most of the measured FET's showed low noise at 77° K. Sample
number 6, however, exhibited a large increase in noise near this
temperature. Examination of the 1000 Hz noise versus temperature
data in Figure 22 will indicate that this is a large-magnitude noise
peak similar to other n-channel units. The frequency spectrum at
77°K, Figure 23, clearly shows the single-time-constant nature of
the noise, yielding T, = 8 x 10—4 seconds at 77° K. The plot of T,
versus T_l for this unit in Figure 20 yields an activation energy
of 0.1 eV. A plot of the noise voltage versus T-l in Figure 24,

yields an activation energy of 0. 12 eV from the leading edge slope.

Trapping Center Concentration

The density of traps Nt may be calculated from the measured
noise versus temperature data by making use of the previously derived
expression for noise voltage.

The approximate spot noise voltage magnitude from Section II

is
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where W 1is the width of the gate-channel depletion region and A
is the gate area.

For this calculation p-channel sample number 9 has been se-
lected since it has the known geometry of a 2N-2608. The pertinent

dimensions are

-4 -4 2
W =3x10 cm and A =1.56x10 cm .

-4
We make use of the fact that at T = 200° K, T, = 1.56 x 10 "s, as
indicated by the measured noise voltage maximum. This corresponds
to the condition T = 1. The expression for the noise voltage at

200°K becomes

3

.
_4WT g 2 t.1/2 1/2

e, = 5% (Kso) > [Ntftftp]
:(6.68x10'13)[fo ]1/2°

t't tp

The noise voltage measured at the 200° K maximum for unit 9 is

3 x 10-8 volts in a unit bandwidth. Assuming that f.t = ftp = 0.5 we

calculate that

9
Nt_0.25 =8 1x10 cm
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This is an interesting result, since it indicates that small trap con-
centrations may be measured in the presence of the usual donor or
acceptor impurities.

The trap concentration calculated here is a reasonable value for

6

the measured noise voltage. Since Lauritzen (16) measured 4x10°

volts equivalent input noise voltage for a gold-doped FET with

4 -3 1/2
Nt = lOl cm , and since the noise voltage varies with (Nt) /

y

the measured value of noise voltage for sample number 9 at 200° K
. 9 -3
should correspond to a trap concentration on the order of 6 x 10" cm .

A similar calculation may be carried out for sample number 5,

an n-channel unit. Using the known values

"

w 2p:2X10_4cm

-5 2
A=01milx 22.0mil =1.37x10 cm

1.56 x 10'4 seconds at 200° K,

T =
t
we calculate en as
(1.21 10'12)[fo ]1/2
e =
n ) * tttp

The measured value for e at the 1KHz, 200° K noise maximum 1is
n

4.5 x 10_8 volts. Assuming that ft = ftp = 0.5, Nt is calculated as

-8
. 2 -3
4.5x10 12] :5.5X109C1’1’1 .

1

N, = ( )

.2 -
t 0.25 1.21x16

The similar values of Nt in this n-channel unit and in the above
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p-channel unit further suggest that the trap concentration may be a

basic property of the starting silicon material.

Frequency Dependence of Noise Maxima

From the measured noise data presented, a regular change in
the magnitude of the noise maxima is evident at different frequencies.
From the theory presented earlier, the condition for a noise voltage

maximum was T = 1. The noise voltage was proportional to

2 2 .- 2 -
[T(l+w T ) l]l/ . Substituting @ =T 1, one finds that the magni-

_1/;

tude of the noise voltage maxima is proportional to

1 _1]1/2 _

< [w (1+1) (2w)

n{max)

The values of the noise voltage maxima at 20, 200, and 1000 Hz are
plotted in Figure 25a and for n-channel FET's, and in Figure 25b for
p-channel units. The trend of the measured data is definitely that of
-1/2 . . ~ .
w . This result may be interpreted as evidence that noise pro-
duced by a distribution of time constants does indeed exhibit an

-1/2
) l/ voltage spectrum.

Summary of Trap Energy Levels

The trap activation energy levels have been determined for all

distinct maxima in the measured FET noise data. These energy
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tevels, caleulated from the temperature dependernce of time constants,
ars summarized in Figure 26 for each FET. Most silicon units of
the same channel type possess similar levels. For example, all n-
type units except number 6 have a 0. 32 eV level. Units 1, 2 and 3
have a 0. 26 eV level in common; units 4 and 5 have a 0. 22 €V level in
commorn., P-channel types havelevels at 0. 36 and 0. 51 eV in most
cases. The estimated error in these activation energies is 6%.

