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Abstract— Low-frequency noise characteristics of ZnO
nanowire field-effect transistors (FETs) are presented at
temperatures down to 10 K. The carrier number fluctu-
ation (CNF) model and Hooge’s model are used to ana-
lyze the low-frequency noise in the studied devices. From
293 down to 200 K, the normalized noise power spectrum
density (PSD) is proportional to (gm/Id)2 due to CNF caused
by the trapping and detrapping process between the chan-
nel carriers and oxide traps near the semiconductor and the
dielectrics interface. In this case, the low-frequency noise
is induced by flat-band voltage fluctuation. The density of
the traps in the gate dielectrics near the Fermi level ranges
from 9.4 × 1010 to 3.8 × 1010 cm−2 eV−1 from 293 and 200 K.
At lower temperatures, from 150 down to 100 K, the noise
mechanism is mobility fluctuation,attributed to electronand
space-chargescatteringdue to the hoping process and slow
motions of electrons. The extracted Hooge’s parameter in
this temperature ranges in the order of 10−3 to 10−2. In the
temperature range from 30 down to 10 K, the low-frequency
noise is dominated by both CNF and mobility fluctuation
caused by Coulomb scattering between oxide traps and
electrons.

Index Terms— Low-frequency noise, low temperature,
trap density, ZnO nanowire field-effect transistors
(NW FETs).

I. INTRODUCTION

1 / f NOISE, also called flicker noise, is the dominate noise
in the low-frequency range in semiconductor devices. It is

a critical method to study the electrical current fluctuation in
semiconductor devices, due to either carrier number fluctuation
(CNF), such as the trapping/detrapping process between the
channel carriers and oxide traps, or carrier mobility fluctu-
ation resulting from various scattering mechanisms, or the
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combination of both [1]–[4]. This is particularly important
for low-dimensional semiconductor devices such as nanowire
field-effect transistors (NW FETs) due to their high surface
volume ratio. NW devices are promising candidates for nano-
electronics and optoelectronics applications in the future [5].
However, there is an issue existing in NW devices. The surface
of the NW is highly defective due to the surface reconstruction
in the synthesizing process, which makes the surface states
have a strong impact on device performance [6]–[9]. Previous
studies have shown that the low-frequency noise in ZnO NW
FETs is dependent on the ambience [10]. It has been shown
that the low-frequency noise of ZnO NW FETs at room
temperature in vacuum agrees to Hooge’s model, and Hooge’s
parameters are in the order of 10−3, while the noise mechanism
in dry oxygen is found to be CNF. With a self-assembled
nanodielectric and SiO2 gate insulator, Ju et al. [11] found
that the low-frequency noise of ZnO NW transistors is due
to mobility fluctuations in a linear regime. Some temperature
dependence studies on low-frequency noise of ZnO NW FETs
have also been reported [12]. It is found that at 4.2 K, the noise
in ZnO NW FETs is no longer dominant by 1/ f noise, but in
the Lorentzian shape, a sign of generation and recombination
noise is observed. However, so far a comprehensive and
systematic investigation on temperature dependence (e.g., from
room temperature to 10 K) of low-frequency noise in ZnO NW
FETs is still lacking.

In this work, we show the low-frequency noise charac-
teristics of ZnO NW FETs at both room temperature and
low temperatures down to 10 K. The low-frequency noise in
studied devices is dominated by the l/ f noise in the linear
regime up to 1 kHz. We show that the noise mechanism of
ZnO NW FETs varies with temperatures. The CNF induces
the low-frequency noise from 293 down to 200 K. From 150
down to 100 K, mobility fluctuations due to electron and
space-charge scattering become dominant. At low temperature
from 30 down to 10 K, the low-frequency noise due to mobil-
ity fluctuation becomes comparable to CNF. Furthermore,
the density of oxide traps located near the semiconductor and
dielectrics interface is extracted.

II. EXPERIMENT

A. Fabrication of ZnO NW FETs

The structure of ZnO NW FETs is shown in Fig. 1. The
ZnO NWs with a radius of 50–60 nm were grown using the
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Fig. 1. Structure of ZnO NW FETs. The source and drain contacts are
formed by Ti/Au (20/200 nm). p-type Si is used as the back gate. The
gate dielectrics is 200-nm thick SiO2.

