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High-quality silicon nanowire (NW) field-effect transistors (FETs) were designed and fabricated.

Features of transport and modulation phenomena of the structures were studied using a number of

techniques, including noise spectroscopy. Using the 1/f noise component level, the values of the

volume trap densities in gate dielectric are estimated to be around 1� 1017 cm�3 eV�1. This result

proves high quality of the investigated structures. Analysis of Lorentzian noise components of NW

samples is used to characterize single trap and its parameters. A strong modulation of carrier

concentration in the conducting channel under influence of even single carrier capture event has

been revealed. Possibility of fine tuning of the transport properties of the sample with low-dose

gamma irradiation has been shown. The gamma radiation treatment of the NW samples was

applied as an effective technique to confirm the strong influence of trap charges on conductivity

behavior in the channel of NW FETs. The results demonstrate that the modulation effects at the

nanoscale enable effective changing of the channel conductivity by single capture events and thus

are promising for future information technologies and ultra-sensitive single-molecular sensor

applications. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795603]

I. INTRODUCTION

Field-effect transistors (FET) based on silicon nanowires

(NW) are an important step in the miniaturization of comple-

mentary metal-oxide semiconductor (CMOS) devices to

obtain state-of-the art devices for information technology.

They are the ultimate building blocks for modern electronic

devices and biosensors.1–3 Utilized for electronics, Si NW

FETs allow high-frequency operation and lower power con-

sumption. As biosensors, NWs provide higher sensitivity and

spatial resolution compared with conventional planar FETs

due to their higher surface to volume ratio.4 By considering

the transport in silicon NWs, one may see that the current in

the Si NW FET is determined by the much lower quantity of

carriers than in conventional CMOS FETs due to the small

device size. Obviously, this results in higher fluctuations of

the conductivity and transport modulation of the NWs. One

of the objectives of the biological and bioelectronic utiliza-

tion of Si NWs as sensors is detection of the interaction of a

single molecule with the Si NW surface.5 To be able to dis-

tinguish such a response under the level of native fluctua-

tions of a Si NW, a comprehensive investigation of transport

in Si NWs has to be performed. The analysis of the fluctua-

tions in the Si NW FETs combined with I-V characterization

contains all the information about performance and transport

phenomena in the device. This information is of extreme im-

portance for device development and further improvement of

the fabrication technology.

Noise spectroscopy makes it possible to analyze the per-

formance and structure of the samples under study by inves-

tigating the fluctuation phenomena. The method itself is a

powerful tool for characterizing the dynamic properties of

the investigated structure and, hence, for the extraction of in-

formation about the origin of noise in the sample. Noise

spectroscopy can be used for the analysis of the device qual-

ity, transport properties, and improvement of the technology,

which is one of the main directions for the development of

advanced NW FETs and miniaturization of the elementary

basis of CMOSs.

The excess noise spectrum of silicon transistors usually

contains generation-recombination (GR) components related

to traps with definite energy and a flicker noise component,

known as 1/f noise, as a result of the trap contribution from

contact regions and traps related to gate dielectric or mobility

fluctuations.6–8 The 1/f noise of metal-oxide semiconductor

field-effect transistors (MOSFETs) is usually analyzed in the

frame of the McWhorter model, which describes flicker noise

by charge carrier trapping/detrapping from the conducting

channel to the traps located inside the gate dielectric layer.9

The influence of c-irradiation on the FETs allows the pa-

rameters of the devices to be changed in a controlled

way,10,11 which may be used for studies and even to improve

their characteristics.12 In addition, the method can be used to

slowly change the parameters of the sample without exerting

a strong influence on the device. Thus characterization of the

transport in Si NW transistors can be unambiguously per-

formed using c-irradiation of the samples with small doses.

This allows the material parameters to be changed precisely

because the dose of the absorbed radiation can be controlled

by accumulation with time.
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Here we present the results of comprehensive transport

studies of p-type Si NW FETs. The devices are character-

ized by noise spectroscopy, which enables us to study the

fine transport effects. Using noise spectroscopy, a strong

modulation of the channel conductivity is revealed even

under the influence of a single trap. Analysis of the 1/f com-

ponent of the excess noise allowed the value of the volume

trap density in the thin dielectric layer to be estimated for

measured samples. In these terms, the investigated Si NW

FETs demonstrate high quality and improved device per-

formance. The Lorentzian components of the noise spectra

are registered and their behavior allows the trapping/detrap-

ping processes on the gate dielectric traps to be character-

ized. The parameters of the single trap, which generates the

random telegraph signal (RTS) noise, in the gate dielectric

layer were determined. Investigation of samples after treat-

ment by gamma irradiation with a dose of 104 Gy confirms

the influence of trap charges on conductivity in the channel

of NW FETs.

