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Generation-recombination noise in submicron semiconductor layers:

Influence of the edges
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The Netherlands
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In highly doped thin semiconductor layers one often observes generation-recombination (g-r) noise
with a broadened Lorentzian-like spectrum. In a theoretical analysis we have shown that such a
spectrum can be ascribed to g-r processes between conduction band and monoenergetic traps in the

edge of the layers. © 1995 American Institute of Physics.
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One often observes generation-recombination \g s )
noise in highly doped submicron semiconductor layers. This
is somewhat surprising. In such a material the Fermi level is
close to the conduction band, so that traps are almost com-
pletely filled. It is well known that filled or empty states do
not produce g-r noise. Further, the observed g-r spectra are
often found to have a broadened Lorentzian-like shape.
Examples of such a g-r spectra can be found in the
literature.! They are obtained from AlGaAs transmission
line method test structures and from GaAlAs/GaAs hetero-
Jjunction bipolar transistors.

In this communication we show that g-r noise with a
broadened Lorentzian-like spectrum in highly doped layers
can be ascribed to g-r processes in the edge of the layers.
The broadening of the g-# spectrum is a result of the position
dependence of the relaxation time in the depletion region
near the edge of the layers. The possibility of such a broad-
ening for monoenergetic traps in the depletion region of a
semiconductor resistor was already shown by Folkes.*

Consider a GaAs layer as sketched in Fig. 1. The n-type
layer is provided with two ohmic contacts. The electric cur-
rent [ is flowing as indicated by the arrows. The r layer is
doped with shallow donors, the concentration is Np. The
dope of the p layer is Ny=N,. The n layer has monoener-
getic traps, concentration N,, that produce g-r noise. The
metallurgic junction between the n and p layer is located
at x=A. ‘

The band bending of the conduction band for 0<x<N\ is
given by

V(x)=31Vp(x/)\)? 1)

with A=(eVp/gNp)*% e the dielectric constant, and Vp al-
most equal to the band gap (1.4 V).
If Np€N, , then the band bending for 0<x<\' is given

by
V(x)~Vp(x/\")? 2
with X' =(2€Vp/qNp) /2. For Np»N, we obtain
V(x)~Vp(2x\"—x2)/\"? 3)

with \"=~(2€Vp/gN,)""2. Here \' and \" are the junction
widths.
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The spatial cross-correlation speciral aensny of the eiec-
tron density for unit length n(x) is given by’

.o A7(x)n(x)n, o5 x)

S ) e T ) T + @22 (0] 2% %)

@)
with

e e(X) =n,f{(x)[1—f(x)]s ®

F7 1 (x)=1+exp[(E,—Eg)(x)/kT]=1+exp(yx2~b),
(6)

771 (x)=Bln(x) + 1, o (x) V%), ' (7

n{x)=n exp[ —qV(x)/kT]=n exp(— yx?), (8)

y=q>Np/2€ekT, B=vyo,/A. )

Here, 7 is the relaxation time, n,=N,A the trap density for
unit length, w=2f the frequency, & the Dirac-delta func-
tion, f, the Fermi—Dirac distribution function of the traps, vy,
the thermal velocity of the free electrons, o, the capture cross
section of the traps, and A the cross section of the layer
perpendicular to the x axis. At the end of this section some
remarks will be made about expression (7) for 7. With the
help of Egs. (1), (4)—(9) we can calculate a number of rel-
evant parameters.

The number of free electrons in the two depletion re-
gions, —(W+A)<x<—W and 0<x<, is given by

A
Ndepl:2J n exp(— yx2)dx=n\(2wkT/qVp)"?
0

=~n\/3. (10)

The number of free electrons in the bulk region, —W<x<0,
is given by Ny =nW. Therefore, the conductance is domi-
nated by the bulk if Ny /Ny, =3 W/A>1, thus W>N/3. The
spectral noise density of the fluctuations ANy, is

0 (o
S, lk(w)=f f S (x,x",0)dx"dx
u -wJ-w

=4(ANZ ) To /(1 + 0*73), (11)
with 7, the relaxation time in the bulk. The variance (ANZ ;)
is
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FIG. 1. Energy band diagram of the layer (Np=~N,).

