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In this paper a measuring analytical system for low-frequency noise spectroscopy is presented. The 
measuring system is adapted for the automated study of low-frequency noise spectra in electronic elements, 
components and semiconductor materials and structures. A distinctive feature of the proposed measuring system 
is an automated complex local and precise study of the dependence of the low-frequency noise spectra in the 
sample on electrical voltage and temperature. The frequency range is 0.001-10000 Hz, DC bias range is 0-50 V 
and the temperature range is 7-500 К. The measuring system is adapted for use with an atomic force microscope 
for local measurements of electronic materials and structures noise characteristics. The measuring system makes 
it possible to obtain a larger amount of experimental data, which makes it possible to draw comprehensive 
conclusions about the mechanisms and causes of noise generation in the test sample. The results of testing the 
operation of the measuring system are given as an example of the Schottky diode-like structure study. 
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Introduction 
Commonly during measuring any physical value noise is a negative influencing factor. It adds an error 

to the results of measurement. Fluctuations of current and voltage in electronic devices determine the lower 
limit of their sensitivity. In the case of high level of such noise useful component of the signal could be 
unobtainable. Noises in electronic vacuum and solid-state devices limit the dynamic range of their 
characteristics. Noises depend on the minimal size of these devices and the chosen minimal value of supply 
voltage [1]. 

On the other side, current and voltage fluctuations contain valuable information about internal 
properties of electrical systems. Thus, an analyzing mechanisms of noise formation provides the necessary 
data about characteristics and parameters of these systems. In this case fluctuations are used to obtain such 
information about physical processes leading to noise [2]. Some types of electric noise do not contain useful 
information. For instance, the thermal noise is the intrinsic and irremovable property of conductive materials 
with non-zero electrical resistance [3]. The power spectral density (PSD) of the thermal noise depends only 
on temperature and resistance of noise source. Besides that, it practically contains no useful data. The noise 
spectrum or dependence of is one of the most significant characteristics of fluctuation process [4, 5]. 

Shot noise, studied by Schottky in 1918 [6], is generated by discreteness of the number of charge 
carriers moving from one environment to another. In solid state structures shot noise is associated with 
charge carrier injection through the depletion region of p-n junction. It looks like a sequence of short pulses 
which create electrical current. Spectral density of such signal is uniform in a wide frequency range. 
Therefore, in the first approximation shot noise is considered as a white according to the corresponding PSD. 
Shot noise is the same as thermal noise. It doesn't provide information about the energy spectrum of 
electronic states in semiconductors. The low frequency (LF) noise in the metals and semiconductors used to 
control the quality of electronic components. It’s spectral density depends on frequency f as a function 1/fγ, 
where γ is in the range 0.6-2.5 [1, 7]. 

Modern computer techniques increased the level of experiments to investigate noises [8]. Special 
attention is focused on automation of data processing and obtaining to achieve real time calculations. 
Nowadays it is hard to find a general universal model of generating electrical noise in all semiconductor and 
metal devices and structures [1, 2]. There are some models of noise generation for some semiconductor 
devices and metal films [1] due to the large number of non-obvious factors affecting the formation of the 
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noise component of electrical signals. The temperature dependent noise is used to determine the 
electromigration activation energy, interconnect reliability, phase transitions, radiation damage, etc. [9-11]. 

To carry out precision studies of semiconductor barrier structures by LF noise spectroscopy the use of 
specialized equipment is required to measure the temperature dependence of the spectral density of noise 
power. On the other hand, local electrical measurements can be carried out using atomic force microscopy. 
Of interest is the joint use of atomic force microscopy to ensure local measurement and noise spectroscopy. 
A sensitive preamplifier is required to match the conductive probe of an atomic force microscope with a 
noise spectrometer.  

