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C
olloidal semiconductor nanocrystals
(NCs) are of great interest due to
their size and shape-tunable optical

and electronic properties.1�3 As colloids, NC
dispersions are akin to inks, allowing low-
cost, solution-based deposition of large-
area, thin-film devices, even on flexible
substrates.4�8 Successive breakthroughs in
enhancing NC thin-film conductivities have
led to demonstrations of nanocrystal field-
effect transistors (NCFETs) with mobilities
>15 cm2/Vs9�11 and their integration into
flexible analog and digital circuits.12 Opti-
mization of NC thin-film carrier lifetime and
mobility has given rise to NC solar cells with
power conversion efficiencies of >4%13�15

and to photodetectors with detectivities
of >1010 Jones.11,16,17 However, applications
of these promising devices and circuits
require an understanding of noise, that
is, the random fluctuations that occur in
their electrical signals, particularly at the
low frequencies where these devices oper-
ate. Measurements of NC thin-film photo-
detectors have shown that noise limits
detectivity.16,18

Flicker noise (also known as 1/f noise) is
often dominant at f < 100 kHz in nearly all

electronic devices. In integrated circuits,
flicker noise is known to reduce the noise
margin and lead to unstable circuits.19 The
1/f noise, while undesirable for device ap-
plications, also has developed into a field of
interest to probe the mechanisms of charge
transport in electronicmaterials.20�23 The 1/f
noise in electronic materials is commonly
explored in the geometry of the field-effect
transistor. Two models have been proposed
to explain the origin of the noise. Flicker
noise arises from current fluctuations, ΔI �
qN(Δμ) þ q(ΔN)μ, dominated by carrier mo-
bility fluctuations (Δμ) in the Hoogemodel24

or carrier number fluctuations (ΔN) in the
McWhorter model.25 The magnitude and
frequency dependence of the noise gener-
ated by these current fluctuations are de-
scribed by the noise spectral density. In the
Hooge model, mobility fluctuations arise
from scattering between carriers and pho-
nons or impurities.26,27 The noise spectral
density expression28 depends on the device
operation mode. In the transistor's linear re-
gime, thenoise spectral density is describedby

SI(f ) ¼ qμ
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ABSTRACT We investigate the origins and magnitude of low-

frequency noise in high-mobility nanocrystal field-effect transistors and

show the noise is of 1/f-type. Sub-band gap states, in particular, those

introduced by nanocrystal surfaces, have a significant influence on the

1/f noise. By engineering the device geometry and passivating

nanocrystal surfaces, we show that in the linear and saturation regimes

the 1/f noise obeys Hooge's model of mobility fluctuations, consistent

with transport of a high density of accumulated carriers in extended

electronic states of the NC thin films. In the subthreshold regime, the Fermi energy moves deeper into the mobility gap and sub-band gap trap states give rise to a

transition to noise dominated by carrier number fluctuations as described in McWhorter's model. CdSe nanocrystal field-effect transistors have a Hooge parameter

of 3 � 10�2, comparable to other solution-deposited, thin-film devices, promising high-performance, low-cost, low-noise integrated circuitry.
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and in the saturation regime by

SI(f ) ¼ RH

f
q

ffiffiffi
2

p μ1=2

W1=2L3=2C
1=2
ox

I3=2
D

(2)

where μ is the carrier mobility, RH is the Hooge
parameter, W and L are the device channel width and
length, Cox is the oxide unit capacitance, and ID is the
device drain�source current. In the McWhorter model,
it is believed that traps inside the gate oxide layer of the
transistor serve as centers for trapping�detrapping and
lead to the carrier numberfluctuations that appear as 1/f
noise. The noise spectral density is given by