II. EXPERIMENTAL DETAILS

The structures under investigation are p-type NW-FETs

with a cross-section of �42� 42 nm2 fabricated at

Forschungszentrum J€ulich using a top-down approach on the

basis of 50 nm SOI wafer (NA¼ 1� 1015 cm�3, buried oxide

thickness of 140 nm). An N-type polysilicon gate electrode

was deposited on the 5 nm thermally grown SiO2 gate oxide

layer, which covered each of the NWs. Source/drain contacts

to NWs were formed by ion implantation of boron with an

energy of 10 keV and a dose of 1� 1015 cm�2 followed by

rapid thermal annealing. Thus, the samples represent transis-

tors with inversion p-channel. The polysilicon covers the

NW channel to form a tri-gate (Fig. 1) in the middle part of

the NW channel. The tri-gate configuration offers improved

gate control over the channel compared to planar geometry.

The transistors are in the off-state at zero biases on the front

gate and substrate, which plays the role of back gate. The

current through the samples can be tuned either by front gate

or by back gate voltages.

We investigated noise spectra of NW-FET devices with

lengths of 1.5 lm and 3 lm under different regimes defined

by drain-source biases, VDS, front-gate voltages, VFG, and

back-gate voltages, VBG. The schematic of the noise mea-

surement setup is shown in Fig. 2. The bias voltages (drain-

source and gates) are applied using a battery to avoid circuit

fluctuations. Variable resistors allow the values of the

applied voltages to be changed. Spectra were acquired in the

frequency range from 1 Hz to 100 kHz. The samples were

irradiated using a 60Co source of gamma rays with a dose of

104 Gy and energy of 1.2 MeV.

III. RESULTS AND DISCUSSION

A. Electric properties before and after gamma
irradiation

The output curves of the investigated samples are shown

in Fig. 3. Their behavior is characteristic for metal-oxide

semiconductor devices. It should be noted that all noise spec-

tra were measured at low drain bias (around 100 mV), which

provides a linear mode of operation of the transistors in

almost the entire range of gate voltages (Fig. 3).

FIG. 1. (a)-(c) SEM image of silicon nano-

wire device. (d) SEM image of silicon nano-

wire devices with polysilicon gate. Inset in

(d): focused ion beam cut of the wire under

study.

FIG. 2. Schematic of the noise measure-

ment setup.
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Transfer I-V characteristics for the 1.5 lm and 3 lm

samples are shown in Fig. 4.

The curves reflect the reproducible scaling with decreas-

ing length of the samples. Typical maximum transconduc-

tance values gmax for 3 lm and 1.5 lm samples are 1.3� 10�7

and 2.7� 10�7 A/V, respectively. Samples have almost the

same threshold voltage (Vth��1.95 V). The current in the

samples shows much weaker dependence on back-gate volt-

age (Fig. 4(b)) compared with front-gate voltage. This is due

to the fact that the buried oxide is significantly thicker than

the front-gate oxide layer. It is known that traps in dielectric

layers can be affected by using low doses of gamma radia-

tion.21 Therefore the characteristics of the samples were inves-

tigated both before as well as after gamma radiation

treatment. The experimental transfer curves IDS¼ f(VFG) of

the non-irradiated and irradiated samples at zero substrate bias

and different front gate voltages are shown in Fig. 5.

It can be seen that after irradiation treatment the thresh-

old voltage increases and the change in the slope of the trans-

conductance curves is negligibly small. The numerical

values of the parameters extracted from Fig. 5 data are sum-

marized in Table I.

As can be seen from Table I and Fig. 5, the irradiation

treatment influences the threshold voltage of the samples but

does not affect the gmax. The data demonstrate that the irradi-

ation changes the surface charge of the Si NW without

affecting the average scattering times of the impurities inside

the channel. The data will be used below.