As an amplifier of the noise signal for example Stanford Research Systems SR560 [12] or Ithaco 1211 
[13] are used. Dynamic signal analyzers such as Stanford Research Systems SR785 [12] or SR780 [13], and 
other measuring devises as Agilent 5052A [14], for example, are applied. There are complete commercial 
systems for measuring noise such as NMS-NOYSYS 7 (Synergie Concept, French). Its advantage is easy to 
use and availability of software for managing and plotting noise spectra. However, such equipment provides 
several limitations. For example, papers [12-14] present spectra with bottom frequency limit 1 Hz, while the 
described in this paper system has the bottom range equals 0.001 Hz. NMS-NOYSYS 7 has lower sampling 
rates (250 kHz), bias voltage (till 10 V) and initial frequency (1 Hz). The complete software using leads to 
limitations about spectra processing and plotting.  

1. Description of the measuring system 
The influence of intrinsic noise of the amplifier on measurements was reduced by designing of the low 

noise amplifier with 10 parallel channels (Fig. 1). Application of N parallel amplifying channels allows 
decreasing the level of intrinsic noise in √N times. A disadvantage of the solution is increase of input 
capacitance in N times and decrease of input amplifier resistance in N times. The input level of amplifier 
noise is 3.9 nV/√Hz at 1 kHz (for comparison: input noise of amplifier SR560 is 10 nV/√Hz t 1 kHz). 
Changing resistance of R1, R2, R3, R4, provides the necessary gain factor.  

During developing topology of amplifier, we wired the conductive paths in the way that power bus and 
signal bus were located as far as possible from each other. We used low-noise operational amplifiers AD795 
that has normalized by the input voltage of the noise in the range of 0.1-10000 Hz. 

 

 
Fig.1. The scheme of the sample wiring with constant bias voltage source to the preamplifier 

 
A constant voltage is applied to the sample from the bias circuit. The current fluctuation leads to 

appearance of voltage fluctuation on the reference resistor R. That fluctuation arrives the input of pre 
amplifier through the capacitor C blocking constant component. C is the high-quality film capacitor at the 
input of the amplifier. In our case R = 1-100 MΩ and C = 2 × 4.7 µF that provide RC = 9.4-940 s. The 
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capacitor helps to remove the constant component of voltage on the reference resistor and work with voltage 
noise component only. The choice of the resistor R value is determined by the internal resistance of the 
sample and the lower boundary frequency in the noise spectrum. The upper frequency limit of the 
preamplifier can be increased by changing the parameters of the frequency correction circuits. The frequency 
limit of 10 kHz is due to the fact that the setup was designed specifically for studying low-frequency noise. 

For investigating temperature dependence of noise SPD closed cycle helium cryostat Janis 
CCS400/204N with thermocontroller Lakeshore 335 are included in the measuring system (Fig. 2). The 
cryostat and the thermocontroller provide a temperature range of 7-500 K and the accuracy of maintaining 
the temperature to 0.1 K. Galvanic elements that reduce influence of noises from electrical network are used 
to supply the amplifier and apply bias voltage to the sample. The signal through the data acquisition board NI 
PCIe-6361 and terminal block NI BNC-2120 goes to the PC, which records, processes and stores the 
received data. The constant bias voltage is applied to the sample by commutation of the galvanic elements 
from the PC through the terminal block NI BNC-2120 using reed relay with gold-plated contacts. Parameters 
of the measuring system are shown in the table 1. The sensitivity of the preamplifier allows it to be 
connected to a conductive probe of the atomic force microscope and to conduct local measurements of the 
noise spectrum. 

 
Fig. 2. The block diagram of the measuring system for low-frequency spectroscopy. 

 
 

Table 1. Parameters of the LF noise spectroscopy measuring system  

Parameter Range Parameter change step 
Bias voltage 1.5-49.5 V 1.5 or 9 V 
Frequency range 0.001 Hz – 10 kHz 0.001, 0.01, 0.1 and 1 Hz  
Experiment duration not limited - 
Temperature range 7-500 К 1-100 К 
Gain factor 1-1000 A multiple of 10 
Amplifier input impedance 1-200 MΩ - 
Sampling frequency up to 2 MHz - 
ADC bit 16 bit - 

 
One can set bias voltage change step as 1.5 or 9.0 V depending on the switching galvanic element. 