SI(f )
q4

kT

NT

WLfγCox

1
η2

I2D (3)

where NT is the trap density of states (eV�1 cm�3) near
the Fermi energy, γ is the tunneling parameter of traps
(γ= 1/λ, λ= 0.1 nm), and η is related to the subthreshold
swing S defined as η = (qS)/((ln10)kT) and S =
(∂VGS)/(∂(log10ID)). This model has been extended to
include traps that originate from imperfections in the
semiconductor layer, either from bulk defects or from
grain boundaries in amorphous and polycrystalline
materials.29�31 Both Hooge and McWhorter models
have been extensively applied to conventional Si and
III�V FETs32�34 and recently have been used to describe
noise in transistors constructed from novel semicon-
ductor materials, such as organic semiconductors,35�37

graphene,38�40 carbonnanotubes,41,42 andnanowires.43,44

Nonetheless, the theory of 1/f noise still engenders great
debate.

Here we report a systematic study of the low-
frequency noise in CdSe NCFETs and show that the
noise has 1/f behavior. We compare device perfor-
mance and 1/f noise amplitude from devices with top-
contact (TC) and bottom-contact (BC) geometries. The
noise in BC NCFETs is governed by the source�drain to
NC thin-film contacts, whereas in TC NCFETs, noise
arises from theNC channel, giving us a platform to study
and correlate noise spectral density and charge trans-
port mechanisms in NC thin films. We show that 1/f
noise relates to NC thin-film electronic structure, where
the McWhorter model describes 1/f noise in the sub-
threshold regime and the Hooge model describes 1/f
noise in the device linear and saturation regimes. The
noise is described by a Hooge parameter of 3 � 10�2,
comparable to what has been reported in polycrystal-
lineCdSe,45 solution-depositedorganic semicondutor,37

and amorphous InGaZnO thin-film transistors,46 and is
within 1 order of magnitude of that for amorphous Si
transistors.32

RESULTS AND DISCUSSION

Figure 1A,B shows device output characteristics, and
Supporting Information Figure S1A compares device
transfer characteristics for TC and BC NCFETs. Higher
current levels are seen above the threshold in the TC
devices as the field-effect mobility for electrons in TC
devices is higher than that in BC devices (Table 1 and
Supporting Information discussion). To study the origin
of the performance difference, the trap density at the
semiconductor/gate dielectric interface and the device

Figure 1. Device output characteristics (ID�VDS) for (A) top-contact and (B) bottom-contact CdSe NCFETs. Normalized drain
current spectral density (SI/ID

2) vs frequency for (C) top-contact and (D) bottom-contact CdSe NCFETs, where the channel
width over length ratio (W/L) is 15 for all devices and the length is (magenta) 40 μm, (green) 50 μm, (blue) 100 μm, (red) 150 μm,
and (black) 200 μm. Insets in (A) and (B) are schematics of the top-contact and bottom-contact NCFETs, respectively. Insets in (C)
and (D) show the relationship between noise amplitude and device area for a representative frequency of 10 Hz.
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resistances are analyzed. The trap density at the semi-
conductor/gate dielectric interface can be derived
from the subthreshold swing

S ¼ kT

q
� ln 10� 1þ qNit

Cox

� �
(4)

where Nit is the interface trap density (cm�2).47 The
subthreshold slope for TC and BC devices is nearly
identical, as expected given that both devices present
the same CdSe NC/Al2O3 interface and therefore have
a similar calculated average interface trap density
over several devices of 5.0 ( 1.8 � 1012 cm�2 for TC
and 5.5( 0.5� 1012 cm�2 for BC configurations. Using
the output characteristics in the linear regime, we
calculate the contact resistance according to the trans-
mission linemethod [Rtotal�W = Rcontactþ Rchannel� L].
Supporting Information Figure S1B,C shows the total
device resistance (Rtotal) as a function of channel length
for different gate voltages (VGS) that is used to extra-
polate the contact resistance (Rcontact), assuming a uni-
form channel resistance (Rchannel). The results are
summarized for VGS = 50 V in (Table 1). It is evident that
the BC devices suffer from large contact resistance, as
high as 77% of the total resistance in L = 30 μmdevices.
Contact resistance distinctly influences the field-effect
mobility of BC devices, such that high contact resis-
tances at shorter channel lengths reduce the effective
device mobility. For TC devices, Rchannel is dominant over
theRcontact (Table 1 andSupporting Information Table S1).
In fact, we find negative values of Rcontact, which we
believe is an artifact arising from the assumption of
uniform Rchannel adopted in transmission line method. A
slight trend of increased mobility for shorter channel
devices is observed, which we attribute to nonuniformi-
ties in indium diffusion and doping as the channel length
increases.9