B. 1/f noise spectroscopy

Typical drain voltage spectral density of one of the sam-

ples measured at several front gate voltages are shown in

Fig. 6(a). The spectra contain two noise components: 1/f and

Lorentzian shaped.

Using the measurements of noise spectra and I-V charac-

teristics, the volume trap density of the gate dielectric layer

can be estimated.6,13 This density of traps reflects the quality

of the gate dielectric and can be compared for different dielec-

tric layers to optimize the dielectric compositions for minia-

turization of the final device. During the process of device

downscaling (i.e., from micron width to the submicron scale),

at some size even the response of the single traps can be regis-

tered. In this case, excess noise contains not only the flicker

noise component but also a number of separate Lorentzian

components.14,15 At a certain level of downscaling the device

FIG. 3. Typical output characteristics of one of the NW samples under

study. Back-gate voltage: VBG¼ 0.

FIG. 4. Transfer curves measured (a) for samples with different lengths (1.5 lm and 3 lm) at drain bias of �100 mV, zero back gate voltage as a function of

front gate voltage; (b) for sample of the 3 lm length versus back-gate voltage at drain bias of �100 mV and front-gate voltage of �3 V.

FIG. 5. Typical transfer I-V curves measured for 1.5 lm samples at drain bias

of�100 mV and zero back gate voltage before and after irradiation treatment.
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size approaches a limit, at which one or several traps in the

dielectric modulate the current. In this case, the signal as a

function of time in the device demonstrates the RTS8,14,16–19

noise behavior. Analysis of the RTS spectra and time trace

allows us to investigate the parameters of the individual traps

of nanoscale devices. Individual molecules can play the role

of a single trap on the surface of the device, which in this case

may be used as the molecule sensor.5,20

Equivalent input voltage spectral density is used to cal-

culate volume trap density. 1/f noise current spectral density

(SI) component can be used to calculate the equivalent input

voltage spectral density, Su,21,22

SU ¼
SI

g2
m

; (1)

where gm is the derivative of the drain current on gate volt-

age derived from Fig. 4(a). Typical Su dependence on over-

drive gate voltage, VG-Vth, at frequency of 10 Hz is shown in

Fig. 6(b) for samples of different lengths. The equivalent

input power spectral density demonstrates a weak depend-

ence on gate voltage, which indicates that the McWhorter

model is applicable for estimating the gate oxide volume

trap density.6,7,23 The density, Nt, can be calculated in the

frame of the McWhorter model as follows:

Nt ¼
SIatC

2
oxWLf

g2
mq2kT

; (2)

where at is the inverse tunneling depth, Cox is the specific

gate oxide capacitance, W is the channel width, L is the

channel length, f is the frequency, q is the electron charge, k
is the Boltzmann constant, and T is the temperature. In our

case, T is about 293 K. Here, at can be estimated using

at ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�hub

�2

r
; (3)

where ub is the potential barrier between channel and gate

dielectric, m�h is an effective hole mass, and � is the reduced

Planck’s constant. The specific capacity of the gate oxide

can be obtained as

Cox ¼
ee0

dox
; (4)

where e is the dielectric permittivity of the silicon oxide

layer, e0 is dielectric permittivity of vacuum, dox is the gate

oxide thickness, which in our case is equal to 5 nm.

Using Eq. (2) we estimated the value of the volume trap den-

sity for all measured samples. The obtained values are within the

range from 1� 1017 cm�3 eV�1 to 5� 1017 cm�3 eV�1. It should

be noted that these values are about one order of magnitude lower

than those obtained for submicron CMOS devices.7 By multiply-

ing the obtained values of Nt by the oxide thickness dox, the sur-

face trap densities were obtained for our samples. They are

expected to be in the range between 5� 108 cm�2 eV�1 and

2.5� 109 cm�2 eV�1.The densities are much lower than esti-

mated for the thin film dielectric layers of MOS transistors.24

C. Lorentzian components and single traps

Investigation of the time traces of the noise signal meas-

ured on the samples under study showed that a random tele-

graph signal (RTS) noise is the origin of the low-frequency

Lorentzian components in noise spectra. The RTS noise

component is a characteristic feature of low-scale samples

taking into account that 1/f noise from the point of view of

the McWhorter theory can be represented by superposition

of Lorentzian components in the case of a large-sized sam-

ple. In the case of large-area samples, the multiple dielectric

traps, equally randomly distributed by energy and depths,

TABLE I. Characteristics of the samples before and after irradiation

treatment.