Fig. 2. Id–Vg characteristics of ZnO NW FETs. Vd is 5 V. Vg is from
−25 to −15 V.

vapor–liquid–solid method by chemical vapor deposition.
A highly doped p-type silicon substrate is used as the back
gate. The thickness of the SiO2 gate oxide is 200 nm. ZnO
NWs were placed on the gate oxide by spin coating. Ti/Au
was deposited as source–drain ohmic contact by electron beam
deposition. The source/drain spacing or the gate length is
3 μm. The details of device fabrication and transport study
have been reported in [13].

B. Noise Measurement Setup

An Agilent E4440A spectrum analyzer and a Stan-
ford Research SR570 low-noise current preamplifier were
used to measure the noise spectra. At low temperatures,
the low-frequency noise measurement was carried out in a
Lake Shore Model TTP4 Cryogenic Station. The temperature
of the station is precisely controlled by the Lakeshore Model
332 Temperature Controller. Low-frequency noise measure-
ment was carried out after the temperature of the chamber
became stable.

III. RESULTS AND DISCUSSION

A. DC Characteristics of ZnO NW FETs

The transfer I–V curves (Fig. 2) of the ZnO NW FETs
were measured by Agilent 4142b at room temperature. Here,
Vd is 5 V and Vg is from −25 to 15 V. The threshold voltage
Vth is −20.8 V and the gate current level is 10−9 A. The
devices exhibited an excellent pinchoff performance with an
OFF-state current of 7 × 10−10 A and an ON/OFF ratio of 105.
The subthreshold slope is 260 mV/dec.

Fig. 3. Normalized noise PSD of ZnO NW FETs at room temperature
at Vd = 5 V. The gate is biased from −18 to −15 V with a step of 1 V.

B. Low-Frequency Noise of ZnO NW FETs at Room
Temperature

Fig. 3 shows the normalized power spectrum density (PSD)
of the ZnO NW FETs under different gate biases at room
temperature. The drain bias is set to 5 V for all noise mea-
surements. The noise PSD in room temperature shows a 1/ f β

shape, with β value ranging from 1.1 to 1.2. No generation and
recombination noise is observed in our devices up to 1 kHz.
The noise PSD level decreases with the gate bias increasing
from −18 to −15 V.

C. Temperature-Dependent Low-Frequency Noise
Measurements of ZnO NW FETs

Generally speaking, the trapping/detrapping process
between the oxide traps and channel carriers and the bulk
mobility fluctuations [1] is the mechanism for electrical
current fluctuation in MOS transistors, both of which are
temperature-dependent. Next, we study the mechanisms of
low-frequency noise in ZnO NW FETs dependences of
temperature.

The low temperature noise measurement was carried out in
a cryogenic station from 293 down to 10 K. Here, we only
plot the normalized PSD at three temperatures (293, 150, and
10 K) at Vg = −15 V. According to the noise PSD shown in
Fig. 4(a), 1/ f noise is still dominant in the low temperature
range in our devices. To show the evolution of the threshold
voltage of ZnO NW FETs, the transfer I–V characteristics at
293, 150, and 10 K are shown in Fig. 4(b). The Vth is extracted
to be −20.8 V for 293 K, −19 V for 150 K, and −16.2 V for
10 K from linear extrapolations.

The normalized PSD spectra shown in Fig. 4(a) suggest
that the low-frequency noise follows the 1/ f dependence in
the entire temperature we have measured, but no other clear
trend is observed. To better understand the noise mechanism
at different temperatures, the normalized noise PSD is plotted
as a function of drain current Id from room temperature
293 down to 10 K. As shown in Fig. 5, the normalized PSDs
at 293, 200, 150, and 100 K have a linear relationship with
Id , while at 30 and 10 K, no clear relationship between the
normalized PSD and Id is observed. Besides, the slope of
the linear fittings at 150 and 100 K is close to −1, which
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Fig. 4. (a) Normalized noise PSD of ZnO NW FETs at gate biasing
condition of −15 V and Vd = 5 V at 293, 150, and 10 K. (b) Transfer I–V
characteristics of ZnO NW FETs at 293, 150, and 10 K.

means in these cases that SI/I 2
d is proportional to I −1

d . The
slope of linear fittings at 293 and 200 K is close to −2. These
initial observations suggest that the dominant mechanisms in
these temperature ranges may be different and more than one
model is needed to study the observed low-frequency noise at
different temperatures.