Figure 1C,D shows representative normalized drain
current spectral density (SI/ID

2) versus frequency char-
acteristics for varying channel length TC and BC de-
vices, respectively, measured in the saturation regime
(VDS = 50 V, VGS = 50 V). The low-frequency noise
displays typical 1/f dependence and clearly shows that

BC devices have higher noise than TC devices at each
equivalent channel length. Noise amplitude (A), de-
fined as S(f) = SI(f)/ID

2 = A/f, scales linearly with device
channel area for both TC and BC device configurations
(Figure 1C,D inset), consistentwith previous reports that
noise is inversely proportional to carrier number.32,48

Since Rcontact is extracted from linear regime device
characteristics, we compare SI/ID

2 measured in the
saturation (VDS = 50 V, VGS = 50 V) to that in the linear
regime (VDS = 5 V, VGS = 50 V). Supporting Information
Figure S1D shows that the noise is similar in the linear
and saturation regimes at VGS = 50 V, suggesting that
the noise is weakly dependent on VDS. To validate this,
noise is assumed to be the sum of two uncorrelated
noise sources, one from the channel and the other
from the contacts, and is expressed as follows

S ¼ SI
I2D

¼ SRtotal
R2total

¼ SRchannel þ SRcontact
(RchannelþRcontact)

2 (5)

where SRchannel and SRcontact are the noises from the
channel and contact regions and Rchannel and Rcontact
are the channel and contact resistances, as described
above.32,49 These four components depend on W and
L. We derive the dependence of SI/ID

2 on L (Supporting
Information discussion) for different magnitudes of
the noise and resistance sources and summarize the
results in Table 2 for both constant W/L and constant
W devices. We compare the L dependence of SI/ID

2 for
constantW/L TC and BC devices in Figure 2A. The result
differentiates the dominant noise sources in TC and BC
devices, as TC devices follow an L�2 dependence,
consistent with channel noise and resistance dominat-
ing over the contributions from the contacts, whereas
for BC devices the L�1 relationship supports the dom-
inance of the contact regions to the noise. The use of
the length dependence of the noise to distinguish the
noise contributions from channel and contact regions
has been previously applied to studies of organic thin-
film transistors.35,50 However, in the literature, constant
W is commonly derived and used and not constant
W/L. In order to verify our derivation in Table 2, we
prepare TC devices where constant W/L and constant

TABLE 1. Device Resistances Extracted Using the Transmission LineMethod and CarrierMobilities for TC and BCDevicesa

VGS = 50 V

top contact bottom contact

channel length (μm) Rtotal (Ω) Rcontact/W (Ω) mobility (cm2/Vs) Rcontact (Ω) Rcontact/W (Ω) mobility (cm2/Vs)

30 8.8 � 103 �2.1 � 103 25.0 7.7 � 104 5.9 � 104 2.26
40 9.4 � 103 �1.6 � 103 24.5 6.2 � 104 4.4 � 104 2.69
50 9.7 � 103 �1.3 � 103 22.9 5.3 � 104 3.6 � 104 3.11
100 1.0 � 104 �6.5 � 102 20.7
150 1.0 � 104 �4.3 � 102 19.9 2.9 � 104 1.2 � 104 6.95
200 2.6 � 104 8.9 � 103 9.38

a All data shown are at VGS = 50 V. Note: Only saturation regime mobilities are presented in this table, as mobility for NCFETs is weakly dependent on VDS.
9
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W are both included on the same sample. Indeed, in
Figure 2B, TC devices show L�1 for constantW and L�2

