-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

The University of Hong Kong

oy - | W

highy %

Title A low-frequency noise model with carrier generation-
recombination process for pentacene organic thin-film transistor

Author(s) HAN, C; QIAN, L; Leung, CH; Che, CM; Lai, PT

Citation Journal of Applied Physics, 2013, v. 114 n. 4, article no. 044503

Issued Date | 2013

URL http://hdl.handle.net/10722/202556

Journal of Applied Physics. Copyright © American Institute of
Physics; Copyright 2013 American Institute of Physics. This
article may be downloaded for personal use only. Any other use
requires prior permission of the author and the American
Institute of Physics. The following article appeared in Journal of
Rights Applied Physics, 2013, v. 114 n. 4, article no. 044503 and may be
found at
http://scitation.aip.org/content/aip/journal/jap/114/4/10.1063/1.481
6103; This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International
License.



https://core.ac.uk/display/38054598?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

[ AIP s

A low-frequency noise model with carrier generation-recombination process for
pentacene organic thin-film transistor
C. Y. Han, L. X. Qian, C. H. Leung, C. M. Che, and P. T. Lai

Citation: Journal of Applied Physics 114, 044503 (2013); doi: 10.1063/1.4816103

View online: http://dx.doi.org/10.1063/1.4816103

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/114/4?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Low-frequency noise in amorphous indium-gallium-zinc oxide thin-film transistors from subthreshold to saturation
Appl. Phys. Lett. 97, 122104 (2010); 10.1063/1.3491553

Low frequency noise analysis on organic thin film transistors
J. Appl. Phys. 104, 124502 (2008); 10.1063/1.3044440

Frequency response analysis of pentacene thin-film transistors with low impedance contact by interface
molecular doping
Appl. Phys. Lett. 91, 013512 (2007); 10.1063/1.2754350

A Comprehensive Model for Low Frequency Noise in PolySi ThinFilm Transistors
AIP Conf. Proc. 772, 1489 (2005); 10.1063/1.1994678

Low-frequency noise in gate overlapped lightly doped drain polycrystalline silicon thin-film transistors
Appl. Phys. Lett. 76, 3268 (2000); 10.1063/1.126602

AI P ‘ Chaos

CALL FOR APPLICANTS
Seeking new Editor-in-Chief



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/347967005/x01/AIP-PT/JAP_ArticleDL_1014/AIP-2293_Chaos_Call_for_EIC_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=C.+Y.+Han&option1=author
http://scitation.aip.org/search?value1=L.+X.+Qian&option1=author
http://scitation.aip.org/search?value1=C.+H.+Leung&option1=author
http://scitation.aip.org/search?value1=C.+M.+Che&option1=author
http://scitation.aip.org/search?value1=P.+T.+Lai&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4816103
http://scitation.aip.org/content/aip/journal/jap/114/4?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/97/12/10.1063/1.3491553?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/104/12/10.1063/1.3044440?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/1/10.1063/1.2754350?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/1/10.1063/1.2754350?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1994678?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/76/22/10.1063/1.126602?ver=pdfcov

JOURNAL OF APPLIED PHYSICS 114, 044503 (2013)

@ CrossMark

A low-frequency noise model with carrier generation-recombination process
for pentacene organic thin-film transistor

C.Y.Han,'L. X. Qian," C. H. Leung," C. M. Che,?2and P. T. Lai'®
'Department of Electrical and Electronic Engineering, The University of Hong Kong, Pokfulam Road,

Hong Kong

*Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong
(Received 9 March 2013; accepted 3 July 2013; published online 22 July 2013)

By including the generation-recombination process of charge carriers in conduction channel, a
model for low-frequency noise in pentacene organic thin-film transistors (OTFTs) is proposed. In
this model, the slope and magnitude of power spectral density for low-frequency noise are related
to the traps in the gate dielectric and accumulation layer of the OTFT for the first time. The model
can well fit the measured low-frequency noise data of pentacene OTFTs with HfO, or HfLaO gate
dielectric, which validates this model, thus providing an estimate on the densities of traps in the
gate dielectric and accumulation layer. It is revealed that the traps in the accumulation layer are
much more than those in the gate dielectric, and so dominate the low-frequency noise of pentacene
OTFTs. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816103]

