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bstract

his paper shows how a backgating noise coming from boundary space charge regions becomes a 1/f resistance noise due to the biasing of
he samples. This overseen noise that is Lorentzian with no bias applied, becomes a continuous set of Lorentzian terms in biased samples that

ynthesizes a 1/f resistance noise. The ratio fhigh/flow for the frequency band where 1/f noise appears is an exponential function of the bias voltage
easured in thermal voltage units VT = kT/q at the temperature T of the experiment. Grain boundaries and planar interfaces are powerful sources

f this 1/f electrical noise.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

The high gain of GaAs photoconductors at low illumina-
ion levels has been explained by the variation of conductive
olume taking place in thin epitaxial layers due to transver-
al photovoltages developed at boundary space charge regions
BSCR).1,2 This photoconductance gain is a photo-backgating
ffect from their BSCRs and the evaluation of its signal to noise
atio has lead us to discover an overseen resistance noise in
esistors that is the thermo-backgating effect from surrounding
r embedded BSCRs that exist at boundary interfaces as the sur-
ace or the substrate–epilayer interface of devices and around
mbedded dislocations and inter-grain boundaries in the mate-
ial. Two BSCR contributing to the above gain were found in
ef. 2, one in the bottom interface between the conducting film
nd the substrate and the second aside the surface on top. For
his “photo-topgating” gain, a 1/f noise has been demonstrated
ecently in epitaxial GaAs resistors by optically induced fluctu-
tions of their surface charge diffusing over their surface.3 This
roduced a set of random modulations in the channel, each with
1/f spectrum, giving a 1/f resistance noise in the channel by
eld-effect. In this way, a 1/f resistance noise in the bulk was

roduced tracking a surface effect, thus without contradicting a
ell-known paper of Hooge.4
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lectrical noise

Although the above effect is a first reason to expect 1/f noise
n resistors and granulated materials, the most powerful source
f 1/f resistance noise is one advanced at the end of Ref. 3, due
o the interaction of BSCRs with the bias applied to the sample,
hat leads to a 1/f noise synthesised by a set of Lorentzian terms
etuned and weighted as required to generate a 1/f spectrum, as
his paper shows for the first time.

. Space charge voltage noise (SCV noise)

This section shows that a BSCR uses to be a trembling bound-
ry for the resistor that it limits due to the thermal fluctuation of
lectrostatic energy stored in such BSCR. To show this important
esult, let us consider first the thermal noise of a resistance R at
emperature T, shunted by a capacitor C. As it was known some
ime ago,5 the flat noise power density SV(f) = 4kTR (V2/Hz) of

(its Johnson noise) being filtered by C produces a Lorentzian
pectrum in the form:

V(f ) = 4kTR

1 + (f/f00)2 = 4kT

2πC

f00

f 2 + (f00)2 (1)

hose total power is 〈v2
n〉 = kT/C(V)2 no matter the R value

onsidered. This striking property leads to the so-called kT/C
oise of capacitance-based devices as CCDs.6 Thus, capaci-

ance, temperature and Boltzmann’s constant k set the mean
quared voltage fluctuation 〈v2

n〉 that will exist in any capaci-
ance C from thermodynamical reasons, because this kT/C noise
ower is the same for a capacitance of C pF shunted by few k�
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ig. 1. Bode plots of the Lorentzian voltage noise existing in an R–C parallel
ircuit for different resistance values shunting the same capacitance C.

a leaky capacitor) than for a capacitance of the same value
hunted by billions of G� (a high quality capacitor).

What changes is the spectral distribution of the above power,
hat will be a high-amplitude, narrow band, Lorentzian spectrum
or a good capacitor and a low-amplitude Lorentzian noise cover-
ng a much higher bandwidth from f → 0 (dc) to f00 = 1/2πRC Hz
or the leaky capacitor. Perhaps a “lifetime” τ = RC sounds bet-
er to deal with these first-order, low-pass (Lorentzian) spectra,
s those that appear in the Bode plots of Fig. 1 for three capaci-
ors of the same capacitance C shunted by “leakage” resistances
, 20R and 400R. The kT/C noise power conservation leads to

hree Lorentzian terms whose low-frequency flat amplitude is
nversely proportional to their cut-off frequency f00, thus align-
ng the corners of these Lorentzian terms along the 1/f dashed
ine (10 dB/dec power roll-off) as shown in Fig. 1. This feature
ill lead to synthesize 1/f noise from the sum of logarithmically

