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Abstract. This paper concerns measurements and calculations of low frequency noise for semiconductor layers with four-probe electrodes. The
measurements setup for the voltage noise cross-correlation method is described. The gain calculations for local resistance noise are performed to
evaluate the contribution to total noise from different areas of the layer. It was shown, through numerical calculations and noise measurements,
that in four-point probe specimens, with separated current and voltage terminals, the non-resistance noise of the contact and the resistance noise
of the layer can be identified. The four-point probe method is used to find the low frequency resistance noise of the GaSb layer with a different
doping type. For n-type and p-type GaSb layers with low carrier concentrations, the measured noise is dominated by the non-resistance noise
contributions from contacts. Low frequency resistance noise was identified in high-doped GaSb layers (both types). At room temperature, such

resistance noise in an n-type GaSb layer is significantly larger than for p-type GaSb with comparable doping concentration.
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1. Introduction

The semiconductor layers, which are commonly electrically
characterized by manifesting resistance, can also be charac-
terized by the resistance low frequency noise. It is a nontrivial
electrical property, which includes both 1/ and generation-re-
combination (g-r) noise types. From low frequency noise, addi-
tional knowledge about properties of a semiconductor layer can
be gained, i.e. the connection of the 1/f or g-r noise with defects
in a material is well known [1, 2].

Noise characterization of the semiconductor layer requires
sensitive measurement techniques. Such layers have distinctly
smaller low frequency noise than a device with a depletion
region [3]. Using such sensitive methods does not guarantee
characterization of the semiconductor layer itself, due to the
influence of the contact, i.e. metal /semiconductor interface
noise. These undesired excess contributions should be removed,
or at least identified when low frequency noise properties of
a semiconductor material need to be characterized. The con-
tact-related low frequency noise can be evaluated with the four-
point probe noise measurements method. The method can be
applied to the same samples used in Hall effect measurements,
so there is no need to prepare special samples/devices for noise
experiments.

This paper focuses on the identification of layer- and con-
tact-related low frequency noise by means of the four-point
probe method. Such identification requires measurements
supported by numerical calculations for result interpretation.
The gallium antimonide (GaSb) layers were chosen for the
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four-probe method illustration. Gallium antimonide is one of
the key materials for infrared technology. It is lattice-matched
to many compounds of the IT1I-V group as well as to super-
lattices, which cover a wide spectral range of infrared radi-
ation. Therefore GaSb can be used as a substrate [4] or as
a component [5, 6] for the fabrication of high-quality infrared
detectors. The GaSb material research covering physics and
technology has been reviewed by Dutta et al. [7]. However,
the low frequency noise properties of GaSb have not been
investigated so far.

2. Experiment

The GaSb layers used in this study were deposited on a semi-in-
sulating GaAs substrate using the interfacial misfit array growth
method. Thickness of the GaSb layers was in the range of
1-1.3 pm. The samples were p-doped with beryllium or n-doped
with tellurium. Three p-doped and two n-doped samples with
different measured carrier concentrations were analyzed. In
p-type specimens, the carrier concentrations were: 1 x10'7 cm™,
7x10"7 em™ and 5x 10" cm™, and in n-type specimens they
stood at 2x10'®cm™ and 7x10'" cm™. The squared samples
(5 mm x 5 mm) were manufactured originally for Hall effect
measurements. The four indium-based contacts (Ingse, Zn 5o;)
are located near the sample corners.

The low frequency noise properties of GaSb layers can
be determined from voltage or current noise measurements.
However, for low resistive layers, measurements of voltage
noise instead of current noise are preferred. The influence of
the equivalent input current noise of the voltage amplifier is
negligible for the low resistive device under test (DUT). Addi-
tionally, the uncorrelated equivalent input voltage noise of the
amplifier can be effectively reduced by cross-spectral density
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Fig. 1. Voltage noise measurements setup for semiconductor layer with four electrodes

calculation [8]. This method is easier to implement with the
voltage rather than current amplifiers.