. INTRODUCTION

Organic thin-film transistors (OTFTs) have gained
considerable interest due to their potential application in
large-area flexible displays and sensor arrays.'> Among vari-
ous organic semiconductors, pentacene has higher carrier
mobility than others, reaching well above 1 cm?/V.s.>*
Hence, it has been widely employed as the active layer in the
OTFTs. Flicker noise, also called //f noise because its power
spectral density (PSD) varies as 1/f* with « close or equal to
unity, occurs in almost all semiconductor devices in the low-
frequency region.’ In the last several decades, the flicker
noise in the metal-oxide-semiconductor field-effect transis-
tors (MOSFETSs) has been intensively studied.®® For the
flicker noise in the silicon MOSFET, the exponent o is close
to one in most cases. Assuming the probability of an electron
penetrating into the oxide decreases exponentially with the
distance from the oxide-semiconductor interface and the
traps are uniformly or exponentially distributed in the oxide,
the value of the slope of the PSD of the low-frequency noise
(LFN) of MOSFETs can be explained.”'! It is clear that pen-
tacene OTFTs are quite different from the conventional
MOSFET. The carrier mobility of OTFTs is much lower than
that of silicon MOSFET. Moreover, there are many traps in
the pentacene grains and the grain boundaries of pentacene
OTFTs.'?!3 However, in the flicker noise model for the con-
ventional MOSFET based on single-crystal silicon, traps are
assumed to exist only in the oxide near the interface.'""'*

At present, flicker noise models for the silicon MOSFET
are frequently employed to interpret the noise data measured
in the pentacene OTFTs.'>'® Considering the difference
between the OTFT and conventional inorganic MOSFET, it
is necessary to bring forward a model for the flicker noise in
the OTFTs. Several papers reported that the PSD of LEN in
OTFTs significantly deviated from the //f noise model for
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the MOSFET.'”?° Both the magnitude and slope of the PSD
are still not well modeled from the physics foundation.
Previous reports have mentioned that the traps in the grain
boundaries dominate the LFN in OTFTs and even proposed
that the traps in the boundaries could affect the slope of the
PSD.">2*2! However, the relation between the slope and the
traps in OTFTs is still not yet provided by any model. In this
work, we propose a model based on the generation-
recombination (GR) process of charge carriers in the accu-
mulation layer and gate dielectric to explain the slope and
magnitude of the PSD measured for pentacene OTFTs.

To verify the proposed model, pentacene OTFTs with
HfO, or HfLaO gate dielectric were fabricated. After silicon
substrates were cleaned by the standard RCA method, HfO,
was deposited by atomic layer deposition (ALD) with a
thickness of 40.0nm at a substrate temperature of 300 °C,
while HfLaO was prepared by sputtering with a thickness of
39.8nm at room temperature. Then, only the HfLaO film
was annealed in N, at 400 °C for 10 min to achieve higher
film quality. After that, a 30-nm pentacene film was depos-
ited at a rate of 1.1 nm/min in high vacuum (4 x 10 torr)
on the two dielectrics. Finally, drain and source electrodes
were evaporated on the pentacene film by gold evaporation
through a shadow mask to form the OTFTs. The width and
length of the channel on the shadow mask were 200 yum and
30 um, respectively. HP 4145B semiconductor parameter an-
alyzer, Berkeley Technology Associates FET Noise
Analyzer Model 9603, and HP 35665A Dynamic Signal
Analyzer were used to measure the transfer characteristics
and noise spectrum of the pentacene OTFTs. All the meas-
urements were conducted at room temperature (300 K) in air,
and under an electrically shielded environment.