paced Lorentzians forming a ladder with constant step height
s in Fig. 1. This kT/C noise will exist in any capacitance C no
atter the mean (dc) voltage it stores. Any physical structure

ble to store electrostatic energy as a parallel-plate capacitor or
junction capacitor with R �= 0, also will have this voltage noise.
Let us consider the metal–semiconductor (Schottky) diode
hose cross-section appears in Fig. 2, where the upper metallic

ontact G is a metal electrode (gate) placed onto a semiconductor
SC) layer that will be assumed to be n-type, thus converting

ig. 2. Schottky diode viewed as a planar interface with a space charge region
hat stores electrostatic energy in the electrical field existing between the metal
ate (G) and the equipotential semiconductor accessed through contact B as
escribed in the text. Under open circuit conditions, the SCR thickness H(t)
uctuates slightly due to the kT/C noise of the diode.
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he gate in the anode and the bottom contact B in the cathode
f the diode. This contact is the best ohmic contact (BOC) for
he SC region because other ohmic contacts in this region (e.g.
oplanar ones with the gate) lead to lateral access resistances
armful at high frequencies7 for example. This BOC helps to
ake equipotential the SC bulk (cathode) as it also is the metallic

node.
Due to the space charge region between the SC layer and the

etal of this diode, its equivalent circuit under thermal equilib-
ium (TE) will be a capacitance C between B and G terminals
hunted by some resistance R. As it was shown in Ref. 2 the

value to be used for small signals as electrical noise is the
ynamical resistance of the diode rd(v) that is an exponential
unction of any quiescent voltage v existing in the junction, as
he photovoltages that flattened the Arrhenius plots of Ref. 2.
ence, the voltage noise signal existing in TE between B and
terminals will show a Lorentzian spectrum with a cut-off fre-

uency f00 = 1/2πrdC as those of Fig. 1. From the typical i–v
haracteristic of a Schottky diode, it can be shown that tens of
V dc existing in such diode are enough to shift clearly both the

ut-off frequency f0(v) and the amplitude of its Lorentzian SCV
oise. For such low biasing, the capacitance of the diode C(v)
an be taken as constant, but this is not the case for its dynamical
esistance rd(v). Using this i–v characteristic:

= Isat

(
exp

(
v

VT

)
− 1

)
= Isat[exp(u) − 1] (2)

here u = v/VT, v being the bias voltage and VT = kT/q the ther-
al voltage unit (26 mV at room temperature). The dynamical

esistance of the diode is:

d(v) =
(

∂i

∂v

)−1

= VT

Isat
exp(−u) = rd0 exp(−u) (3)

It is worth noting that p–n junction diodes made from Si or
aAs, use to have rd0 values in the 1012 � range, making them
ery difficult devices to be handled properly by a sensing elec-
ronics, but Schottky diodes, with much lower built-in voltages
bi than such p–n diodes, can be handled with acceptable load-

ng effects by a sensing electronics having 100 M� or higher
nput impedance, as that of a low-noise EGG-PAR Model 113
re-amplifier (LNA).

From Eq. (3), a small reverse bias v = −75 mV sets the
ynamical resistance of the diode to a 20 times higher value
20rd0) than it was in TE, while its capacitance remains roughly
he same. This allows writing the cut-off frequency of the
orentzian spectrum of the so-called kT/C noise in our Schottky
iode as:

0(u) = 1

2πCrd(u)
= 1

r0C
exp(u) = f00 exp(u) (4)

Eq. (4) predicts an electrical tuning of f0 in the diode by
he applied bias v that will be accompanied by a change in the
mplitude of its kT/C or SCV noise as it is shown in Fig. 1.

ike this Schottky diode, any boundary space charge region
ill be a source of Lorentzian noise whose lifetime will be tuned
lectrically by the bias existing in such interface. For similar rea-
ons, the temperature T also will tune this SCV noise spectrum
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nd moreover, its lifetime will appear as thermally activated
ith energy ET ≈ qVbi, where q is the electronic charge and Vbi

s the built-in voltage of the junction. This behaviour comes
rom the exponential dependence of rd0 with the energy ET,
fact exploited in Ref. 2 to obtain surface band-bendings by

hotoconductance measurements.
We have to be very cautious with this tuning feature, how-

ver, because any bias voltage v = VQ between B and G terminals
ill take the diode out of TE, thus setting some bias cur-