D. Low-Frequency Noise Modeling of ZnO NW FETs

In general, the current fluctuation in semiconductor devices
is decided by two factors, carrier number and carrier mobility
fluctuations. In MOS transistors, the CNF is due to the trapping
and detrapping process between oxide traps near the interface
and channel carriers [2]. The mobility fluctuation is generally
attributed to the fluctuations on phonon scattering [14]. These
two mechanisms are considered responsible for two widely
used models in low-frequency noise, the CNF model and
Hooge’s model. In the CNF model, the normalized PSD
approximately changes with (gm/Id)

2 in the linear regime if
not considering the mobility fluctuations [4]

SI

I 2
d

= Svfb×
(

gm

Id

)2

(1)

where Svfb is the noise PSD at flat-band voltage. In Hooge’s
model, the low-frequency noise is attributed to the mobility
fluctuation of carriers in the channel. The normalized PSD
can be written as the well-known Hooge’s relation

SI

I 2
d

= α

Ntot · f
(2)

where α is Hooge’s parameter. Ntot is the total carrier number
in the channel. Since Ntot is proportional to Id in the linear

Fig. 5. Normalized noise PSD at 100 Hz versus Id at T = 293, 200, 150,
100, 30, and 10 K. The normalized PSD at 293, 200, 150, and 100 K are
plotted with linear fittings.

Fig. 6. Normalized noise PSD at 100 Hz versus (gm/Id)2 at T = 293 and
200 K with fittings to the CNF model.

regime, the normalized PSD should be proportional to I −1
d for

the mobility fluctuation case.
At room temperature, the measured normalized noise PSD

versus (gm /Id)
2 is shown in Fig. 6. Note that the low-frequency

noise of ZnO NW FETs was measured with the device linear
regime. The linear relationship between the normalized PSD
and (gm/Id)

2 indicates that the noise in our device at room tem-
perature is dominated by CNF. This is also in agreement with
the result reported before in ZnO NW phototransistors [11].
In other words, in a higher gate bias condition, when the
device is operated at linear or saturation regime, the noise
is dominated by CNF. We find that the low-frequency noise
in our devices can still be fitted into the CNF model down
to 200 K. As shown in Fig. 6, the noise level at 200 K is
smaller than the room temperature with a linear dependence
of (gm /Id)

2. This is likely because the trapping/detrapping
process between the traps and carriers slows down at lower
temperatures. There are less traps and carriers involved in
this process. Hence, the noise level becomes smaller at low
temperatures.

At temperatures below 200 K, the noise data cannot be fitted
into the CNF model anymore. We plot the normalized noise
PSD versus Id instead. As shown in Fig. 7(a), the fitting result
shows that the normalized noise PSD is proportional to Id

with a slope of −1.21 for 150 K and −1.03 for 100 K, which
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Fig. 7. (a) Normalized noise PSD versus drain current Id at 100 and
150 K and fittings to Hooge’s model. (b) Extracted Hooge parameter
versus gate bias at 100 and 150 K.

follows Hooge’s relation mentioned in (2). The result shows a
very good linear fitting at both temperatures, which is a strong
sign of mobility fluctuation, according to Hooge’s model.
Previous work has suggested that the transport mechanism
in ZnO NW FETs is dominated by phonon scattering at
temperatures higher than 167 K [13]. It has been suggested
that the electron and space-charge scattering become dominant
due to the electron hopping process and slow electron motion
at temperatures below 167 K. Therefore, it is believed that the
transition of transport mechanism in this temperature range
induced larger fluctuations on carrier mobility. This explains
why the low-frequency noise due to the mobility fluctuation
is dominant from 150 down to 100 K. As shown in Fig. 7(b),
Hooge’s parameter extracted at 100 and 150 K are in the order
of 10−2 to 10−3. These values are in good agreement with the
previously reported results on ZnO NW FETs [10], [12], [13].