Il. DERIVATION OF THE NOISE MODEL

From Fig. 1, the elemental volumes, AA and AA’, in the
gate dielectric and accumulation layer, respectively, can be
written as

© 2013 AIP Publishing LLC
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FIG. 1. Structure of the pentacene OTFT used in this study.

AN = Wdxdy, (1a)
AN = Wdxdy', (1b)

where W is the channel width.

Based on the carrier GR process, the frequency spectrum
of the mean-squared fluctuation in the number of trapped
carriers in an elemental volume is given by

(in the gate dielectric)

4ty

SAASn, L — AA, 2a

Anong (f) = [T ) wfafrap (2a)
(in the accumulation layer)
47y

SAA’én,,, (f) WN tbf hftprA (Zb)

where
fa=1—fuap = [1 +exp(E — Egq) /KT] !

fir =1 —fip = [1 +exp(E — Ep,) /kT] ™"

Ony, the fluctuation in trapped carrier density in gate
dielectric

ong,, the fluctuation in trapped carrier density in accu-
mulation layer

N4, the density of traps in gate dielectric

N3, the density of traps in accumulation layer

k, the Boltzmann’s constant (8.617 x 10 > eV K™ ")

T, the temperature

Ey, the quasi-Fermi level in gate dielectric

Ep,, the quasi-Fermi level in accumulation layer

fia» the occupancy function in gate dielectric

fu, the occupancy function in accumulation layer

74, the decay time in gate dielectric

15, the decay time in accumulation layer

Since the fluctuations in carrier number caused by the
traps in the gate dielectric and accumulation layer are
independent, in the volume AA and AA’, the PSD of the
mean-squared fluctuation in current, ((0lp)%), at the
point x along the channel can be expressed as (see
Appendix A),

J. Appl. Phys. 114, 044503 (2013)

4uq*lp [ T4
S N, dydV
olp (f) COXL |VG _ Vth' 1+ (27‘5f)2 ) Idftdﬁdp a4
JrWN i telfeopdy dV:| (€)]

The total PSD of the LFN in the drain current is then
obtained by integrating the Eq. (3):

4ug*lp
S,(f) =—=———"L2
v = E Ve — Val

VaE:t;

w(E,V,y)
J J J 1+ (2nf)*3(E,V,y) NuafiafiapdydEdV

o

c

+

Nufufipdy dEAV |,

o =

xS

Iy ,
J Tp (Ea Va y )
)15 nf PRUE V)

v

“

where #, is the thickness of the accumulation layer (0.9 nm),”
t, 1s the distance inside the oxide over which the traps are dis-
tributed, and E,. — E, is the bandgap energy of pentacene.

For evaluating the integral in Eq. (4), two assumptions
have to be made:

@) The decay time 7, in the accumulation layer is
constant and in the gate dielectric is given by®**
4(E,V,y) = tqexp(yy) with = 4n/h\/2m*Dp,
where m* is the effective hole mass (= 3my>), ®p is
the barrier height (= 1.3eV), & is the Planck’s con-
stant, 7, is life time at the interface, and y is the tun-
neling coefficient (= 2 X 10% cm™1).1026

(i)  The traps are assumed to be uniformly distributed in
the bandgap of pentacene.**With these two assump-
tions, carrying out the integration in Eq. (4) yields

(see Appendix B)
A ‘E/,B
Swlf) =5 +— 3, 5)
Ip (f) f 1 + (27‘5f‘5b)2
with
KTVaugIp
A=——5"———Nu, (6)
YCnL? [V = Val
and

AKTV gty topuq*lp )
CoxL2|VG - Vth|

The first term in Eq. (5) results from carrier-number
fluctuation caused by the traps in the dielectric and is con-
sistent with other noise models based on carrier-number fluc-
tuation for conventional transistors.'* On the other hand, the
second term refers to the GR noise caused by the traps in the
conducting accumulation layer. For the first time, the GR
noise caused by the pentacene film has been considered and
formulated in the noise model for OTFT.
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lll. RESULTS AND DISCUSSION