ent IQ (reverse or forward) across the diode whose shot noise
ill add to the Johnson noise of any leakage resistance Rleak

ssumed in the diode to “justify” its kT/C noise. This Rleak
lways can be assumed in parallel with rd(v) to have a kT/C
oise that is 〈v2

n〉 = kT/C(V)2 no matter the R value used. Taking
leak = 1030 � that means R → ∞ from a practical viewpoint, we

ustify the existence of kT/C noise in the diode due to its R–C
elaxing cell, besides the shot noise due to IQ. This shot noise
hat is a broadband noise due to the short transit time of carri-
rs across the junction, will add in power (uncorrelated) to the
ohnson noise of Rleak. The final result is a unique noise spec-
rum shaped by C and rd(v) (Lorentzian) comprising both the
T/C noise due to C(V2) and the contribution of this shot noise
qIQ(A2) once converted to voltage noise (V2) through [rd(v)]2.

. Experimental proof of SCV noise in Schottky diodes

To show how the Lorentzian noise spectrum of an interface is
uned by its own bias voltage v = VQ, a commercial BAT85 Si-
chottky diode was used. From the forward voltage Vf = 235 mV
easured in this diode at room T (VT = 25.9 mV) while its

c current was If = 1.23 mA, Eq. (2) gives: Isat = 1.4 × 10−7 A
nd rd0 = 185 k� that allow to design the circuit of Fig. 3. For
= 10 pF from the BAT85 datasheets, we have: τ0 = 1.85 �s or

00 = 86 kHz. This high native f00 was lowered to f01 = 183 Hz by
high quality capacitor of 4700 pF in parallel with the BAT85.
his f01 is well suited to the input characteristics of our LNA and
elow 25 kHz, the cut-off frequency of the anti-aliasing filter of
ur noise meter described in Ref. 3. This high capacitance in
arallel also makes unimportant any small change of C with VQ,
beneficial feature used in Ref. 2 to measure comfortably the

hermal activation energy ET ≈ qVbi of rd(VQ) in GaAs Schottky
unctions.

Fig. 3 shows the circuit used to measure voltage noise in the
AT85 biased by a small battery (VCC) enclosed in the shielded

est fixture. It offers a rather high resistance RL ≈ 1 M� in paral-

el with the expected rd0 = 185 k�, thus producing a low loading
ffect on our “C-enhanced” diode. The switch allows to change
he reverse bias voltage of the diode from VQ ≈ −VT to −7VT, as
t can be seen in Table 1, where also are shown two voltages VA

p
c
g
m

able 1
easured voltages and calculated currents in the circuit of Fig. 3

CC = 12.38 V VA (V) VB (V) I1 (�A)

wich ON 1.630 0.025 1.075
witch OFF 0.818 0.185 0.847
ig. 3. Electrical circuit used to tune and measure noise in a BAT85 Schottky
iode.

nd VB measured on the circuit with a Keithley-195A voltmeter
1 G� load resistance) that allow to calculate the currents given
here. The corresponding dynamic resistances rd of the diode
or these VQ values and for VQ = 0 (VCC = 0) appear in Table 2
ogether with the cut-off frequencies f0(VQ) they would give
or the noise spectra of the diode shunted by the fixed capac-
tor, without the load of the bias circuit in parallel that starts
o dominate when rd(VQ) becomes similar to (or higher than)
L ≈ 1 M�.

Table 2 also shows the theoretical cut-off frequencies f #
0 (VQ)

esulting from this loading effect as well as the experimental
ut-off frequencies f @

0 (VQ) extracted from the noise spectra of
ig. 4 that were measured in the circuit for the above VQ val-
es. As it can be seen, the measurements agree well with the
heoretical predictions of Eqs. (1) and (4). Curve (a) in Fig. 4
s the noise spectrum measured in the circuit of Fig. 3 with
he input of the LNA shorted, thus being a reference about the
owest power spectral density (in V2/Hz) that our system can
andle due to the equivalent input noise (en)2 of the rather
ld LNA. Curves (b)–(d) are three Lorentzian spectra mea-
ured for VQ = 0, −VT and −7VT. Curve (e) is a final check
hat revealed that shot noise also was present. This curve is
he noise measured in the circuit with both the BAT85 and the
700 pF capacitor removed and VCC = 0. It was done to check
his reasoning: since rd(−7VT) = 200 M� vanishes in parallel
ith RL ≈ 1 M�, the flat part of curve (d) would have to be equal

o that of curve (e). But the flat part of curve (d) at Sn ≈ −129 dB
1.26 × 10−13 V2/Hz) is 8.8 dB over curve (e), the familiar ther-
al noise of a 1 M� resistor (−137.8 dB or 1.66 × 10−14 V2/Hz)

ften used to test the system and whose drop around 6 kHz is
ue to the 25 pF capacitance at the input of the LNA.