for constant W/L (statistics are shown in Supporting
Information Figure S2) as the channel region is the
major source of noise in this device configuration. As
BC devices suffer from additional 1/f noise originat-
ing from high-resistance metal-to-semiconductor con-
tacts, only TC devices are used as a platform to study
the 1/f noise characteristics arising from the NC thin-
film channel.
The gate voltage dependence of the 1/f noise

has been widely used to examine the origin of the
low-frequency noise and relate the noise to mechan-
isms of charge transport in materials systems.32,49,51 To
collect the gate-voltage-dependent 1/f noise charac-
teristics, devices are under constant voltage stress
for an accumulated time of ∼25 min. Bias stress in
thin-film transistors commonly leads to ID that varies
over time.52�54 We observe bias stress effects in our TC
devices when operated in both saturation (Support-
ing Information Figure S3A) and linear (Supporting

Information Figure S3B) regimes, leading to an abrupt
current drop at the onset of stress that gradually
becomes more stable after a few seconds. For each
stress bias, ID is therefore based on averaging the
current from 10 s to the end of the voltage stress
(Supporting Information Figure S4, blue stars). The
observed decay in ID arises from a shift of the device
characteristics toward increased threshold voltage (VT)
(Supporting Information Figure S4A). These stress
effects are more severe at lower VGS, making the
determination of ID and device operation mode more
difficult. Note the effects of bias stress are small in
the noise measurements collected at a single high VGS
values, as in Figure 1C,D.
We find that we can dramatically reduce bias stress

effects in TC devices by encapsulating the devices with
an atomic layer deposition (ALD)-grown Al2O3 layer.
ALD oxides have been previously reported to reduce
device hysteresis in NCFETs.5,54 Supporting Informa-
tion Figure S3A,B shows the greater stability of encap-
sulated TC devices in the saturation and linear regimes,
respectively. ID remains at 80% of the initial current in
encapsulated devices, as opposed to 40% or lower for
devices without encapsulation after 25 min of accu-
mulated stress. The time dependence of ID fits well
to a stretched exponential function, which is com-
monly used to describe bias stress effects in devices
(Supporting Information Figure S5 and Supporting
Information discussion). Upon encapsulation, the de-
vice hysteresis is also smaller (Supporting Information
Figure S4B), with nearly no shift in device character-
istics before and after noisemeasurement. Notably, the
average stress current matches the device character-
istics in saturation, linear, and subthreshold regions.
This additional Al2O3 encapsulation layer minimizes
device uncertainties and provides stable devices for
gate-voltage-dependent 1/f noise measurements.
Figure 3A,B displays the drain current spectral

density (SI) versus frequency for Al2O3-encapsulated
TC devices as a function of VGS, at VDS = 1 V, capturing

TABLE 2. Length-Dependent Normalized Drain Current

Spectral Density Relationship for W/L= Constant and

W = Constant

SI(f)/ID
2 = SRtotal(f)/Rtotal

2 = SRchannelþ SRcontact/(Rchannelþ Rcontact)
2

W/L = const. W = const.

Rchannel > Rcontact �1/L2 �1/L
SRchannel > SRcontact

Rchannel > Rcontact �1/L �1/L2

SRcontact > SRchannel

Rcontact > Rchannel const. �L
SRchannel > SRcontact

Rcontact > Rchannel �L const.
SRcontact > SRchannel

Figure 2. Normalized drain current spectral density (SI/ID
2) as a function of channel length varying from 30 to 200 μm,

collected at a fixed frequency of 10 Hz, VDS = 50 V and VGS = 50 V. (A) Representative channel length dependence of SI/ID
2 for

top-contact (red) and bottom-contact (green) devices with a constantW/L of 15. (B) Channel length dependence of SI/ID
2 for

top-contact devices with constantW/L (blue) and fixed channel width of 1800 μm (cyan). Note: The device channel length of
90 μm and channel width of 1800 μm are common, representing the constantW/L ratio of 20 and the constant channel width
of 1800 μm. Slopes of m = �1 and m = �2 lines are shown for reference.