The voltage low frequency noise is measured in the cir-
cuit presented in Fig. 1. The DUT is biased with the current
provided by the power supply and by resistance Rz. The value
of Rp satisfies the condition Ry >> Rpyr, where Rpyr is DUT
resistance.

Thebias currentis constant,/ = U, /(Rg + Rpyr) = I = U, /Rp,
where Uj is the source voltage measured after filter sections,
which are used for reducing power supply noise. The voltage
Upyr, across the DUT, is also measured, so the resistance of
the DUT can be found: Rpyr = Upyr/I.

There are several ways (configurations) to provide the
bias current and acquire voltage signals from four-electrode
DUT. The key difference between configurations is discussed
in a further section. In Fig. 1, one of the possibilities is pre-
sented. The bias current is provided to one pair of the termi-
nals (C1 and C2), which are called current terminals (CT). The
remaining pair (V1 and V2), used as sensors, are referred to as
voltage terminals (VT). At the voltage terminals, the differen-
tial signal is measured with two differential amplifiers (W1 and
W2). For such measurements, general-purpose amplifiers can
be used. Amplifier W1 is Signal Recovery 5186 while amplifier
W2 is a self-made unit. They feature low noise (equivalent
input noise voltage of about 3nV/Hz"? at 1 kHz) and have high
input impedance (100 MQ) as well as wide bandwidth (up to
1 MHz). The amplified signals go to the antialiasing filter and
further to the analog/digital (A /D) converter of the acquisition
card connected with the computer. The cross-correlation method
[8] is applied to the outputs of amplifiers W1 and W2. Such
a method allows reducing the uncorrelated noise contributions,
namely the equivalent input voltage noise of the two amplifiers.
With this method, a DUT signal level 30 dB lower than the
background noise of a single amplifier can be measured within
acceptable averaging time [9]. The low frequency noise of DUT
is found by subtracting the measured cross-spectral density for
the unbiased DUT from measurements for the biased DUT.

Typically measured cross-spectral densities are illustrated
in Fig. 2. As can be seen, the low frequency noise observed
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includes both the 1/f and generation-recombination (g-r) noise
with the Lorentzian cross-spectral density shape.

3. Calculations

The already mentioned choice of current/voltage terminals (CT/
VT) is very important because the measured resistance noise
does not come from the entire semiconductor layer. In each
configuration of the terminals, the particular regions of the layer
have different contributions to the total observed low frequency
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Fig. 2. Measured cross-spectral densities of the voltage noise for the

n-type GaSb layer biased with the constant current / = 160 pA at

two temperatures. Two typical low frequency noise components are

indicated: 1/ and Lorentzian shape with corner frequency f, and the
constant A related to the g-r noise magnitude
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noise. Furthermore, the intensity of the total acquired noise also
depends on the choice of CT/VT.

The problem of resistance noise measurements with the
arbitrarily placed CT and VT on a two/three-dimensional con-
ductor modeled by the resistive network has been solved by
Vandamme and Bokhoven [10]. According to their work, the
power (or cross) spectral density of voltage fluctuations Sy7
measured at VT, when the constant bias current / is provided
for CT, is:

(iala)’S?

Syr = “1—2 (1
where i, is the local current in « — branch of the original net-
work, i.e. when current is provided for CT and voltage fluc-
tuations are measured at VT, j, is the current in the adjoint
network, with the roles of CT and VT reversed. Local resistance
fluctuations of each branch o have spectral density S;”. Equa-
tion (1) is valid only if such fluctuations are spatially uncor-
related (resistance in each branch fluctuates independently).
For homogeneous samples, all fluctuations of the resistance in
each branch have the same spectral density S = S,.. In equation
(1), the quantity Sy is proportional to the squared bias current
because both branch currents, 7, and j,, depend on /. The power/
cross spectral density of resistive noise Sy, defined as:

X iaia) ST
— =5 = T 2

is better for our considerations than Sy, because it includes
dimensionless and bias-independent coefficient (iaja)2/14,
which can be interpreted as local gain for the local noise
with spectral density Si*. The gain determines which area of
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the examined layer contributes to the measured cross-spectral
density Si. The quantity Sy is not relative but circuit dependent
[11] due to dependence on the layer resistance R 7. The circuit
independent quantity, i.e. the relative noise, requires normal-
ization. This is done in section 4.2 for the sake of comparison
of the GaSb low frequency resistance noise.

