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Abstract—The theory of generation-recombination noise in silicon bars and in JFETs is extended to the case in
which the devices operate in the hot electron regime. It is shown that Nougier et al.’s measurements at 77°K can at
least be partly explained as generation recombination noise; as a matter of fact, the theory can provide an almost
perfect match for field strengths between 1000 and 3000 V/cm for g-r noise alone. We believe, however, that some
hot electron noise with a similar field dependence as g-r noise is present. One can now understand why Kim, van
der Ziel and Rucker found an activation energy of only 63 mV for the noise in silicon JFETs around 77°K.

In a recent paper Nougier ef al.[1] measured noise in
silicon bars and silicon n-channel JFETs at 77°K and
interpreted the noise as hot electron noise. Kim, van der
Ziel and Rucker[2] measured the same noise in n-chan-
nel JFETs in a temperature range near 77°K and found
that the noise resistance R, had an activation energy of
0.063eV; they, therefore, interpreted the noise as
generation-recombination (g-r) noise, for which one
would expect an activation energy of that order of
magnitude. Moreover, Kim, van der Ziel and Rucker[3]
measured hot electron noise in silicon JFETs between
150 and 300°K; when their measurements are ex-
trapolated to 77°K the expected hot electron noise is
about an order of magnitude less than the noise that is
actually observed. This means that the noise observed in
silicon devices at 77°K is most likely not all hot electron
noise, but that there must be some g-r noise present.

It is the aim of this paper, therefore, to extend the
theory of g-r noise to the hot electron regime, both for
silicon bars and for n-channel silicon JFETs.

We first turn to the case of silicon bars. If V is the
applied voltage and G = qu(E)N/L* the d.c. conduc-
tance, where q is the electron charge, u(E) the field-
dependent mobility, N the number of .carriers in the
sample, and L the device length, then the current is given
as

I=GV = qua(E)NVIL. )
Generation-recombination noise is caused by fluctuations

8N in N, so the fluctuating short-circuited noise current
is

I = [qu.(E)VIL*N,

S1(f) = [aua(E)VIL’F Son (/) @

where Si(f) and Ssn(f) are the respective spectra. But

tSupported by Army Research Office Contract.

tUniversity des Sciences et Techniques du Languedoc, Centre
d’Etudes d’Electronique des Solides, Laboratoire associe au
Centre National de la Recherche Scientifique, LA 21, et Greco-
Microondes, 34060 Montpellier Cedex, France.

SE Vol. 22, No. 2—D

we know that[4]
Sen(f) = 45N21/(1 + 0*r®) )}

where 7 is the lifetime of the carriers. Putting 8N = aN,
and substituting into (2) yields

[S1(N]e-r = 4E*qua(E)Garl(1 + 0*7?) @

where E = V|L is the field strength and « and 7 can be
evaluated with the help of generation-recombination
statistics[2). We shall see that both a and r decrease
with increasing field strength E.

According to Nougier et al.[1] the noise temperature
of the electrons in the presence of hot electron effects
follows from

[S1(N]n = 4kT.dlldV = 4kT.u(E)GN/L? ®

where pn(E)= pa(E)+ E dp.(E)/dE is the differen-
tial mobility of the carriers. Equating (5) and (4), one
obtains for the apparent electron temperature (T.),_, due
to g-r noise at low frequencies (7> <1).

(Te)s—r = (qEzl k)am,.(O) : l‘-nz(E)/ (a0 n(E)). (6)

Before comparing this with experiment, we must first
evaluate « and 7 as functions of the field strength E. We
start from the generation and recombination rates g(n)
and r(n), respectively

g(n)=y(Na—n) r(n)=pn* @)

where y and p are constants, N, is the donor concen-
tration and n the electron concentration. Here p is
independent of the field E, but y increases with increas-
ing field due to the Poole-Frenkel effect, which is the
Schottky effect for donors in a high field[5]. According
to this effect the field decreases the binding energy of the
electrons to the donors from E,, the value without field,
to the value E,— AV with field, where

AV = (gE)"*|(meeo)'”* = 7.58 X 10~°(Ele)'>  (8a)
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where € is the relative dielectric constant, €=
8.85% 1072 F/m, and E is in V/m, so that

v = voexp (qAVIKT). (8b)

In equilibrium g(n) = r(n) and n = n,. Introducing u =
no/ N4 as the value with field and uo as the corresponding
value without field, we have

. (qw)' W1
’ l‘uo de

Furthermore, the lifetime 7 of the carriers with field
follows from[4]

1_[_ds(n) dr(n)] _ . 2Na—no
f—[ dn T dn w | Mo
= -roz;" exp (g-,%.!) (10a)

whereas the lifetime 7o of carriers without field follows
from

(10b)

Table 1 gives the measured values of pn(E) ka(0),
1A E)lua(0) and T. as functions of the field strength
E[1). Also shown is the value of ar that provides a
perfect match to the data.