A
RTIC

LE



LAI ET AL. VOL. 8 ’ NO. 9 ’ 9664–9672 ’ 2014

www.acsnano.org

9668

device operation in the linear and subthreshold re-
gimes (VT is ∼15 V), and at VDS = 50 V, showing opera-
tion in the saturation mode. Although 1/f behavior is
observed, the frequency exponent (γ in fγ) is not a
constant value of �1. Figure 3C depicts the frequency
exponent for saturation (VDS = 50 V, black) and linear
to subthreshold (VDS = 1 V, blue) regimes as a function
of VGS. For VDS = 50 V, γ changes from �1 to more
negative values with decreasing VGS, whereas for VDS =
1 V, γ is nearly constant at �1 for a wide range of
VGS values and then abruptly changes to more nega-
tive values as the device transitions from the linear to
subthreshold regimes. Our observations for the noise
behavior in NCFETs are consistent with the deviation of
γ from �1 reported for semiconductors with a density
of trap states in the band gap and are related to the
position of the Fermi energy (EF) as it is shifted through
the density of states in different bias regimes.30,55

Another way to view these data is by plotting SI
versus ID at a fixed frequency. Figure 3D is a represen-
tative plot of SI versus ID at 10 Hz collected at VDS = 1 V
with VGS ranging from 50 to 7.5 V (blue points) and at
VDS = 50 V with VGS spanning from 50 to 30 V (black
points). The double logarithm plot shows three distinct
slopes. The inset of Figure 3D shows the statistics of the
slopes measured from four devices at frequencies of
5 to 10 Hz (in steps of 1 Hz), where slopes of 1.6 (
0.04 in the saturation regime, 1.2 ( 0.07 in the linear
regime, and 2.0 ( 0.01 in the subthreshold regime are
found. These experimental results closely match the

Hooge model for operation in both saturation (eq 2)
and linear (eq 1) regimes, suggesting that mobility
fluctuations are responsible for the 1/f noise behavior
under strong accumulation of charge. For the subthres-
hold regime (eq 3), 1/f noise is consistent with carrier
number fluctuation based on the McWhorter theory.
Alternatively, SI/ID

2 or SI versus the (VGS�VT) relation-
ship can be used to distinguish between Hooge
and McWhorter models.56 In Supporting Information
Figure S6, both linear and saturation regimes are
again shown to follow the Hooge model instead
of the McWhorter model, consistent with the results
from SI versus ID. Based on the McWhorter model in
eq 3, the calculated NT is ∼8.17 � 1018 (eV�1 cm�3),
which is 1 order of magnitude lower than that found
for a-Si28 and similar to that for a-InGaZnO transistors.51

For unencapsulated devices, the SI versus ID does not
show these trends in all three operation modes, which
we believe is due to bias stress effects on the measure-
ment of ID.
The Hooge parameter (RH) is commonly used as a

figure-of-merit to compare the 1/f noise level in differ-
ent systems. The Hooge parameter calculated from the
normalized current spectral density is (SI/ID

2 ) = A/f =
RH/Nf, where A is the noise amplitude (described
above) equal to the Hooge parameter divided by the
carrier number N =WLCox/q(VGS � VT).