Addition of voltage divider in the switching circuit provides lower steps. Time to receive one PSD spectrum 
depends on the chosen frequency range, i.e. minimum set frequency. In the case of minimum frequency 
equals 1 Hz frequency change step is also set as 1 Hz, that provides measuring duration equals at least 1s. In 
the case of minimum frequency 0.01 Hz the step value is 0.01 Hz and the duration is not less than 100 s. 
Resistance of the reference resistor is chosen as approximately equal to dynamic active resistance of the 
sample.  
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2. Automation of measurements  
 
Commonly, noise parameters of electronic structures are measured at quasi-steady state condition, i.e. at 

constant current value and constant temperature. Therefore, algorithms controlling the equipment have to 
consider temporary pauses that are necessary for total relaxation of transient processes, caused by change of 
voltage or temperature. Increase of pause duration provides approximately steady state condition, however it 
increases duration of experiments. Thus, pause duration is chosen according to the time of establishing 
constant current and duration of measurements. Duration of pauses is estimated experimentally by series of 
preliminary experiments for different samples and depends on electrical resistance of these samples.  

In practice, the higher resistance means higher pause and measurement durations, which defined by 
time constant of RC circuit, formed by resistance of the sample, the reference resistance and the input 
capacitor blocking constant component at the input of the pre-amplifier [6]. For automatic recording 
experimental data one can set a delay after changing of external factors. Another way is tracking the average 
voltage across the sample. According to the data one finds a valid range of values (Fig. 3). This way is 
preferable as it reduces the duration of the experiment.  

 
Fig. 3. Factors to start automated experimental measurements 

 
The measuring system is controlled by the software written in LabVIEW [15, 16]. A bias voltage is 

applied by transferring a specific binary code to the digital block NI BNC-2120. The switching system after 
receiving this code includes the required number of galvanic elements in the circuit. The system could be 
simplified due to replacing the bias circuit containing galvanic cells by applying a bias voltage from a 
controlled source. Such approach helps to set a bias voltage with different steps. However it increases noise 
level from the electric network. 

PSD is calculated using LabVIEW built-in libraries. For fast Fourier transform algorithm radix-2 [17] is 
used. Blackman-Harris window is used. That helps to display the obtained data in the form of time 
dependence of voltage and calculated noise spectrum in real time. This spectrum is found and shown for 
different voltage values with subtracted average trend. To get PSD data it is necessary to choose a weight 
function and frequency range before starting averaging and recording the data. As fluctuations are stochastic, 
so we average noise PSD over several measurements for reproducible result. We choose number of averages 
according to the case, that dispersion is slightly decreased with increase of number of averages.  

As a results PC records only averaged noise PSD and shows all the data obtained at every measurement. 
Depending on the chosen value range, PSD can contain millions values due to the minimum frequency of the 
measuring system 0.001 Hz with step 0.001 Hz. Noise meters are usually designed for a lower operating 
frequency 1 Hz. The used sampling frequency is many times higher than the upper frequency of the studied 
signals 10 kHz. Artifacts associated with the influence of sampling frequency and digital filtering can fall 
into the high-frequency part of the spectrum.  
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3. Experiment 
According to the physical model [18-20] LF noise PSD S(ω) as a steady state random process is 

described by superposition of the Lorentz function components: 

221
)(

τω+

τ=ω CS ,     (1) 

where ω is the circular frequency (ω = 2πf); С is the proportionality coefficient; τ is the relaxation time of an 
activation processes.  

Characteristic points on the frequency axis fb, corresponding to the change in the slope of the 
dependences are called as the break frequencies [1]. The characteristic frequencies correspond to the 
relaxation time τ of the process responsible for LF noise generation [21]:  

1=ωτ .      (2) 
In semiconductor barrier structures the generation process is influenced by defects that create deep 

energy levels in a band gap. Determination of deep level ionization energy ∆Et by LF noise spectroscopy is 
provided by a model function describing change in relaxation time of deep centers recharging τ(T), according 
to Boltzmann's law: 
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where kB – Boltzmann constant, Т – temperature, physical meaning of τ0 is different and depends on a current 
physical model (for instance, τ could be relaxation time of crystal lattice oscillation) [22].  

