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We have used low-frequency noise (LFN) spectroscopy to characterize generation-recombination

(G-R) centers in silicon nanowires grown using chemical vapor deposition. The LFN spectra

showed Lorentzian behavior with well-defined corner-frequency indicative of single G-R center in

the bandgap. From the temperature-dependent LFN measurement a single deep level at 0.39 eV

from the bandedge is identified, which matches closely with the Au donor level in Si. The trap

concentration was estimated at 2.0 � 1012 cm�3 with electron and hole capture cross-sections of

9.5� 10�17 cm2 and 1.4� 10�16 cm2, respectively. This study demonstrates the potential of the

LFN spectroscopy in characterization of deep-levels in nanowires. VC 2011 American Institute of
Physics. [doi:10.1063/1.3637049]

In the last decade semiconductor nanowire (NW)-based

devices have evolved from simple back-gated field-effect

transistors (FETs) to the state-of-the-art vertically integrated

FET, resulting in significant improvement in their perform-

ance.1,2 However, the measurement techniques for electrical

properties (mobility, carrier concentration, electrically active

defects) are lagging when compared to the innovations made

in the material properties characterization for the nanowire

field in general. Electrical properties of NWs such as carrier

type, mobility, and concentration are often estimated from

the parametric measurements of FET devices.3 Unfortu-

nately, such measurements do not reveal any information

regarding the carrier generation-recombination (G-R) mech-

anisms via deep-levels. Besides band-to-band excitation and

recombination, carrier recombination via deep-levels in the

bandgap often determines the device performance.4 Tradi-

tionally, deep-level transient spectroscopy (DLTS) is used to

measure the G-R centers or deep-levels in bulk/thin-film

semiconductors.5 Forming Schottky diodes with capacitance

values greater than 10�14 F is often difficult in nanowire

devices due the size of the nanowire, making DLTS mea-

surement impractical. By measuring noise power spectral

density (PSD) of the dc current flowing through a semicon-

ductor, one can estimate energy level, time-constants, and

density of the G-R centers present in the sample.6 Low-

frequency noise or “spontaneous fluctuations” in current

through semiconductors exists due to the stochastic nature of

the conduction process and was first studied in details by

Van Der Ziel.7 Later, the theory of fluctuations due to G-R

centers in Si junction FETs was successfully developed by

Lauritzen and Shah.8 Copeland finally developed the equa-

tions necessary for extraction of the trap parameters in

n-type GaAs.9 This theory was further refined and employed

by Scholz et al. for characterization of deep and shallow lev-

els in Si.6 Although recently low-frequency noise (LFN) has

been measured for Si, ZnO, GaN, InAs, and SiGe NW

FETs,10–14 this powerful technique has not been used to

determine the deep-level characteristics. Only limited

temperature-dependent LFN measurements have been

reported by few authors.11,13,15

In this letter, we demonstrate the potential of

temperature-dependent LFN spectroscopy to probe deep lev-

els in NWs. We detected a single deep level in the bulk of

silicon nanowires (SiNWs) located at 0.39 eV from the ban-

dedge, which is in a good agreement with the energy of the

Au donor level in Si, and estimated its electron and hole cap-

ture cross-sections as well as the trap concentration.

The SiNWs used in this study were grown at 850 �C
from SiCl4/H2/N2 gaseous mixture using Au nanoparticles as

catalyst.16 The p-type SiNWs were obtained by boron doping

using B2O3 powder. Post-growth device fabrication was

done by dielectrophoretically assembling the nanowires on a

heavily doped p-type Si substrate which had 1.2 lm thick

thermally grown SiO2 on top of it.16 After the alignment, 50

nm of SiO2 was deposited using plasma-enhanced chemical

vapor deposition, and back-gated FET devices were fabri-

cated using standard microfabrication processes.16 The LFN

measurement was done in an open-cycle cryogenic probesta-

tion. The drain and gate bias was provided by the Agilent

B1500A semiconductor parameter analyzer, and the channel

current was converted to voltage using SRS 570 low-noise

current amplifier.17 The voltage output from the amplifier

was connected to a HP 3561A dynamic signal analyzer. Af-

ter the electrical measurements were complete, the top SiO2

layer was removed by reactive ion etching. The nanowire

dimensions were measured in a field-emission scanning elec-

tron microscope (FESEM) in order to estimate the mobility

and the carrier concentration in the nanowires.

Figures 1(a) and 1(b) show the IDS vs. VDS characteris-

tics of a SiNW FET (diameter 192 nm) at 310 K and 200 K,

respectively. Besides the obvious fact that the current at 200

K has decreased from 300 K approximately by a factor of

10, no other information about the carrier dynamics can be

obtained. The field-effect hole mobility (l) calculated for all

the nanowires were in the range of (0.5–4.0) cm2 V�1 s�1.