It is significant that identical units made by the same manufac-
turer have similar trap levels. Thus, only the material type and

manufacturing process appear to determine the types of traps present

Germanium FET

Sample number 14 was the only germarium FET tested. The
noise versus temperature and noise spectra, Figures 27 and 28, bear
simmilar characteristics to the silicon units tested, indicating that the
dcminant noise mechanism is similar to the Shockley-Read-Hall mech-
anism used for silicon FET's. In Figure 27, a noise structure is evi-
dent, superimposed on a slowly-changing structure. The measure-
ment temperature range was insufficient to observe peaks in the lat-
ter. However, if the fine-structure peaks are assumed to follow the
SRH theory, the energy level structure shown in Figure 26, device
number 14, results. One level is located in the center of the bandgap;

the others are within about 0.1 eV of the band-edges.
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Similarities in Noise Data

In addition to similar characteristics between FET's of similar
channel type, some interesting comparisons can be made between
similar units.

Consider the noise data of units 4 and 5, shown in Figure 29.
These are units of identical geometry produced by the same manufac-
turer. The noise magnitudes are similar, but differ at every other
maximum. Thus it seems possible that the distinct maxima of unit 5
resulted from the super-position of two similar noise peaks; whereas
in unit 4 these peaks are distributed evenly in temperature. Further
validity is given to this possibility by the fact that the leading and
trailing slopes of unit 5 have energy values different from those given
by the noise maxima.

Units 7 and 9 are of the same 2N-2608 geometry, but are made
by two different manufacturers. As is evident from the data in Figure
30, there is no correlation between the different noise behavior, ei-
ther at 20 Hz or at 1000 Hz. Thus it must be concluded that the man-
ufacturing process, not device geometry, determines the low temper-

ature, low frequency noise behavior.
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V1. CONCLUSIONS

Measurements of FET noise in the 300 to 77° K region indicate
that the noise spectrum is highly temperature dependent. Devices of
the same channel type exhibited similar variations with temperature
although the noise magnitudes varied with individual FET's. P-
channel devices exhibited a greater reduction in noise when cooled be-
low 300°K; some n-channel devices exhibited lower noise at all tem-
peratures. No correlation of noise magnitude with device geometry
was evident.

From comparison of theoretical predictions and measured data,
it has been shown that low frequency junction FET noise in the 300 to
77° K region can be attributed to the presence of Shockley-Read-Hall
centers in the gate-channel depletion region. Estimates of the cap-
ture cross-sections, energy levels and concentrations of these cen-
ters were made by analysis of the temperature dependence of device
noise voltage. Different capture cross-sections for these centers
yielded a series of temperature dependent time constants which estab-
lished the noise spectra. Estimates of SRH center concentrations on
the order of 8 x lO9 cm-?) were obtained from the data.

It is concluded that variable temperature noise measurements
on field-effect transistors can be a useful means of studying deep

trapping centers of low concentration.
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APPENDIX I

Measured Data

The measured noise data for the FET's used in this research
are presented. The first group contains noise voltage versus temper-
ature at 20, 200 and 1000 Hz, and theoretical noise calculated from
measured values of A The second group contains noise voltage
spectra at 300, 200 and 77° K.

In several instances, the measured data for an FET is present-
ed in the main body of the text. These data are omitted from this ap-
pendix and are as follows.

Noise voltage versus temperature:
No. 3, Figure 17
No. 5, Figure 15
No. 6, Figure 22
No. 14, Figure 27

Noise voltage versus frequency:
No. 5, Figure 16
No. 6, Figure 23

No. 14, Figure 28
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APPENDIX II

Determination of Trap Activation Energy

As derived in Section II, the expression for the SRH time con-

stant with only donor traps present is

. _CT-3/2 (Ec_Et
t eXPUT

where C is a constant with respect to temperature. In deriving

this equation it was assumed that the trap Fermi level was equal to

the donor trap energy. If we retain this assumption, and let the acti-

vation energy Ea be defined as the difference between the Fermi

level and the band edge, then the time constant may be expressed as
3/2

- a
'rt_CT exp (ﬁ)'

3/2 -
If the quantity ('rtT / ) 1is plotted versus T ! on semi-

logarithmic coordinates, the slope of the curve is proportional to Ea:

E

a
_2 E
°g 1Ty -8 ET10 “XT In 10 °

The slope of the curve is
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3/2

d[log(TtT3/2)-logC] d[log(TtT )] Ea

[t - d[T-l] “"kiln 10 -

Therefore,

k In 10 (slope) = (2. 3)(8. ()xlO_5 eV /° K)(slope)

t
u

1.98 x 10_4 (slope).
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APPENDIX III

Error Analysis

Noise Measurement Error

The rms value of a random-noise waveform can be accurately
measured only on a "true rms"” meter that measures the mean-square
value. Most rms voltmeters actually use a linear rectifier instead of
a square-law rectifier. The meter indicates the average value of the
full-wave-rectified waveform, and is calibrated to read the rms value
of a2 sine wave. When such a meter is used to measure a random-
noise waveform, an error results due to the difference in the average
values of the rectified noise voltage and the calibrating sine wave.
The following analysis is presented to derive the error when a narrow-
band wave analyzer, such as the Hewlett-Packard 302A, is used for
absolute noise voltage measurements.