Gain (i, J,)*/I* can be calculated by means of the node
voltage method for the geometry and CT/VT configurations
of DUT. In the numerical calculations, the DUT is modeled by
a two-dimensional homogenous structure (resistive network),
which reflects the sample dimensions, contacts’ location, and
their finite dimensions. The squared contacts are labeled A,
B, C and D. In Fig. 3, and Fig. 4, the calculated values of
(igJjo)*/I* are shown. Bias current [ is taken as unity. In the
first case (Fig. 3a), the current is provided to AD terminals, and
the noise is measured at the same contacts, so such case can
be denoted as AD¢cryt. In this case, the adjoint network is the
same as the original one, which means that i, = j,. The colors
in the figures, which represent values, are chosen so that 10%
(or lower) of the maximum value was assigned to the white
color. This means that the colored area contributes much to the
total measured noise. For the ADcpyt (Fig. 3a) and ABeryr
(Fig. 3b) configurations, the calculated gain is significantly
non-uniform. The highest gain was found for the area near the
contacts, which means that the measured low frequency noise
is dominated by the contributions from these regions of the
layer. For the AD ¢yt (Fig. 3a) configuration, the highest gain
is near the corners of the contacts, while for ABcryr (Fig. 3b),
the highest gain is near the bottom or the top contact’s edge.
In Fig. 4, the results of the calculations are presented for con-
figurations AD 1 BCyt (Fig. 4a) and AB-rCDyr (Fig. 4b). If
the CT and VT are different terminals, the measured noise is
related to the whole layer area, not only to the near-contact
region, because the gain is distributed in a more regular manner.
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The configuration with separated CT and VT should be used
if resistance fluctuations of the whole layer have to be char-
acterized; however, contributions from the near-contact area
remain very prominent. For both configurations, the gain is very
small near the sample corners behind the contacts (white color).
For the AD-1BCyr (Fig. 4a) configuration, the highest gain is
for the near-contact region but its value is more than one order
of magnitude lower than for e.g. ADcryr. In the center of the
layer, the gain is slightly lower than for the area near the layer
edge. For the AB-rCDvyr (Fig. 4b) configuration, the highest
gain magnitude is even lower than the highest gain for the
previous configuration. The gain has quite uniform distribution
in the layer’s center.

Configuration ADrBCyr (Fig. 4a), with diagonally pro-
vided current, seems to be optimum for resistance noise charac-
terization of the layers. The whole sample makes a contribution

to the total resistance noise, and the absolute value of Y (i /i)’
a

is higher than for AB-rCDyr, which proves very important if
the noise of the layer is low.

From Equation (2) and the above calculations (Fig. 3 and 4),
one can deduce that changing the role of contacts, e.g. switch-
ing configuration ADtBCyr to BCcr ADyr, does not change
the calculated value of Sy if the noise comes from resistance
fluctuations of the layer. This is true even when noise sources
have no homogeneous distribution in the layer or if several
resistance fluctuation mechanisms exist [12]. Deviations from
this reciprocity rule indicate some extra non-resistance noise
contribution from the contacts, i.c. metal-semiconductor inter-
faces. The low frequency noise measurements emerge as the
sensitive tool for contact evaluation because even for ohmic
behavior of the contacts local depletion regions can exist. The
depletion regions commonly introduce non-resistance low fre-
quency noise with a high magnitude [3], which immediately
breaks the reciprocity rule.
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4. Results

4.1. Interpretation. The calculations in section 3 are useful
for the interpretation of experimental results. For cross-spectral
density of voltage fluctuations, Sy was measured for p-doped
and n-doped GaSb layers with the setup from Fig. 1 for a num-
ber of configurations of CT and VT terminals. The measured
cross-spectral densities have the 1/f shape. The magnitude of
such noise: Sz = Syr / 1 2/ f at f =1 Hz versus temperature is
shown in Fig. 5 for the n-type layer doped to 2x10'® cm™
(Fig. 5a) and for the p-type layer doped to 1x10'7 ¢cm™®
(Fig. 5Db).