Relaxation time is defined from a break frequency of PSD dependence at constant temperature. A set of 
the measured relaxation times at different temperatures allows to construct Arrhenius plot. Analyzing its tilt 
angle gives the value of ionization energy ∆Et. Arrhenius lines are plotted in semi-logarithmic scale versus 
reverse temperature: 

Tk
ΔE

+τln=τln
B

t
0 )()( .     (4) 

Using the developed measuring system, we investigated test silicon Schottky diode with n-type base 
containing electrically active deep centers in the temperature range 90-290 К. The obtained LF noise PSD 
(Fig. 5) one can divide into three temperature sections with characteristic break frequencies: 100-140 К, 160-
190 К and 270-290 К. Temperature investigations are measured in the frequency range 10-1-104 Hz. In this 
case, there was no need to make noise measurements at frequencies below 0.1 Hz due to the characteristics 
of the sample. A feature of the silicon sample is the fact that defects with deep energy levels in the selected 
temperature range appear on the noise spectrum in the frequency range up to 10 kHz.  

The attachment of Fig. 4 shows Arrhenius plot in logarithmic scale. The calculated ionization energies 
are presented in Table 2. We didn't detect deep centers in this test sample using DLTS [23] due to the limited 
sensitivity of this method in the range of relaxation times more than 0.1 s. 

 
Fig. 4. LF noise PSD of the test Schottky diode at different temperatures 
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Table 2. Parameters of deep levels  
Deep level DL1 DL2 DL3 
ΔWt (meV) 101 107 279 
τ0 (s) 1.86·10-6 2.63·10-5 1.76·10-7 

 
Noise spectroscopy allows to study influence of electric field on reduction of potential barrier for 

charge carrier emission from deep levels of their capturing by deep levels according to the Poole-Frenkel 
effect [21]: 

U)(UqNq+
τπf

Tk=ΔE k
b

Bt −








000 2εεπεε2
1ln , (5) 

 
where Uk – contact potential difference, q – electric charge, N – shallow dopant concentration, ε0 – dielectric 
constant, ε – permittivity, fb – break frequency.  

Doping concentration and contact potential difference could be found from capacitance-voltage (C-V) 
method [24]. The high break frequency at room temperature equals 350 Hz. Using RLC-meter Agilent 
E4980A (measuring complex described in Ref.23) we measured C-V characteristics and found Uk = 0.4 V. 
Ionization energy of deep level DL4 is ΔEt = 0.54 eV.  

LF noise PSD measured at reverse bias voltage in the range 1.4-20.2 V (Fig. 5). Change in the break 
frequencies under increase of bias voltage (attachment of Fig. 5) gives the data for calculating dependence of 
potential barrier reduction for charge carriers involved in recharging of DL4 from electric field in the base of 
the test diode. Dependence, shown in Fig. 6, points on grow of DL4 ionization energy reduction with 
increase of applied electric field.  

 

Fig. 5. LF noise PSD at different applied voltage 
 

Fig. 6. Dependence presents reduction of ionization energy 
of deep level DL4 from electric field in the base of the 

Schottky diode 
 

Conclusion 
 
Using the proposed measuring system it was possible to demonstrate a precision measurement of the of 

the low frequency noise spectra temperature dependence and determine the parameters of defects with deep 
energy levels in a semiconductor barrier structure. 

The system provides studying influence of electric field and temperature on noise spectra of electronics 
elements and structures. Application of modern approaches for measuring system automation makes LF 
noise spectroscopy powerful sensitive and informative tool for investigating of electronic energy levels in 
semiconductor barrier structures. The use of a conducting probe of an atomic force microscope in the 
measuring cell to form an electrical contact to the test sample makes it possible to perform a local study of 
the noise spectra. 
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