In the extremely low temperature range from 30 down to
10 K, the noise data can be well fitted to another model,
the CNF correlated with mobility fluctuation model. In this
model, the low-frequency noise is still attributed to the trap-
ping/detrapping process between the oxide traps and channel
carriers. This process not only induces the CNF, but also
induces the carrier mobility fluctuation through the Coulomb
scattering between the oxide traps and carriers. According to
this model [4]

SId

I 2
d

=
(

1 + γ ·μ0 · Cox · Id

gm

)2

× SVfb ×
(

gm

Id

)2

(3)

Fig. 8. Normalized noise PSD of gate voltage versus gate bias at 10 and
30 K and fittings to CNF correlated with mobility fluctuation model.

where γ is the Coulomb scattering parameter, μ0 is the
effective mobility, and Cox is the oxide capacitance per unit
area. It can be rewritten as

SV g = SId

g2
m

= {(
1 + γ · μ0 · Cox · (

Vg − Vth
)}2 × SVfb. (4)

We show Svg versus (Vg – Vth) in Fig. 8 at 30 and 10
K. The result shows a good polynomial relationship between
Svg and (Vg – Vth). The good fitting to the CNF correlated
mobility fluctuation model reveals that at low temperatures,
the Coulomb scattering between oxide traps and carriers is the
dominant reason for mobility fluctuation. In this case, the noise
induced by mobility fluctuation is significant and comparable
to the CNF.

In the CNF model, the oxide trap density near the ZnO/SiO2

interface can be extracted from the noise PSD of flat-band
voltage Svfb. The trap density we extracted here is the oxide
traps located near the Fermi level that are involved in the trap-
ping/detrapping process with channel carriers. In MOSFETs,
the noise PSD of flat-band voltage can be expressed as [4]

SVfb = SQox

C2
ox

= q2kT Nt λ

f WlC2
ox

(5)

where l is the channel length, W is channel width, and Cox

is oxide capacitance per unit area. λ is the tunneling distance,
which can be expressed as

λ =
[

4π

h

√
2m∗ϕB

]−1

(6)

where m∗ is the effective mass of electrons in gate oxide, ϕB

is the tunneling barrier at the ZnO/SiO2 interface, and h is the
Planck’s constant. In this work, as shown in Fig. 1, the NW
channel in our devices is placed on top of the Si back gate.
Equation (5) can be expressed as

SVfb = SQox

C �2
ox

= q2kT N �
t λ

f lC �2
ox

. (7)

Here, C �
ox is the gate capacitance per unit length which can

be calculated as [13]

C �
ox = 2πεε0

cosh−1
(

1 + tg

rnw

) (8)

Authorized licensed use limited to: Seoul National University. Downloaded on June 25,2021 at 06:26:58 UTC from IEEE Xplore.  Restrictions apply. 



3536 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 68, NO. 7, JULY 2021

where tg is the thickness of the gate oxide and rnw is the
radius of the NW. The electron affinity of ZnO we used here
is 4.3 eV [16]. SVfb can be calculated from the measured noise
PSD of drain current SId . The extracted values of the oxide
trap density per unit area N �

t at 293 and 200 K are 9.4 ×
1010 cm−2 eV−1 and 3.8 × 1010 cm−2 eV−1, respectively.

IV. CONCLUSION

In conclusion, we investigated the low-frequency noise
characteristics of ZnO NW FETs at different temperature
from 293 down to 10 K. We found that 1/ f noise is always
dominant in our devices up to 1000 Hz in this temperature
range. According to our analysis, three noise mechanisms
are identified responsible for the low-frequency noise. From
293 down to 200 K, CNF dominates the low-frequency noise.
This fluctuation is induced by the trapping/detrapping process
between the oxide traps and channel carriers based on the CNF
model. The activated oxide trap density according to the CNF
model ranges from 9.4 × 1010 to 3.8 × 1010 cm−2 eV−1 from
293 and 200 K. From 150 down to 100 K, the low-frequency
noise becomes mobility fluctuation dominant. At this temper-
ature range, the mobility fluctuation induced by electron and
space-charge scattering dominated the low-frequency noise.
At extremely low temperature from 30 down to 10 K, the noise
is dominated by both CNF and mobility fluctuation, which is
induced by the Coulomb scattering between oxide traps and
channel carriers. This work provides a comprehensive study on
temperature dependence of low-frequency noise in ZnO NW
FETs.
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