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Abstract-In an earlier paper, analytical expressions for the scattering noise in single injection 
diodes operating far in the hot carrier regime were derived. In this paper the scattering noise is 
numerically calculated for the whole range of applied voltages of interest and, in addition, an extrinsic 
semiconductor is considered as starting material. The results are presented in two figures. 

In an earlier paper [ l] the noise due to scattering of 
charge carriers was calculated for a single injection 
solid state diode, operating in the hot carrier re- 
gime. The following restrictions were made: the 
treatment was one dimensional; only scattering by 
long wavelength acoustical phonons was consi- 
dered; diffusion was neglected in the electric cur- 
rent; and carriers were assumed to be injected into 
a pure insulator. 

An analytical expression for the spectral density 
of the a.c. open circuit voltage fluctuations was de- 
rived, valid for (poVo/L)/u * 1. Here pa = low field 
mobility, V. = bias voltage, L = contact spacing 
and w = sound velocity. 

In this note numerical results will be presented 
for the noise at frequencies small with respect to 
the reciprocal carrier transit time, but without re- 
strictions on the applied voltage. In addition we ex- 
tended the calculations to the case of an extrinsic 
semiconductor, with carriers of the same type as 
those injected. In the usual notation we have the 
current equation for electrons, and Poisson’s equa- 
tion 

I _=- 
A w (EMx)E(x) + H(x, t) (1) 

aE -=-pl(x)-ndl 
8X 

(2) 

and 

dEo lo -=- 1 + (qAnd /IdEw (Ed 
dx EA EOCL (Eo) 

(3) 

where Fourier transforms are indicated by tilde and 
steady state values are denoted by subscript 0. For 
the applied voltage we find with the help of equa- 
tion (3) 

=r Eo$ (Ed dEo 
1 + (qAnc, /LJEo~WJ’ 

(5) 

Here the lower limit of the integral is determined by 
the boundary condition E(0) = 0[6,1], whereas in a 
numerical calculation EL can be found from the 
equality 

% EOCL (Eo) dEo 
1 + (qAnd/&JEop (Ed’ 

(6) 

Note that I,,, V. 3 0 and Eo, EL s 0. 
For an a.c. open circuit (? = 0) a formal solution 

with A = area, I = current in the outer circuit, of equation (2) gives I? and v = - li B dx in terms 
where H(x, t) is the Langevin source, describing of fi. We find, by changing variables and using par- 
the scattering fluctuations, and where nd = density tial integration 
of fully ionized donors. Considering fluctuations 
around a steady state and making a Fourier analysis 
gives 

EL A (EL - Eo)Eop (Ed dEo 
[l + (qAn/lo)Eop (Eo)12. 
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Hence the spectral density of the voltage fluctua- 
tions is given by 

(EL - IMEL - Ez~~IEz/.@~)P(E~~ d& dEz 
x [l + @b~4o)E1~U31)1~/~ + ~qAnd/&~E~~W12~ 

According to van der Ziel[2] and van Vliet [3] we 
have 

4q’Dn 
S&l, x*9 f) = 7 w* - x2) 

x 6(E, - ES 

where E, = E&J and Ez = &(x2), and D is the dif- 
fusion constant. 

Hence 

Note that nd still may depend on x. In the following, 
however, nd will be assumed space independent. 
Equations (5)-(7) are amenable to numerical calcu- 
lations provided that the functional dependence of 
the carrier mobility and diffusion constant on elec- 
tric field strength is known. 

Earlier [ 11 we derived the following expressions 
forw andD: 

p,2!4 1 
3m UT 0 D=&(V) (8) 

where 1, = electron mean free path for acoustical 
phonon scattering, m = carrier effective mass, and 
where brackets denote averages over the local vel- 
ocity distribution: 

f0 = C(1 +$$)‘exp (-g) (9) 

as derived by Davydov[41 and by Yamashita and 
Watanabe [S] for a homogeneous semiconductor. 
Here C = normalizing constant, p = qZEo 
12/6mu*kT and T = lattice temperature. Using 
equations (8) and (9) numerical expressions for /I 
and D as a function of electric field strength can be 
found. 

In Figs. 1 and 2 results of numerical calculations 
are plotted for the current-voltage characteristic 
and the noise temperature vs bias voltage respec- 
tively. This was done by introducing the following 
dimensionless variables: L,/L, V,,/V, and nd/nc, 
where V, = E,L, nc = (elq)E,/L, I, = qpo&AE,, 
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Fig. 1. d.c. current J,, plotted vs d.c. voltage V, with the 
donor concentration nd as a parameter. The quantities are 
presented in terms of the dimensionless variables V,/V,, 
b/I, and ndlnc where V, = E,L, n, = (c/q)E,/L, I = 
qpo&AE, and EC is the critical field-strength for the onset 
of hot carrier effects. The dashed lines represent analytical 

results derived before. 

I@ 
A 

4+J% 
(I) 0 
(21 O-025 
(3) 0.1 
(41 0.4 

L to- 

Fig. 2. The spectral density of the a.c. open circuit vol- 
tage fluctuations S, plotted vs d.c. voltage V,, with nd as 
a parameter. The noise is represented in terms of the 
equivalent noise temperature T. = Svl(4k8Vol&). V, is 
represented in terms of V,/V, with V, = E.L. The dashed 

curve represents the analytical result derived before. 
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while E, = 1.51 U/PO as defined in ref.[ll. In Fig. 1, 
L/L is plotted vs VO/VC with ndln, as a parameter. 

Note that for V0 4 V, and nd S- n, a linear depen- 
dence is shown corresponding with Ohm’s law. 

For V, 6 V, and nd In, + 0 a square voltage de- 
pendence is shown corresponding with the well 
known Mott and Gurney law for carrier injection 
into pure insulators [6]. For V,, * V,, however, I0 is 
proportional to V03’2, in agreement with the analyti- 
cal expression derived in ref. [ 11. 

In Fig. 2 T./T is plotted vs VJV, with nd/nC as a 

parameter where the noise temperature T. is de- 
fined by Sv = 4kT, (dV,,/d&). Note that in the hot 
carrier regime ( V0 * V,) the results converge to- 
wards T,,/T = 0.881 VJV, as derived before[l]. 

For VOe V, we have T./T =2 for rid/n,, =0 as 
expected for space charge limited flow in a pure 
insulation[7], and T./T + 1 for larger values of 
ndlnc as expected for an ohmic conductor. 
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