Consider the full-wave linear rectifier characteristics shown

below: I

Slope = ~k—=__, s Slope = k
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A sine-wave voltage applied to this characteristic results in a full-
wave rectified current output. The factor k 1is the slope of the cur-
rent voltage characteristic. Thus, for an applied volitage of the form
Vi(t) = VO sin wt, the output current is I(t) = kVO sin t.

The meter reads the average value of the rectified current

waveform. This reading, designated by M, is

ik /2 | 2kV
M= — VO sin wtd(mt) = - .

o

This is the meter reading when the input voltage is a sine wave with

peak value VO. Since the rms value of this voltage is
v =V /N2,
rms o
2N 2
M = N2k v .
™ rms

For a meter calibrated to read 1. 0 full-scale with a 1.0 Vrms sine-

wave input, the value of k 1is found to be

k =

T
NP

Now let the input to the same meter be a random-noise voltage
v(t). It is assumed that this noise voltage is constant in time so that
it is stationary. It is further assumed that an ensemble of noise volt-

age wave-forms sampled at a given instant in time will give the same

distribution in amplitudes as a series of samples of one noise
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waveform in time. Thus, the noise voltage is statiocnary and ergodic,
so that its probability distribution is independent of time. We use the
symbol p(v) to designate the probability density function of the ran-
dom variable wv.

Once the probability density function of the noise is known, the
rectifier response may be calculated. From the central limit theo-
rem of probability theory, it can be shown that for large numbers of
random variables, their sum approaches the Gaussian distribution.
Thus, any ergodic noise waveform will have the probability density
function

2
(v) = 1 ex v
P NEX P 20_2 ’

The rms value of the noise voltage is the standard deviation o,
defined as the square root of the difference between the mean-square
and squared-mean values of the function.

The rectifier output is found by integrating the product of the in-
put voltage and rectifier characteristic over all possible values of v.

Thus, the average value of the rectified current is



o} o
<I> = uky vpi{v)dv + kS vp{vidv

1
[\
~
OL/3
<
go]
<
o))
<

1
g
=)

<

(0]

]

ge
.

This average value <I> corresponds to a meter reading M' pro-
duced by the input noise. We now substitute the value of k for the

rms-calibrated meter, yielding

M! =<I> =k E:ﬂd.
™ 2

Since o is the actual rms value of the noise voltage,

2
Ne

o = ' = 1.128 times (the indicated meter reading).

In other words, the indicated meter reading is low by 12. 8%.
This result is valid for narrow bandwidths and non-zero fre-

quencies, with the input noise having a Gaussian distribution.
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Experimentai Errors

The various errors in the measured quantities are estimated
from a knowledge of the measurement instrumentation. Experimental
errors of the individual equipments are based upon observed devia-

tions (4, p. 34).

Observed Squared rms
Component deviation errcor error
1. Noise Voltage Measurement, Vn(T)f
Preamplifier 1% 1 x 10-4
302A Wave Analyzer 4% 16
RC Integration 1% 1
y-axis Recorder Fluctuations 10% 100
Graphical Averaging 2% 4

-4
122 x10 11.1%

2. Noise Voltage Measurement, Vn(f)T

Preamplifier 1% 1 x 10_=4
302A Wave Analyzer 4% 16
RC Integration 1% 1
Meter Reading Fluctuation 10% 100
118x10°% 1o 9%

3. Absolute Temperature Measurement (T)
x-axis measurement of thermocouple voltage, maximum measured

error = x1. 5C°. This yields a worst-case error at 77° K of 2%.

4. Voltage Gain of FET and Preamplifier, A(T)

The combined accuracy of the 302A and signal source is 4%.
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Observed Squared rms
Component deviation error error
5. Calculated Value of en{T) = Vn(T)/A(T)(Af)l/Z
Noise bandwidth Af 5% 25 x 107%
Noise voltage Vn(T) 11. 1% 122
Voltage gain A(T) 4% 16
163 x10°% 12, 8%
6. Transconductance, g,
Signal source 1.5% 2 x 10_4
Drain load resistor 1% 1
302A 5% 25
y-axis of recorder 1% 1
29 x lO—4 5.4%
7. Drain Saturation Current, IDSS 9
Drain load resistor 1% 1x10
y-axis of recorder 1% 1
2x 107" 1.4%
8. Time Constant 7(T) at Noise Maximum
The frequency is measured with a digital counter to an accuracy of
5% at 20 Hz. Since T = 1 at the maximum, the error in T is 59
or better. The temperature at which + is measured may be deter-
mined to an accuracy of 2. 5%,.
9. Activation Energy E_From Plot of (TT3/2) Versus T !
T(Tl) 5%, 25 x 10‘4
Tl 2.5% 6
T (absolute) 2% 4
35% 107 5. 9%
10. Activation Energy Ea From Plot of en(T) Versus T~ !
en(T) 12. 8% 163 x 10—4
T (absolute) 2% 4

167 x 10‘4 139,