Sample gate length 1.5 lm 3 lm

Value Vth (V) gmax (A/V) Vth (V) gmax (A/V)

Before irradiation �1.95 3.4� 10�7 �1.95 1.8� 10�7

After irradiation �2.06 3.3� 10�7 �2.06 1.8� 10�7

FIG. 6. (a) Noise spectra measured for 3 lm sample at different front gate voltages at drain-source bias of 100 mV. (b) Equivalent input voltage spectral density

for two samples with different lengths estimated for the difference of overdrive gates, VG-Vth, at frequency of 10 Hz.
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result in a 1/f spectrum of the excess noise. At some charac-

teristic size (tenths of nanometers) of the transistor channel,

the noise of the channel can be determined mainly by the sin-

gle trap in the gate dielectric with energy close to the Fermi

level.14,15 In this case, the noise may even be observed from

the individual oxide trap in the form of RTS that dominates

the flicker noise. It should be noted that the above-mentioned

individual oxide trap is of the same nature as those traps that

are responsible for 1/f noise in the frame of the McWhorter

model.14 The spectra of both components, Lorentzian and 1/f

noise, can be analyzed separately.14,25

The flicker noise separated into single Lorentzian noise

components represents a remarkable opportunity to investi-

gate the single trap properties and predict the properties of

samples with a large number of traps in the gate dielectric.

Analysis of the RTS time trace allows the capture and

emission time constants to be estimated as well as the RTS

amplitude for a single trap. Using these data, the capture

cross-section of a trap and its position in the gate oxide layer

can be calculated. The data obtained can be used to optimize

nanoscale Si NW FETs. The RTS noise was registered for

the samples with different lengths for a wide range of

applied gate voltages. Fig. 7(a) shows the typical time trace

of measured RTS noise. We used a statistical method to

calculate the capture and emission time on the basis of these

data.26 If the voltage time trace contains two well-resolved

levels, we can construct a histogram of voltage values

(shown in Fig. 7(b)).

The histogram of the RTS trace separates into two

clearly resolved Gaussian peaks. The ratio of peak heights

corresponds to the relation between capture and emission

times (sc and se) because the height of each peak is related to

the time that the system spends in each state. The distance

between the peaks equals the RTS amplitude DV, which can

be recalculated to the DI––difference in current between cap-

tured and emission states. The time constant s of the

Lorentzian spectra that corresponds to the RTS noise can be

expressed as14

s ¼ scse

sc þ se
: (5)

Using the sc/se relation obtained from the histogram and

the value of s obtained from the spectra, the values of sc and

se can be obtained.

Histograms of RTS time traces obtained for different

front-gate and back-gate voltages are shown in Figs. 8(a) and

8(b). Data of Fig. 8(a) (related to the Lorentzian component

of the spectra shown in Fig. 6(a)) demonstrate that the values

of capture and emission times depend on the front gate volt-

age. In contrast, RTS traces of Fig. 8(b) express negligible

dependence on the back gate voltage. The fact demonstrates

that the trap which results for the RTS modulation of the

sample conductivity is located in the top gate dielectric.

The calculated values of sc and se are plotted versus the

overdrive gate voltage in Fig. 9(a). Obviously, dependencies

sc(VG - Vth) and se(VG - Vth) contain much more information

about generation-recombination processes than the resulting

time constant of a corresponding Lorentzian spectra component.

D. Characteristic time constants and position of
single traps

RTS spectroscopy provides advantages for the characteri-

zation of trap parameters such as depth, position along the

channel, and capture cross-section.14 In order to find the posi-

tion of the trap in the gate oxide we investigated the depend-

ence of the sc/se relation on front-gate voltage. The depth of

the trap in the gate oxide is calculated as follows:16,27

xt ¼ �dox
kT

q

d

�
ln

�
sc

se

��

dVFG
: (6)

As discussed above, the relation between capture and

emission times can be obtained directly from the histograms

of the RTS time trace. This relation is shown in Fig. 9(b),

obtained for different front gate voltages. The data demon-

strate that the logarithm of the sc/se depends linearly on the

front gate voltage and, hence, Eq. (6) can be used to find the

trap depth. Using the dox as 5 nm for the samples under study

and the linear minimum least squares fit of the data shown in

Fig. 9(b), we estimate the trap depth xt to be in the range

from 1.65 nm to 1.85 nm for all measured samples.