24,56 Figure 4A,B
and Supporting Information Figure S7A,B compare the
field-effect carrier mobility and Hooge parameter as
a function of VGS in the saturation and linear regimes,

Figure 3. Spectral current density (SI) of Al2O3-encapsulated, top-contact devices as a function of frequency measured at
(A) VDS = 1 V and (B) VDS = 50 V under variousVGS values. (C) Slope fit of 1/f from SI vs frequency as a function of VGS at VDS = 1 V
(blue) and VDS = 50 V (black). (D) SI vs ID at a frequency of 10 Hz for devices biased in saturation at VDS = 50 V (black) and linear
and subthreshold regimes at VDS = 1 V (blue). Slopes (m) of 1, 1.5, and 2 are drawn for reference. Inset: Statistics from four
devices of the slope of SI vs ID, measured in the saturation, linear, and subthreshold regimes, respectively.
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respectively, for unencapsulated and encapsulated
devices. For unencapsulated TC devices (Figure 4A
and Supporting Information Figure S7A), a strong
gate-dependent carrier mobility and Hooge parameter
are observed, with the mobility and Hooge parameter
inversely related. Encapsulated devices retain a con-
sistently small Hooge parameter of around 3� 10�2, as
well as a significantly weaker gate-dependent carrier
mobility of around 10 cm2/Vs. This result highlights the
influences of NC surface states on device carrier mobi-
lity and noise magnitude.
On the basis of our experimental observations in

Figure 3 and Figure 4A,B, we describe the 1/f noise
mechanism by a schematic of the carrier concentration
(Figure 4C) and therefore Fermi energy (EF) across the
NCFET channel, accounting for the NC thin-film density
of states (Figure 4D). The density of states for strongly
coupled, NC thin films is consistent with the formation
of extended states above the mobility edge and tail
and midgap states that extend into the gap.9,14,57,58

Site-to-site variation even in highly monodisperse NC
samples introduces dispersion in the energy of NC
states that tail below the mobility edge. NCs possess
a large surface-to-volume ratio, and therefore, the
surface is known to play a dominant role on their
physical properties, as dangling bonds, some ligand
chemistries, and exposure to oxygen and water intro-
duce electronic trap states within the band gap.14,59,60

In the transistor geometry, we showed previously that
the semiconductor NC/gate dielectric interface also

contributes to the density of tail states.9 These tail
andmidgap states, either fromNCenergy dispersion or
surface states or the NC/gate dielectric interface, when
not filled, have a significant influence on NC thin-
film device performance, limiting carrier lifetime61

and mobility and introducing device hysteresis and
instability under bias stress.54 For CdSeNCFETswithout
Al2O3 encapsulation, we assume a greater density
of tail and midgap states from incomplete passivation
and/or surface oxygen/water adsorption over time
even in a nitrogen-filled glovebox (Figure 4D, blue
dashed line), as previously reported for lead chalco-
genide NCFETs.62�64 During ALD Al2O3 growth, addi-
tional indium diffuses from the source and drain
electrodes into the NC channel to better passivate
the NC surfaces.5 The deposited Al2O3 also encapsu-
lates the NCs and the device interfaces, preventing
oxygen and water from introducing trap states
(Figure 4D, blue solid line).5,54 The calculated CdSe
NCs/Al2O3 interface trap density is similar for devices
with and without Al2O3 encapsulation (Supporting
Information Figure S4), consistent with the change
in trap density mainly resulting from passivation of
NC surface states.
In the transistor geometry, the applied VGS tunes

the Fermi energy (EF) in the semiconductor channel,
modulating the free carrier concentration and the
occupancy of sub-band gap states. In encapsulated
devices, when VGS > VT, EF lies close to the mobility
edge (E0) and a large concentration of free carriers is