The low hole mobility values in these nanowires is surprising

considering the hole concentration calculated for these
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SiNWs were fairly low, in the range of (2.0–3.0)� 1017

cm�3. Possible scattering on extended structural defects was

ruled out given that these nanowires are single-crystalline

with very low defect density.16 Also, surface scattering can

not be the dominant factor for such large diameter nano-

wires.18 There are few reports of low hole mobility values in

boron-doped SiNWs which are in the same range as

ours.19,20 From the Arrhenius plot of the two-terminal resist-

ance of the same NW (see supplementary material27) a good

fit to the activation energy model is found, indicating a semi-

conducting behavior. The point to be made here is that even

the temperature-dependent I-V measurements do not reveal

any information regarding the trapping mechanism. The nor-

malized drain-current noise PSD SI/IDS
2 (i.e., SI¼hids

2i/
DfIDS

2, where hids
2i is the mean-square value of the fluctua-

tions, Df is the bandwidth, and IDS is the dc drain current) for

the same SiNW FET for four different temperatures is shown

in Fig. 2. Typically for device exhibiting 1/f-type noise, the

normalized noise PSD can be described by the relationship

SI/IDS
2¼ aH/Nfb, where aH is the Hooge constant, N is the

total number of carriers, and exponential factor b is ideally

1.11 At room-temperature the drain current noise PSD in

these SiNWs clearly showed a Lorentzian-behavior, i.e.,

SI¼A/(1þ f/f0), where A is the low-frequency amplitude and

f0 is the characteristics frequency. The evolution of the spec-

trum from the Lorentzian to 1/f can be clearly seen at 200 K

in Fig. 2. This behavior is representative of 20 single nano-

wire FETs fabricated from the same growth run. The thermal

noise (Sthermal¼ 4kBT/R) in these NW FETs is �108 times

smaller than the G-R noise and hence is neglected in the

analyses. The estimated Hooge constant is 0.2 at 200 K with

b¼ 1.4 6 0.01. The G-R noise seen in the PSD is independ-

ent of the gate bias as seen in the inset of Fig. 3, which iden-

tifies the noise to be originating in the bulk of the SiNW.21

In silicon, the common shallow dopants (born, phosphorus)

are completely ionized at room-temperature; thus, there are

no fluctuations in the occupancy of these levels except at

very low temperatures (<10 K). However, in the presence of

deep-level defects, fluctuations in the total number of car-

riers due to G-R process is prominent at moderate-

temperatures with a time-constant s (s¼ 1/2pf0), which can

be related to the trap energy-level and capture cross-section

by the relationships6:

lnðT2sÞ � DE

kBT

� �
� ln

4k2
Brn

gh3

� �
ð6p3m1=2

e m
3=2
h Þ

1=2

� �
; (1)

lnðT2sÞ � DE

kBT

� �
� ln

4k2
Brp

gh3

� �
ð6p3m3=2

e m
1=2
h Þ

1=2

� �
; (2)

where DE is the trap-energy, rn and rp are the electron and

hole capture cross-sections, respectively, g is the degeneracy

FIG. 1. (Color online) IDS vs. VDS char-

acteristics as a function of gate voltage

VGS for a SiNW FET with diameter 192

nm and length 6 lm (a) at 310 K, and (b)

at 200 K. Plots 1, 2, 3, 4, and 5 are

for VGS¼þ10, þ5, 0, �5, and �10 V,

respectively. Insets in (a) and (b) show,

respectively, low- and high-magnification

FESEM images of the SiNW device. The

scale bar in the inset in (b) is 300 nm.

FIG. 2. (Color online) Normalized PSD of the drain current noise of the

SiNW FET shown in Fig. 1 at four different temperatures. At room-

temperature clear G-R behavior with Lorentzian distribution can be seen. At

200 K the noise changes to 1/f type with Hooge constant 0.2. The dashed

line represents 1/f behavior.

FIG. 3. (Color online) The Arrhenius plot of the ln(T2s) vs. 1/kBT showing

good fit to the Eq. (1). The s at every temeprature is determined by fitting

the LFN plot measured at that temperature to a Lorentzian distribution.

(inset) Normalized PSD of the drain current noise of the SiNW FET shown

in Fig. 1 at VGSþ 10 V and �10 V exhibiting no gate-bias dependence,

which indicates bulk origin of the G-R noise.
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factor, and me and mh are the electron and hole masses,

respectively. From the slope of the plot of ln(T2s) vs. 1/kBT
(Fig. 3) we can extract the energy position of the trap-level,

and the intercept will give us the capture cross-sections. From

the plot in Fig. 3 we see a good fit to Eq. (1) with computed

trap energy to be 0.39 (60.01) eV. It is well-established that

Au has two deep-levels in silicon, a donor level at 0.35 eV

from the valence band, and an acceptor level at 0.54 eV from

the conduction band. In p-type Si only the donor level at 0.35

eV is active.22 The electron and hole capture cross-sections

computed from the curve using Eqs. (1) and (2) are

9.5� 10�17 cm2 and 1.4� 10�16 cm2, respectively, assuming

g to be 1. The reported values of electron and hole capture

cross-sections for Au in Si are in the range of 10�16 to 10�15

cm2.4 The values of degeneracy factors of deep-levels such as

Au in Si are much debated.23 While the uncertainty in the

degeneracy factors does not affect the determination of the

trap energy, it would affect the capture cross-sections and trap

density. Once the capture cross-section is determined, the

trap-concentration NT can be determined for a p-type material

(assuming NA � ND) using the following simplified relation-

ship s� 1/(reveNT), where ve is the thermal velocity of the

electrons given by ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kBT=me

p
.22 The trap concentration

calculated from the capture cross-sections using the above

relationship is 2.0� 1012 cm�3. This value is 3 orders of mag-

nitude lower than the equilibrium solubility of gold in silicon

at 850 �C (�2� 1015 cm�3) as calculated from the thermal

diffusion data.24 It has been recently shown that during the

vapor-liquid-solid (VLS) growth Au-catalyst could incorpo-

rates into SiNWs at concentrations equal to or even higher

than the equilibrium solubility level.20,25 The observed dis-

crepancy could be either due to the actual lower Au concen-

tration in the SiNW matrix or due to the hydrogen passivation

of Au traps.26 This study identifies the LFN spectroscopy as

an alternative to DLTS and optical measurements for charac-

terization deep-levels in SiNWs and in other semiconductor

nanowire materials.
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