© B n,W
(ANbulk> fo SNbulk(w)df_ (1+e*b)(1+eb)+”t/”.
(12)

For the depletion regions we obtain

A
Sw, (w)=2f f S, (x,x" ,@)dx'dx (13)
epl oJo

and

(ANZ )_Zn,}\J‘ dz
depl, a Jo (1+ele’)(1+e'zz"”’)+(n,,/n)ezz

(14)
with a=\y'2=(qVp/2kT) ?~5.
Remark. The expression for the relaxation time, Eq. (7),

needs some explanation. The relaxation time 7 for a two-
level system is given by [See Eq. (24) of Ref. 5]

with n; the number of carriers in level i, N; the number of
states, and a the capture probability of electrons by level 2.
For a nondegenerate n-type semiconductor with traps this
leads to

l/r=a[nN,/n,+N,—n]=aln+N(1=f)f 1] (16)

with n=n;<€N_,=N;, n,=n,, and N,=N,. Here n is the
number of free electrons, N, the number of states in the
conduction band, N, the number of trap states, and f,=n,/N,
the trap occupancy factor. The capture probability is given by
a=v40,/Q, with Q the sample volume. If n, n,, and N, are
densities then we have a=vyo;. It should be noted that this
formula for T can also be derived from Sah’s results.® For a
single level Shockley—Read-Hall center the regression of a
fluctuation of the trapped electron concentration is given by
Eq. (5) in Ref. 6

dAn,
at

=—[ca(n+n)+cy(p+pi)]An,+c,(N,—n,)An

—c,nAp. 17)

Neglecting transitions between trap and valence band (thus
¢,=0 and Ap=0) and taking into account charge neutrality
(An=—An,), Eq. (17) reduces to

dAn, AdAn An
————c,,[n+n1+N, ]An=——7_—,

ot ot
(18)

where n is the free electron density, N, the trap density, n,
the trapped electron density, n,=n; exp(E,— E;)/kT, E; the
Fermi level for an intrinsic specimen, n;=N_ exp(E;/ kT)—
the free electron density in an intrinsic specimen, and
c,=vyo;—the capture probability of electrons by traps.
Since n,=N, exp(E/kT) the relaxation time 7 in Eq (18)
can be written as

1/T=a[n1N2/ﬂ2+N](N2_n2)/(N1‘_fll)] (15) 1/T=Cﬂ[n+NL‘eEt/kT+Nt-—nt]' (19)
I I 1
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FIG. 3. Lorentzian-like spectra of thin GaAs layers: Pascal ef al. (Ref. 1)
(@), Jarrix (Ref. 3) (). Full line: Eq. (20), dashed line: Lorentzian spec-
trum. (Open symbols corrected for L/f noise).

FIG. 2. Spectral density Sy et VS frequency f on a logarithmic scale. Full
line: Eq. (20), dashed line: Lorentz:an spectrum.
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TABLE L Time constant Tand variance {AN?) at four situations.

E,—E>kT
thus f,<1
n*»n}k n*<nf
Ur=v 40N, exp(—|E|/kT) Vr=vgoN,
(ANH=n*Q (AN»=n*Q

Ep—E>kT
thus f~1
n*®N, — n¥
Ur=vgon*
{ANH=(N, - )

n*<€N,—n}
Ur=vgaodN,~n})
(ANY=n*Q

As nN,/n,=n[1+exp(E,—Ep)/kT]=n+N_ exp(E/kT), we
find Eq. (19) to be equal to Eq. (16).