For both layers in two-probe configurations (CT is also VT),
the measured characteristics Sz(1000/7) significantly depend
on the choice of the contact. As can be seen in Fig. 5, the rec-
iprocity rule is generally not fulfilled in both cases, e.g. noise
measured in the ADctBCy configuration is different than in
the BCcrADyt one. This means that the measured noise for
these layers is the non-resistance component, probably intro-
duced by the contacts. The capacitance measurements con-
firmed that depletion regions exist in the n-doped layer. This
was to be expected because making ohmic contact constitutes
a challenge for the low n-doped GaSb layer. The layers with
higher doping were also evaluated. For the p-type layer doped
to 5x10' cm™, no low frequency noise was observed. The
results for the n-type layer doped to 7x10'7 cm™ are shown
in Fig. 6 for the two-electrode configuration, with curves
depending on the choice of the contact. For configuration with
separated CT and VT, e.g. AD-1BCyr and for reciprocal con-
figuration — BC-rADvyr, the measured noise is the same. The
reciprocity rule is obeyed, so the measured noise is indeed the
resistance noise of the layer and the contacts do not contribute
any non-resistance noise. For configuration AB-rCDvyr the
measured value of Sy is lower. This is expected because for
such configuration the value of ) (i, ja)2 is lower.

Bull. Pol. Ac.: Tech. 68(1) 2020
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Fig. 6. Cross-spectral density Sz = SVT/I 2/ 'f at f =1 Hz versus tem-
perature measured for different configurations of current and voltage
terminals for n-type GaSb doped to 7x10'7 cm™

4.2. Resistance noise of GaSb layers. The layer-related low
frequency resistance noise can be estimated by means of four-
point probe measurements with separated current and voltage
terminals for specimens which obey the reciprocity rule. Two of
such specimens were found: n-type and p-type GaSb layers with
approximately the same doping concentration (%7 x10"7 cm’3).
The diagonal configuration (ADCT BCVT) of measurements was
used to find the quantity of Si. Then, the relative low frequency
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resistance noise can be found if normalization of S by layer
sheet resistance R, (obtained from Hall effect measurements)
is performed. The values of S at /= 1 Hz and sheet resistance
R0 measured at room temperature as well as relative resis-
tance noise, Ly = Sg / (Rgheer)?, are gathered in table I for n-type
and p-type GaSb layers. At room temperature, the relative noise
of a similarly doped layer is three orders of magnitude higher
for n-type than for p-type GaSb. Interestingly, no low frequency
noise is observed for the p-type layer doped to 5x10'8 cm™>.
This suggests that both the contact and the resistance noise of
the layer decrease with increasing doping concentration.

Table 1
Absolute and relative low frequency resistance noise
at room temperature for beryllium (p — GaSb) and tellurium
(n— GaSb) doped GaSb layers. The doping was roughly
the same (=7x10'" cm™)

Layer Results at room temperature
Sg (Q*/Hz) | Ryer (/sq) | Ly (1/Hz)
(n — GaSb) 1.1x1078 35 9% 10712
(p — GaSb) 2.3x1071° 155 9.7x10713

5. Conclusions

The four point-probe noise measurements performed with the
aid of numerical calculations constitute a valuable technique to
study the low frequency resistance noise of any semiconductor
layer. With this method, both contact non-resistance noise and
layer-related resistance noise can be identified. The contacts
can be a source of significant low frequency non-resistance
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noise due to the presence of the depletion region. Non-re-
sistance noise violates the reciprocity rule, which is always
obeyed for resistance noise. At room temperature, the relative
low frequency resistance noise of the GaSb layers with similar
doping levels but of different doping types is three orders of
magnitude higher for the n-type Te-doped layer than for the
p-type Be-doped GaSb layer.
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