Figure 4. Mobility and Hooge parameter (RH) as a function of VGS when VDS = 50 V for (A) unencapsulated, top-contact and
(B) Al2O3-encapsulated, top-contact devices. Insets in (A) and (B) are NCFET schematics. (C) Schematic of the carrier
concentration in the NCFET channel, and (D) density of states for NC thin films and the energy of the Fermi level in the
linear (red), saturation (green), and subthreshold (orange) regimes. E0 denotes the mobility edge. Note, in the saturation
region, pinch off within ΔL of the drain electrode causes the Fermi energy to move further away from the band edge.
The density of tail states (blue dashed) is reduced after Al2O3 encapsulation (blue solid).
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accumulated in extended states. Here the current
fluctuations that give rise to 1/f noise are consistent
with mobility fluctuations described by the Hooge
model as seen in the linear and saturation regimes
in Figure 3D. The carriermobility and Hooge parameter
are stable over a range of VGS from 50 to 30 V in the
saturation (Figure 4B) and linear (Supporting Infor-
mation Figure S7B) regimes, in agreement with the
low density of unoccupied sub-band gap states. In the
linear regime (VDS < VGS� VT), a nearly constant γ =�1
is observed as a uniform charge accumulation layer
exists. Unlike the uniform EF and carrier concentration
in the linear regime, EF in the saturation regime will
gradually move away from the mobility edge as the
channel is pinched off due to the reverse bias near the
drain electrode (Figure 4C), leaving behind empty,
deeper trap states for carriers to communicate with
by trapping�detrapping. Compared to shallow traps,
these unoccupied deep trap states give rise to slow
carrier trapping�detrapping and therefore appear as
low-frequency 1/f noise, consistent with the deviation
from γ = �1 in the saturation regime (as smaller
VGS increases the width of the pinch off region as
VDS > VGS � VT increases).

30 When VGS < VT in the sub-
threshold regime, EF is away from the mobility edge
and gives rise to an abrupt change in γ (Figure 3C) and
a transition in the 1/f noise from carrier mobility to
number fluctuations in accordance with the McWhor-
ter model. In contrast, in unencapsulated devices,
the high density of tail states results in appreciable
carrier trapping�detrapping. As seen in Figure 4A
and Supporting Information Figure S7A, the mobility

and Hooge parameter have a strong VGS dependence
in both the linear and saturation regimes, leading in
saturation to a factor of 4 increase in the Hooge
parameter. The relationship between increased density
of sub-band gap states and increased low-frequency
noise has similarly been reported in a-InGaZnO
transistors.46,65 These sub-band gap states have also
been correlated with an increased Hooge parameter
and bias instability. Similarly, our results suggest that
unfilled sub-band gap states contribute to increased 1/f
noise, increased bias stress effects, and lower carrier
mobilities.

CONCLUSION

In summary, we report 1/f noise behavior at low
frequencies in CdSe NCFETs and correlate the noise
behavior with the nature of charge transport in CdSe
NC thin films. The 1/f noise behavior in the saturation
and linear regimes is consistent with charge transport
of accumulated carriers in extended states where
mobility fluctuations are caused by scattering. How-
ever, in the subthreshold regime, the 1/fnoise behavior
results from carrier number fluctuations arising from
carrier trapping�detrapping from sub-band gap states
introduced by NC dispersion, the NC surface, and/or
the semiconductor NC/gate dielectric interface. We
find that passivation of NC surface states gives rise
to a consistent carrier mobility and Hooge parameter
over a wide range of applied voltages. This is very
important for high-density integrated circuits where
inconsistent device characteristics and large noise limit
their functionality.

METHODS
CdSe Synthesis. Trioctylphosphine oxide (90%), tributylpho-

sphine (97%), and selenium shot (99.99%) are purchased
from Sigma-Aldrich. Octadecylamine (90%) is purchased from
Acros. Cadmium stearate is purchased from MP Biomedicals.
Ammonium thiocyanate (Acros, 99.8%þ) is recrystallized from
anhydrous alcohol. All anhydrous solvents are purchased from
Acros with the highest grade available or purged and then dried
over activated alumina columns or distilled over a drying agent
under nitrogen. Cadmium selenide NCs are synthesized based
on a modified literature recipe.66 A typical reaction starts with a
mixture of 20 g of trioctylphosphine, 20 g of octadecylamine,
and 2.10 g of cadmium stearate that are held under vacuum
for 1 h at 120 �C. The mixture is then heated to 320 �C under
dry nitrogen and then 10.0 mL of 1.25 M selenium in tributyl-
phosphine solution is injected. The growth of the particles is
continued at 290 �C for 15 min.