Thus, there is more noise in curve (d) than the expected
rom the above reasoning and the reason is that, although
d(−7VT) = 200 M� vanishes in parallel with RL ≈ 1 M�, the
hot noise of Id(−7VT) and I4 does not vanishes at all and its

ower spectral density: 2q(Id + I4) = 1.3 × 10−25 A2/Hz will be
onverted by |Z(jω)|2 ≈ (RL)2 to a voltage power density. This
ives: 1.3 × 10−13 V2/Hz that will add in power with the ther-
al noise of RL, thus giving Sn(f < 34 Hz) = 1.4 × 10−13 V2/Hz

I2 (�A) I3 (�A) I4 (�A) Id (�A)

0.906 0.169 0.025 0.144
0.454 0.393 0.185 0.208
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Table 2
Theoretical and experimental cut-off frequencies for the noise spectra of the
BAT85 Schottky diode under three quiescent bias voltages

Bias VQ rd0 (M�) f0 (Hz) f #
0 (Hz) f @

0 (Hz)

0 0.185 183 217 190
−VT 0.500 68 101 90
−7VT 200 0.17 34 35
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ig. 4. Noise spectra measured in the circuit of Fig. 3 under these conditions:
a) diode replaced by a short circuit; (b) VCC = 0 and switch OFF; (c) swicth ON;
d) switch OFF; (e) both diode and capacitor removed.

−128.5 dB) for curve (d) that explains perfectly the extra noise
ound in the reverse biased diode. Therefore, planar junction
iodes are generators of Lorentzian noise that are tuned by small
ias voltages VQ ≈ VT. This noise includes both the kT/C noise
f the diode capacitance existing in TE (VQ = 0) as well as the
hot noise of any current existing in the diode for VQ �= 0 V.

. From SCV noise (in V2) to interface induced thermal
oise (in �2)

Once the SCV noise existing at interfaces has been shown,
et us show its effect on the sheet resistance of conducting layers
arallel to them. Going back to Fig. 2, the thickness H of the
C layer will be modulated by the SCV noise of the interface,

hus being a function of time H(t). This follows from the finite
oping ND of the SC leading to a varying depletion layer width to
rack the SCV noise. In Fig. 5 derived from Fig. 2, the SC layer
sed as a conducting channel without the BOC and with two
ew ohmic contacts Source S and Drain D placed at its ends,
ctually is a field-effect transistor (FET) whose gate-channel
apacitance has a small voltage signal due to its SCV noise.
his small signal will modulate the channel thickness H(t) by

he well known field-effect, thus producing a resistance noise
n the channel mirroring the SCV noise. To say it bluntly: the
esistance between terminals S and D in Fig. 5 is not constant.
nstead it has a mean value Rch together with a resistance noise
f zero mean and Lorentzian power spectrum (in �2) tracking
he SCV noise of the BSCR parallel to the channel.

Thus, a conducting channel bounded by a floating gate will

ave an interface-induced thermal noise (IIT noise shortly). This
oating gate FET device (FGFET) is very likely to be found
ecause thin-film resistors for example use to have a substrate
n which they lie. Their substrate/thin-film heterojunction uses

o
S
o
f

ig. 5. Planar interface whose space charge region is parallel to the semicon-
uctor region used as a resistor channel whose thickness H(t) will fluctuate due
o the kT/C noise of such interface being a BSCR (see text).

o have a space charge region to equalize Fermi levels and this
onverts the substrate into a disturbing floating gate for the thin-
lm resistor, because the substrate conductivity is not null and

ts thickness uses to be high. From all the above, we would have
o pay attention to these FGFET devices in any planar device we
an make and especially in materials plenty of grain boundaries
r dislocations.

All the above suggests that a Lorentzian IIT noise coming
rom interfaces under TE would have to be observed quite often,
feature that seems to be in conflict with the 1/f electrical noise
idely found that seems quite different. To solve this conflict,

et us consider the traditional method used to measure resistance
oise by a dc current Id flowing through the sample to convert any
hannel resistance fluctuation into a voltage fluctuation between
and S terminals, able to drive a spectrum analyzer not designed

o measure resistance noise directly. This method leads to a dc
oltage VDS along the channel that will drop linearly along the
esistor for VDS values low enough to avoid noticeable pinch-off
ffects in the channel. Let us take VDS = 6VT ≈ 150 mV in Fig. 5
o obtain some numerical results.