Here it should be noted that the capture probabilities a,
B, and ¢, differ by a geometrical factor. For n,N in densities
per unit volume we have c,=vg0,, for densities per
unit length we have B=vu0/A, and for total numbers
a=v g0/

Here we present the results for the special case where
n,<n exp(—b). The formulas for the variance and the g-r
noise become more simple then: In the whole depletion re-
gion we can use the approximation n(x) > n, .(x). At room
temperature the assumption E,=—0.15 eV results in b=~5
and thus N,<Np,/150. For thlS case we find (AN i)
~n,W/150, (ANgep,) nMN10, and (ANZIKANE)~15
)JW

Consequently, for the special case Ny =N,=10'7 cm
where A=0.1 um, the g-r noise in the depletion region
dominates when W<1.5 pum. Note that the conductance in
the depletion region dominates for W<<0.03 um.

For the same situation, #=35 and N,<N /150, the spec-
tral noise density of AN is calculated to be approximately
equal to

P _ 8 ja dz
Ndep‘(w)_ a Jo [eb+e22][(e'b+e,_

-3

*"2) 24 w212

(20)
with a=5. The results are plotted in Fig. 2. Here we observe
an obvious broadening of the ideal Lorentzian spectrum. The
corner frequency is about w.~e~%/7,, which results in an
effective time constant .

1/ 7= w = Bn expl(E;~Ep)o/kT]
~0 30N exp(—|E|/kT). (21)

Here, N, is the effective density of states in the conduction
band. '

In Fig. 3 we have plotted two experimentally observed
broadened Lorentzian-like spectra. The data are from thin
GaAs layers and have been published in Ref. 1 and in Ref. 3
(Fig. 147). Here we see that the experimentally observed de-
viations from the ideal Lorentzian spectrum are similar to the
calculated deviations presented in Fig. 2.

It is common practice to determine the trap energy E,
from the temperature dependence of the relaxation time 7.
This energy is evaluated from Arrhenius plots, i.e., log(7T?)
vs 1/T. According to Eq: (21) we have

1/7=v4w0o,N. exp(—|E|JkT)~T? exp(—|E,|/kT), (22)

where v ~T”2, N.~T32 and o, is assumed to be indepen-
th c t p
dent of the temperature. If the g-r noise is determined by the
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bulk of the semiconductor, then Eq. (22) only holds for very
special cases, and one has to be careful using this equation.
According to Eqgs. (7) and (12) for homogeneous devices we
have

Ur=vgo[n*/f;+N(1-f)] - (23)
and -
(AN*)= =% Nth
(1+e ) (1+e°)+N,/n*
O )
(24)

TN~ nf)+1/nfF+1/n*’

where n* is the density of free electrons, n}* the density of
trapped  electrons, () the device volume, and
fi=n*IN=(1 + ¢ 57!, thus e b=(N,—n})/n}.

We can have several situations, which are summanzed in
Table L
Considering Eq. (22) and the results in Table I, the conclu-
sion is obvious. Equation (22) can be used for the special
case where:

(1) E,—Ep>kT, thus the trap has to be situated at a level
more than k7 above the Fermi level.

(2) density of free electrons has to be much larger than den-
sity of trapped electrons (n*®n*)

(3) temperature dependence of v o, N, has to be ~T?, thus
o, is independent of 7.

Here it should be noted that Eq. (22) is often used for
III-V semiconductors with a donor concentration N, such
that E,—Erp=kTIn NJ/Np<02 eV. With the help of
Arrhenius plots activation energies, |E,|, have been deter-
mined with values higher than 0.2 eV, thus Ep—E>kT.
Such an analysis can be correct provided that the edges de-
termine the g-r noise and Eq. (21) applies.

In thin highly doped layers the g-r noise is mainly de-
termined by the edges of the layer, whereas the conductance
is determined by the bulk. In such layers we can expect
deviations from the ideal Lorentzian shape.

This work was performed within the European Labora-
tory for Electronic Noise (ELEN) that is supported by the
European Union. '
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