FIG. 7. (a) Random telegraph signal noise time trace measured for 3 lm sample at VDS¼�100 mV, VFG¼�3 V. (b) Histogram for the voltage values for the

time trace obtained from Fig. 7(a).
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The dependence of the time constants of the RTS noise

on the source-drain bias contains information about the

position of the active trap along the channel length.

Therefore, to study the behavior of the active dielectric

traps, we investigated the noise of the samples in the nonlin-

ear regime at a fixed front-gate voltage of VFG¼�3.0 V and

different channel biases VDS¼�0.01 to �2.0 V (Fig. 10). In

addition, measurements were also made for the reverse po-

larity of the drain-source bias. Increasing the drain voltage

VDS shifts the channel to the nonlinear regime followed by

saturation (Fig. 3). With increasing bias voltage on the tran-

sistor channel, the gate dielectric voltage, which forms an

inverse channel, decreases from Us¼VFG to Us¼VFG - VDS.

From Fig. 10, it follows that the time constant determined

by the RTS noise component is reduced with increasing

drain voltage. As we have already discussed above, increas-

ing the drain voltage decreases the Us near the drain to the

value of VFG - VDS, and hence it decreases the concentration

of carriers in the inversion channel near the drain electrode.

These facts indicate that the Lorentzian component of the

noise spectra is mainly determined by the emission time

constant se. Indeed, a decrease of the concentration of free

carriers in the inversion channel causes the increase of the

probability of emission of free carriers from the centers

located in the dielectric layer and, consequently, leads to a

decrease in the emission time constant from 2.5� 10�4 to

5.0� 10�5 s.

In the case of a reverse bias of the Si NW transistor, we

can see from Fig. 10 that the emission time constant does not

depend on the drain voltage. This fact demonstrates that

there are no changes in the concentration of free carriers in

the vicinity of the corresponding capture center. Such behav-

ior of the time constant with changes of the drain voltage is

only possible if the center is located at a site where the influ-

ence of the applied drain voltage is negligibly small (where

the gate dielectric voltage Us is constant and does not depend

on VDS). Thus we conclude that the dielectric trap, which

generates the RTS noise in the investigated sample, is

located in the gate dielectric layer close to only one of the

ohmic contacts of the Si NW transistor.

FIG. 8. Histogram of the RTS noise time trace for 3 lm sample obtained (a) at zero back-gate voltage and at different front-gate voltages (b) at different back-

gate voltages and VFG¼�3 V.

FIG. 9. (a) Time constant of the Lorentzian noise component obtained from Fig. 6(a), calculated emission and capture times as a function of overdrive gate.

(b) Calculated relation between capture and emission time plotted versus front-gate voltage.
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E. Modulation effects related to single carrier process

The current amplitude, DI, of RTS fluctuations is an im-

portant value, which reflects the impact of a single surface

charge on the channel conductivity.28,29 It can be obtained

from the histograms of voltage fluctuations (see Figs. 7(b)

and 8(a)) through dividing of measured RTS voltage, DV, by

the resistance of the sample in linear regime at certain over-

drive voltage. Dependence of the amplitude DI of the RTS

fluctuations is shown in Fig. 11. The amplitude is almost

constant in the shown range of front-gate voltages and equals

0.20 6 0.01 nA.