The carrier mobility and threshold voltage of the OTFTs
are extracted from their I-V characteristics shown in Fig. 2
and listed in Table I. On the other hand, the method for
extracting the noise parameters of the OTFTs is based on the
differential evolution algorithm.27 The coefficients A, B, and
7, can be optimally extracted by fitting Eq. (5) with the
measured noise spectra in Fig. 3, and their values are listed
in Table I. Then, by putting the extracted values of A and B
into Egs. (6) and (7), respectively, N,; and N, can be calcu-
lated and are listed in Table I.

Table I also lists the interface-trap density of the OTFTs
(Nt and Ngs), where N is extracted by the traditional noise
model for silicon MOSFET based on -carrier-number
fluctuation'?

S]D(f) _ 8_31 qszNT
B B WLC: f*

®)

and Ngg is calculated from the sub-threshold swing (SS) of
the OTFTs based on'?

€))

A

e [SS-q 1]
gty |kTIn10 '

So, with the same order of magnitude for Ny and Ngg the
interface-trap density extracted from the traditional noise
model is consistent with that extracted from the current-
voltage characteristics of the OTFTs. However, both Egs. (8)
and (9) can only give the effective trap density at the inter-
face because they do not differentiate between the traps in
the gate dielectric and accumulation layer.

Unlike the MOSFET based on crystalline silicon, there
are many defects in the conducting layer of OTFT. The
charge transport mechanisms in organic materials have been
described by Coropceanuet ef al.*® and Lin er al.*® The polaron
models have been employed to explain the transport mecha-
nism, in which the total carrier mobility can be expressed to
a good approximation as a sum of two contributions,

6 5 4 3 -2 41 0 1 2

3 0 T T T T T T T T T 10 5
1 —+—HfLaO ]

2.5 —+—HfO,  ]qq°
& 2.0 W=200pm ]
< ! L=3oum 407 o
\:L‘ 1.5 ..F/\‘ VDs='6V f o
g 7] L m .
) L 140
< 1.0 % — 110

0.5 ey 110°

0-0_ T T M T T T T T T 10-10

6 5 -4 3 2 4 0 1 2
V.(V)

FIG. 2. Transfer characteristics of the OTFTs with sputtered HfLaO and
ALD HfO, as gate dielectric at Vp=—5V.
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FIG. 3. PSD of drain—current noise for the OTFTs with sputtered HfLaO
and ALD HfO, as gate dielectric. The linearly fitted slope based on a tradi-
tional noise model is 1.34 and 1.75, respectively. On the other hand, the pro-
posed model can better fit the measured data.

K= Wy + ,ulmpa (10)

where f1,,, is tunneling mobility and w,,, is hopping mobil-
ity. At room temperature, the hopping term dominates the
mobility, and the mobility exhibits temperature-activated
transport. In this study, measurements on the properties of
devices are done at room temperature, and thus the hopping
conduction should dominate the charge transport in the chan-
nel. Therefore, the noise spectrum can be used to quantify
the defect density as listed in Table 1.

The calculated results by this model are in good agree-
ment with the measured PSD of both OTFTs in the low-
frequency region as shown in Fig. 3. In the high-frequency
region (above 100 Hz for the OTFT with HfO, gate dielec-
tric and 1000 Hz for the one with HfLaO gate dielectric),
the low-frequency noise is overshadowed by thermal noise.
Based on Eq. (8), the slope of PSD («) in the low-frequency
region can be extracted as 1.75 and 1.34 for the OTFTs
with HfO, and HfLaO gate dielectric, respectively.
However, o is only a fitting parameter without any physical
meaning. The proposed model in this work can well fit the
slope by including the traps in the accumulation layer, and
thus can well explain why the slope significantly deviates

TABLE I. Parameters of the Pentacene OTFTs.