CdSe NC Ligand Exchange. The long ligands capping the as-
synthesized CdSe NCs are exchanged with compact thio-
cyanate (SCN) ligands under dry nitrogen atmosphere.10 Then,
1.2 mL of CdSe NCs is dispersed in hexane at an optical density
of 10 cm�1 at the first excitonic absorption peak. Next, 0.6 mL of
ammonium thiocyanate in acetone (20 mg/mL) is added to the
CdSe NC dispersion and stirred at 3000 rpm for 2min. Complete
flocculation is observed within seconds. The mixture is centri-
fuged at 2000g for 1 min, and then the colorless supernatant
is discarded. Next, 1.2 mL of tetrahydrofuran is added, stirred
at 3000 rpm for 2 min, and centrifuged at 2000g for 1 min, and

the colorless supernatant is discarded. Then, 1.2 mL of toluene
is added, stirred at 3000 rpm for 1 min, and centrifuged at
2000g for 1 min, and the colorless supernatant is discarded.
Finally, 0.2 mL of dimethylformamide is added to the NCs and
gently agitated to form NC dispersions.

Device Fabrication. NCFETs are fabricated in bottom-gate
configuration on Nþ-doped silicon substrates with 250 nm
of thermally grown SiO2 that serves as the back gate and part
of the gate dielectric stack. An additional 20 nm gate dielectric
layer of Al2O3 is grown via atomic layer deposition (ALD), as the
Al2O3 surface reduces the device interface trap density.9,67

Then, 40 nm indium followed by 40 nm gold is thermally
evaporated through shadow masks to define source and drain
electrodes on top of the CdSe NC layer and complete top
contact (TC) devices. The CdSe NC layer is deposited by spin-
coating (500 rpm for 30 s, then 800 rpm for 30 s) to form
uniform, randomly close-packed NC thin films. The order of
metal evaporation is reversed (10 nmgold and 20 nmof indium)
and deposited prior to spin-coating the CdSe NC layer to form
bottom-contact (BC) devices. Two source�drain electrode de-
signs are used. For constantW/L = 15, the channel length varies
from 30 to 200 μm. Another design is used for devices with
constantW = 2400, 1800, 1200, and 600 μm along with lengths
varying fromW/L= 10, 15, 20, and 25. The devices are annealed
at 250 �C for 10 min to allow for the indium, introduced in the
contacts, to diffuse across and dope the NC channel. For device
encapsulation, a 50 nm layer of Al2O3 is deposited by ALD at a
temperature of 150 �C. NCFET fabrication steps are carried out in
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nitrogen-filled gloveboxes, with the exception of ALD growth of
the Al2O3 in the dielectric stack, forming the device encapsula-
tion layer.

Device Characterization and Flicker Noise Collection. FET device
characteristics are collected on a 4156C (Agilent) semicon-
ductor parameter analyzer. To collect low-frequency noise in
NCFETs, two Keithley 2400 source meters, a SR570 (Stanford
Research System) low noise current preamplifier and an HP
3582A spectrum analyzer, are used and connected with appro-
priate shared grounding and shielding to minimize external
electrical interference. The Keithley 2400 is used to provide a
constant voltage source while recording device current over
time (in steps of 30 ms). The SR570 amplifies the input device
current as output voltage, which is then connected to the HP
3582A spectrum analyzer. The amplification is selected based
on the input device current. Through all measurements, 200 μA/V
is applied for VDS = 50 V and 2 μA/V is for VDS = 1 V, where the
bandwidth for both amplifications is greater than 104 Hz, far
beyond the frequency range of interest in this 1/f noise study.
A 0.03 to 3k Hz band-pass filter is selected on the SR570 amplifier.
The spectrum analyzer measures frequencies from 5 to 260 Hz in
steps of 1 Hz and takes 16 times to average for the stable output
reading. All measurement are performedwhile devices remained
in dry nitrogen-filled gloveboxes.
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