This can be explained as follows. Capture of a free car-

rier on the fixed trap in the dielectric excludes it from the

conductivity. The charged state of the trap results in shield-

ing of part of the channel. At constant voltage VDS applied to

the channel, the exclusion of fixed charge in the regime of

strong inversion leads to a decrease in the current DI. At the

same time, the current amplitude does not change. This fact

demonstrates that also the mobility remains constant in this

range of gate voltages. If we assume that only one carrier is

excluded from the channel during the capture and that shield-

ing effects are negligible, then we can write

DI ¼ IðN þ 1Þ � IðNÞ ¼ 1

V
elES ¼ 1

V
el

VDS

L
S ¼ elVDS

L2
;

(7)

where N is the quantity of carriers, L is the length of the

channel, S is the area of the channel cross-section, V is the

volume of the device, which equals LS, l is the mobility of

the holes, and VDS is the drain-source bias. Using Eq. (7), the

mobility of holes for the sample can be estimated. The calcu-

lated value exceeds 1000 cm2/(V s), which is obviously too

high for the hole mobility in silicon devices. Thus we can

conclude that capture of the free carrier on the traps causes a

modulating effect on current in the NW channel. Capture of

one hole considerably modulates current in the channel

(which is equivalent to the exclusion of more than one hole

from the transport in the transistor channel). The capture

event does not only exclude one carrier from transport but

also influences the conductivity of the channel. The conduc-

tivity depends on mobility as well as the number of the car-

rier in the channel. However in our case the obtained values

of the capture cross-section (see below) of the single trap

appear to be very small (10�21 cm�2), and thus mobility

modulation due to the capture of a carrier on such a trap may

be neglected. At the same time the number of carriers may

change as a result of local screening of the charged trap by

the carriers of the channel and by plain capacitive

effects.30–32 This fact demonstrates the possibility of single

molecule detection with increased sensitivity using the mod-

ulation effect33,34 of the channel conductivity in Si NW FET.

F. Single trap properties and parameters

The obtained RTS parameters allow us to estimate a

capture cross-section of the dielectric trap. According to the

Shockley-Reed-Hall theory, capture and emission times can

be calculated as follows:14

sc ¼
1

rnvth
and se ¼

1

rn1vth
; (8)

where r is the capture cross-section of the trap, n is the con-

centration of the carriers in the channel, n1 is the the concen-

tration of the carriers in the channel when the Fermi level

coincides with the energy of the trap, and vth is the thermal

speed of the carriers. The thermal speed is equal to

�v ¼
ffiffiffiffiffiffiffiffi
3kT

m�

r
; (9)

where m* is the effective mass of the carriers. Taking into

account that T¼ 293 K, the effective mass of the hole is equal

to 0.56 of the electron mass¼ 5.10� 10�31 kg, the thermal

speed is obtained as 1.55� 105 m/s. Then the value of the cap-

ture cross-section can be estimated using Eq. (8). It should be

noted that n is considered to be a constant value, and the cap-

ture cross-section includes tunneling and thermo-activation

FIG. 10. Time constant of the Lorentzian component of the noise spectra of

the sample plotted versus drain voltage at VFG¼�3.0 V, VBG¼ 0. Red

circles correspond to the GR processes at forward polarity of channel bias;

blue triangles correspond to the GR-process at reverse polarity.

FIG. 11. The RTS noise amplitude dependence on the overdrive front-gate

voltage. VBG¼ 0, VDS¼�100 mV.
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processes, as will be discussed below. Thus the obtained value

will be a rough approximation. However, under conditions of

high currents this approximation can be accepted.14 The con-

centration and the carrier mobility were estimated using the

transfer curve21 of the NW transistor with the following

relations:

gm �
@ID

@VG

����
VD¼const

¼ W

L
lCoxVDS; (10)

I ¼ nevS ¼ nelES � nel
VDS

L
S; (11)

where l is the carrier mobility, S¼WH is the cross-section of

the channel, H is the height of the channel, and E is the elec-

tric field, which can be estimated in the linear regime using

the drain-source bias voltage and the length of the sample.

The characteristics can be obtained

l ¼ gmL

WCtVD
; (12)

n ¼ IDSCox

qgmH
: (13)

Using Eq. (12) and data from Fig. 3, we estimated hole mo-

bility for NW samples to be in the range from 120 to 150

cm2 V�1 s�1. The calculated values of hole concentrations

are shown in Fig. 12(a). It should be noted that the concen-

trations are the same for the samples with different lengths

manufactured on the same wafer.