Dielectric HfLaO HfO,
Capacitance C,, (uF/cm?) 0.240 0312
Threshold voltage V, (V) —0.587 —1.85
Drain current I, (uA) (Vg=Vp=-—5V) 431 0.661
Carrier mobility u (cm2/V's) 0.358 0.0815
Subthreshold swing (V/dec) 0.585 0.569
A (x10722 A2 36.7 0.105
B(x1072° A% 31.7 4.49
7 (s) 0.139 0.390
Ny (x10%°eV~'em ™) 13.7 1.04
Np (x10%2eV~'em™3) 1.18 6.37
Nr (x10%°eV~Tem ™) 3.48 6.08
Ngs (x10% eV~ lem ™) 1.85 1.47
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FIG. 4. PSD of drain-current noise for the OTFT with sputtered HfLaO as
gate dielectric at various drain biases and gate voltages.

from the value of unity in the //f noise model. As shown in
Table I, the density of the traps in the accumulation layer is
higher than that in the gate dielectric. This can explain why
the slope is significantly larger than one and verify that the
traps in the pentacene accumulation layer dominate the
LFN. The slope is determined by the ratio of the trap den-
sities in the conducting layer and gate dielectric and also
the decay time in the conducting layer. Compared with the
OTFT with HfLaO gate dielectric, the one with HfO, gate
dielectric has higher density of traps in the accumulation
layer, but lower density of traps in the gate dielectric. This
is because the ALD technique can result in higher-quality
dielectric film with less traps but pentacene film grown on
HfLaO has been demonstrated to have larger grains.3 0
Therefore, the slope of the LEN for the OTFT with HfO,
gate dielectric is larger. Moreover, the density of traps in
the accumulation layer is also in good agreement with those
in the literature.'**'? The extracted density of traps in the
HfO, gate dielectric is also comparable with those reported
in Refs. 33-35.

The PSD of drain-current noise for the OTFT with
HfLaO gate dielectric is measured at various drain biases
and gate voltages and shown in Fig. 4. As we move from
the lowest curve to the highest curve, the magnitude of the
drain current increases (see the legends in Fig. 4).
Therefore, the magnitude of the PSD scales with the drain
current in the channel, as predicted by Eq. (5) of the pro-
posed model.

IV. CONCLUSION

Based on the GR process in organic semiconductor and
gate dielectric, we have developed a microscopic model
which provides a quantitative interpretation of the LFN for
the pentacene OTFTs. The model reveals the relation
between the density of traps in the pentacene accumulation
layer and the slope of the PSD, and fits the measured noise
spectrum well in both its slope and magnitude. The density
of traps extracted by this model in the accumulation layer is
much higher than that in the gate dielectric, and thus domi-
nates the low-frequency noise of the pentacene OTFTs. In

J. Appl. Phys. 114, 044503 (2013)

conclusion, this model can well explain the LFN measured
for the pentacene OTFTs.
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APPENDIX A: PROOF OF PSD IN ELEMENTAL VOLUMES

The carrier number AN(7) in the volume AA and AA’ at
the point x along the channel can be written as:*°

AN(t) = AN + ON(1), (Al)

where AN is the mean value or steady—state value of the car-
rier number, and ON(¢) is the fluctuation in carrier number in
the volume AA and AA’ caused by the traps in the gate
dielectric and accumulation layer.

Since the fluctuations in carrier number are much
smaller than the carrier number in the channel, the impact of
the fluctuations in carrier number can be linearized as®’

SN = SN, + ON,, (A2)

where 0N, and ON,, are fluctuations in carrier number caused
by traps in the gate dielectric and accumulation layer in the
elemental volumes AA and AA’, respectively.

Assuming that (1) 6N, and JN,, are due to wide-sense
stationary processes with time-averaged value equal to zero,
i.e., (0N4) = 0 and (ON,) = 0; (2) the two random processes
are mutually independent because they separately occur in
the accumulation layer and gate dielectric,

((ON)?) = ((3Na)) + ((ON})?), (A3)

where () denotes the time-averaged value.