Table 1. sta(E)/a(0), A E)/p1(0) and T, in °K as functions of E

(6 cm material)
E (in
Viem)  pu(E)pa(0) piE)pa(® T.(n°K) arins
1000 0.56 0.31 1700 1.035x 107"
2000 0.38 0.155 3500 0.578x 107"
3000 0.30 0.096 5000 0.365x 107"
" The definition of a is[2]
_ 1-u _ 1 — U
a=3— @@=y an

According to Nash and Holm-Kennedy we have at
7K that p.(0)=14X%10*cm’/Vs, uo=0.681 and
hence ao=0.242, so that yo/(pNa)=1.454, for 6{lcm
material [6]. Since silicon has € = 12, we have the follow-
ing table for AV.

Table 2. AV as a function of the field

strength E
E (in V/cm) AV in mV
1000 6.92
2000 9.79
3000 11.9

tThe Klaassen-Prins method is valid here, since
G.(x)AV(x,1)m0, at x=0 and x = L, when the device is h.f.
short-circuited. Moreover, van Vliet (unpublished) applied the
impedance field method to the JFET g-r noise and obtained
perfect agreement with the Klaassen-Prins method at low fields.
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Furthermore, we have the following tabel for a/ao, /70
and the product.

Table 3. afaq, 7/7o and arl(aoro) as functions of E

E(inVicm) alao 7o atf(agTo) ayTo (in )
1000 0.597 0.485 0.290 3.58x 107"
2000 0.448 0.344 0.154 3.75x 107"
3000 0.352 0.268 0.0943 3.87x 107"

From the values of ar found in Table 1 we have also
evaluated the value of ao7o that provides a perfect match
at each field. Its average value is 3.73 X 10™"' s and, since
ao=0.242, we find 7o = 1.54 X 107" 5. Since the deviation
from the mean is relatively small, this is a reasonably
accurate value. We thus obtain the following end result
(Table 4). The agreement is excellent.

Table 4. Experimental and theoretically matched values of T,

E (il‘l V/cm) (Tc)exp in °K (Te)theot, in °K
1000 1700 1800
2000 3500 3500
3000 5000 4800

This means that our theory could fully explain the
observations of Nougier et al.[1] as being caused by
generation-recombination noise only. But since our ap-
proach does not distinguish between hot electron noise
and g-r noise when the two have the same field depen-
dence, it is safer to assume that both processes play a
part.

We finally turn to the generation-recombination noise
in JFETs. In evaluating the noise the Klaassen-Prinst
method will be used[7]. Starting from the Langevin
equation

AI(t) = A[G.(x)AV(x, 1)/ ox + H(x, t) (12)
where H(x,t) is a random distributed noise source,
G.(x) = qun(E)nA the d.c. conductance for unit length
and A V(x) the resulting noise voltage at x: here n is the
carrier density, A the cross section area of the channel at
x, and AI(t) the resulting noise current in the external
circuit. If source and drain are h.f. connected, one
obtains by integrating over the device length L

AI(H) = % L " He tyax

or

L rL
sh=p[ [ suwr.paxar )

where Su(x,x',f) is the cross-correlation spectrum of
H(x, ). In the first integral the time ¢ must be kept
constant in the integration process.

To find Su(x, x', f) for this case we replace in eqn (4)
G by G.(x"), E* by E(x)E(x'), multiply by the 5-function
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§(x'- x) and obtain

i

Bulx,x', )= 4E(x)E(x")qpa(E)Gu(x")8(x' — x)
arl(l+0?7%). (14)

'jBearing in mind that I = —G.(x)E(x) is the d.c. current

and that us(E) = —-u(E)E(x) is the drift velocity at x,

‘yields

L
sh=24 fo WB s (9

which is the extension of the low-field g-r noise
formula[8] into the hot electron regime. In the low-field
case the integral has the value aoToun(0)Val(1+ w’re?),
‘where V, is the drain voltage; this gives agreement with
‘the previous theory. In the high-field case the integral
must be evaluated numerically.

Since at low fields Si(f) should have an activation
energy, determined by aoro, of about 2E, (or about
0088V), the activation energy with field should be
determined by the weighted average a7, which would
give 2(Eo— A V). Since Kim et al. measured an activation
energy of 0.063 V, this corresponds to AV =12.5mV. In
view of the previous discussion this is not unreasonable.

All data are, therefore, compatible with the idea that
both the hot electron noise and the g-r noise contribute
to the measured electron temperature T.. If (T.)» and

(T.),-- are the contributions of the hot electrons and of
the g-r processes, respectively, we have

T. = (T)n +(Te)s-r (16)

The measurements by Kim et al.[2,3] seem to indicate
that the contribution of (T.),-, is quite significant.
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