With the above VDS applied, the floating gate will acquire a
oating voltage 0 < vfloat < VDS, thus leaving part of the Schottky

unction forward biased (in the source side) while the remain-
ng part becomes reverse-biased, in such a way that the opposed
njection and extraction currents flowing through each part of
he junction cancels one to each other, to make null the net
harge transfer from the resistor to its floating gate. This dynamic
quilibrium and Eq. (2) lead to: vfloat = VT ln[Ud/1 − exp(−Ud)]
here Ud = VDS/VT.8 Thus the floating gate acquires a voltage

float = 1.8VT ≈ 45 mV, and the gate-source bias voltage of the
GFET in Fig. 5 is: VGS = 45 mV while its gate-drain bias volt-
ge becomes VDS = −105 mV. This produces a non-uniform bias
f the Schottky junction along the channel, where there is a
oltage drop VDS = 6VT while Id flows.

Considering the channel of Fig. 5 as formed by several slices

r small Schottky diodes connected in series along the x axis, the
CV noise on the first slice aside the drain will be a Lorentzian
ne as the one labelled 20 × 20R in Fig. 1 with flow as its cut-off
requency, but the SCV noise of the last slice aside the source
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ill be the Lorentzian labelled R in Fig. 1, thus having a cut-
ff frequency fhigh = flow exp(6) ≈ 403flow. And there will be a
ontinuous set of intermediate SCV noises for the inner slices,
ike the one labelled 20R in Fig. 1, but with cut-off frequencies
overing all the bandwidth (flow − fhigh), that approaches three
ecades for this rather low VDS. The sum of this continuous
istribution of Lorentzian terms synthesises 1/f noise in the band
flow − fhigh) as the Bode plots of Fig. 1 sketch quite neatly, but
hose readers not familiar with Bode plots may prefer to look at
ig. 1 in Ref. 9. The mathematical work of this synthesis process

hat we propose here will be published elsewhere,8 but the reader
an get an advanced idea from the McWorther or Dutta–Horn
odels shown in Ref. 9 for carrier traps, thus in a very different

ontext than the electrical one we are using.
Hence, researchers using the method based on Id to observe

esistance noise in channels with unintentional but unavoid-
ble BSCRs, will not find a Lorentzian IIT noise tracking the
CV noise of Eq. (1) because their samples are taken out of
E by Id, injected with Ohm’s law in mind to convert IIT
oise into voltage noise emerging over the Johnson noise of
he mean channel resistance Rch. Instead, they will find a sum
f Lorentzian noises (logarithmically spaced due to the linear
rop of VDS) viewed as a 1/f noise over a broad band that
omes from the interaction of those BSCRs with the applied
ias during the measurement. As it is shown in Ref. 8, most
f the 1/f electrical noise found by researchers comes from
his hidden feature of actual resistors: their non-constant resis-
ance due to unintentional but unavoidable floating gates in their
icinity.

. Conclusions

Backgating effects from double layers surrounding conduc-
ors or embedded in their volume have not been considered from

he noise viewpoint. This gives a thermally unstable character to
ome boundaries in conductors that generates a resistance noise
IIT noise). Attempts to convert this IIT noise of samples into a
oltage or current noise able to drive a spectrum analyzer, use

9

amic Society 27 (2007) 4011–4015 4015

o scatter the initial IIT noise under TE into a set of Lorentzian
oise terms in these samples brought out of TE by such attempts.
his set of spectra synthesises a 1/f noise when the bias voltage
DS parallel to the BSCR surpass some VT units. Conductors
lenty of BSCR as granulated materials, will be very prone to
how this kind of 1/f electrical noise due to the high number of
GFET devices they have embedded. This 1/f electrical noise
oming from the interaction of space charge regions with the
lectrical stimulation of samples would have to be accounted
or in the study of other sources of 1/f noise proposed under
he approach of a perfectly constant conductive volume for the
evices where low-frequency noise is measured.
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. Izpura, J. I. and Muñoz, E., Epitaxial photoconductive detectors: a kind of
photo-FET devices. In Proceedings of the IEEE-WOFE’97, 1996, pp. 73–80.
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