Assuming that all the current in the channel can flow to
the drain terminal, the mean-squared fluctuation in current at
a distance x along the channel in the volume AA and AA’
can be given by’

o) = (2) (o), (a9

where Ip is the current in the channel and N is the total car-
rier number in the channel. Therefore, the PSD of ((dIp)?) is

2
i) = (12) o)+ s 49

where Sy, (f) and Sy, (f) are the frequency spectra of
((6N4)*) and ((ON},)*), respectively.

In the elemental volumes AA and AA’, the mean-square
fluctuations in carrier number caused by traps in the gate
dielectric and in the accumulation layer are, respectively,
given by



044503-5 Han et al.
((ONg)*) = ((AN'nw)?), (A6a)
((6N)*) = ((AASny)?). (A6b)

From the simple MOSFET theory, it can be shown that

dV(x)
dx '’

Ip = gp(x)u (A7)

where ¢ is the electron charge, u is the carrier mobility,
V(x) is the electric potential along the channel, and p(x) is
the carrier density per unit length in the channel at the
point x.

4ug*lp Ty
oxL2|VG - Vrh‘ |:1 + (27If)

Sstp (f)

APPENDIX B: INTEGRAL OF PSD

ViEctq

defdﬁdI)dde +

J. Appl. Phys. 114, 044503 (2013)

The total carrier number N in the channel can be given
by

WLC o«
N = -

Ve — Val, (A8)

where C,, is the oxide capacitance per unit area, L is the
channel length, V¢ is the gate voltage, and V,, is the thresh-
old voltage of the OTFT.

In the volume AA and AA’, the PSD of the mean-
squared fluctuation in current, ((3p)?), at the point x along
the channel can be derived by using Egs. (1), (2), and
(A4)—(A8) as

Th ,
— N YAy dV . A9
- (an)zri wf il iwpdy (A9)

ViEcty

4uq’lp J“ w(E,V,y) : J“ 75 E v,y) : ;
S, (f) = —t 2 N dydEdV + N dy dEAV
Ip f) C,,XL2|VG — Vm| 1) 1+ (ZEf)ZTf,(E, V.y) waftaftapdy oy g 27‘cf E Vo) S fopdy
Aud?] Vi E. tq ( ) Va E. I
_ rq-Ip J J TdoeXp(yy /
=l Ay Nufiafa dEj ot Jvathf,hf,b dEjidy .
CoxL*|VG — V| )’ ! ) + (21f)* 22 exp(yy) b2 I+ 2nf)?

Assuming that the traps are uniformly distributed in the
bandgap of pentacene,

E,
J Nl — fup)dE ~ NukT, (B2)
E,

and

E.
JNthffb(l —ﬁbp)dE ~ Ntka. (B3)

E,

Since the decay time 1, in the accumulation layer is
constant,

Th HTh
2 2 = ) (B4)
+ (2nf) 7, 1 + (2nf)"t;
In the gate dielectric, 7, is given by
‘Cd(Ea Vay) = Tdoexp(yy)v (BS)

and

(B1)

tq

J Ta0exp(7y)
1+ (2nf )*t3pexp(7y)

)

=5 f —— (arctan[2nf tg0exp(y24)] — arctan(27f749)). (B6)

Typical value of 7, is about 10~® s and for the traps in the
dielectric distributed over a distance of about t;,=2nm, y#,
is about 40.>* Thus, for the low-frequency region, the first
term inside the bracket on the right-hand side can be
approximated by n/2, while the second term is about zero.
Therefore,

tq

Ta0eXp(7y) 1
dy ~ — B7
Jl + (21f)*225exp(py) Y=, B

and Sy, (f) can be expressed by

KTV 4uq*IpNy 1

Sy, (f) = ——44 "bhd -
o (f) VCU,\'L2|VG - Vth|f

4KTV 4ty Ty 1ug* IpN oy T
CoxL2|VG —Val 1+ (Zﬂf‘t},)z .

(B8)
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