The fact that the trap is located in the gate dielectric

means that the carriers have to overcome the barrier to be

captured on the gate oxide trap. Therefore a new multiplier

e
Eb

kT should be added to Eq. (8), which is sequence of the

Shockley-Reed-Hall theory14,32

sC ¼
e

Eb

kT

rnvth
; (14)

where Eb represents the energy needed to overcome the

barrier from the channel of the device to the trap through the

oxide layer. At low concentrations of the carriers in the chan-

nel, this energy depends on the gate voltage, but at high drain

currents, where the product of capture time sc and the drain

current ID becomes independent of drain voltage, the value of

the trap capture cross-section can be estimated using the

Shockley-Reed-Hall theory, particularly without the exponen-

tial term.17,29 For some of the investigated samples, the condi-

tion discussed above can be fulfilled at high front-gate

voltages. Thus using Eq. (8), values of sc, and calculated con-

centrations, we estimate the capture cross-section of the single

trap located in the gate dielectric to be not higher than

2� 10�21 cm�2, which corresponds to the repulsive trap.14,18

Strong dependence of the capture cross-section on the front-

gate voltage (see Fig. 12(b)) can be explained by a shift of the

centroid of the inversion layer to the Si/SiO2 interface with

increasing surface potential, Us.
14,18,30,32 Therefore, depend-

ence of the capture cross-section r on gate voltage (Fig. 7(b))

reflects the change of Eb as a function of VFG. This fact addi-

tionally proves that the trap is located in the gate dielectric.

G. Tuning of carrier exchange by c-irradiation

Parameters of the traps can be tuned by c-irradiation.35

Therefore, utilizing c-irradiation treatment allowed us to

obtain knowledge about the nature of traps as well as about

the mechanisms of influence of such a treatment on the per-

formance of Si NW devices. A shift of threshold voltage

(Fig. 5) behavior is demonstrated and discussed above.

Changing of the dielectric trap parameters is monitored uti-

lizing noise spectroscopy (Fig. 13).

Comparing the noise values at different frequencies, it

may be concluded that the characteristic frequencies of the

Lorentzian components shift to the lower frequency after

irradiation. The noise of the above-mentioned traps shows

similar behavior to the RTS noise. The shift reflects the fact

that the capture probability (inversely proportional to time

constant s) of traps in the dielectric layer becomes lower

near the threshold as well as in strong inversion regimes. As

follows from Eq. (14), the value of capture cross section of

the trap has decreased if we assume that the values of Eb and

n are constant. Moreover, the time constant changes by about

FIG. 12. (a) Calculated concentration of holes as a function of applied gate voltages. (b) Dependence of the calculated effective capture cross-section of the

trap on the overdrive gate voltage.
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two orders of magnitude, and the capture cross section r also

becomes lower by two orders of magnitude. Such behavior

can be explained by the changing of a trap from neutral to re-

pulsive (positively charged).36 This fact is additionally con-

firmed by the shift of the threshold voltage to an increased

level corresponding to a more positive potential of Si/SiO2

interface. Therefore irradiation leads to changes in the

charge state of the dielectric traps, which shifts the threshold

voltage and, on the other hand, impacts the conditions of the

carrier exchange between traps and the conducting channel.

IV. CONCLUSIONS

Transport properties of p-type silicon nanowires FETs

(with a cross-section of �42� 42 nm2 fabricated at

Forschungszentrum J€ulich) utilizing noise spectroscopy are

studied. The devices possess low excess noise level. The val-

ues of volume trap density obtained from the level of input

voltage spectral density are much lower than those obtained

for conventional CMOS devices. The devices with different

channel lengths have almost the same input voltage spectral

density indicating that the influence of contact effects on the

performance of the investigated devices can be neglected.

The nature of the changes in the defect structure of the Si

NW samples under low doses of gamma radiation was ana-

lyzed. In particular, our measurements demonstrate that low

doses of gamma irradiation result in a shift the threshold

voltage, without any influence on the scattering times inside

the channel and the mobility. Low doses of gamma irradia-

tion change the charge state of the traps located in the gate

dielectric, which confirms that the origin of noise is related

to gate dielectric traps. Analysis of the registered RTS noise

component reveals that a single trap is located near one of

the ohmic contacts in the gate dielectric. Estimated parame-

ters of the trap and its behavior demonstrate that even a sin-

gle carrier process in the gate of the NW transistor

considerably modulates current in the channel. These results

are promising for advanced control of the channel transport

in NW FETs, including the possibility of single molecule

detection with increased sensitivity using the modulation

effect of the channel conductivity in Si NW FET.
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