Applied Physics
Letters

NN

Low leakage current—stacked MQO/Bi1 .5Zn1.0Nb1 .50 gate insulator—
for low voltage ZnO thin film transistors
Mi-Hwa Lim, KyongTae Kang, Ho-Gi Kim, Il-Doo Kim, YongWoo Choi et al.

Citation: Appl. Phys. Lett. 89, 202908 (2006); doi: 10.1063/1.2387985
View online: http://dx.doi.org/10.1063/1.2387985

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v89/i20
Published by the American Institute of Physics.

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

Gooorellow

metals « ceramics « polymers « composites
! W~/ 70,000 products
y : 11 450 different materials
Fwwwigobdfellowlisa.com small quantities fas

Downloaded 19 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/963608503/x01/AIP-PT/Goodfellow_APLCoverPg_041013/Goodfellow.jpg/6c527a6a7131454a5049734141754f37?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Mi-Hwa Lim&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=KyongTae Kang&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Ho-Gi Kim&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Il-Doo Kim&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=YongWoo Choi&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.2387985?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v89/i20?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 89, 202908 (2006)

Low leakage current—stacked MgO/Bi; 5Zn, (Nb, 50, gate insulator—
for low voltage ZnO thin film transistors

Mi-Hwa Lim, KyongTae Kang, and Ho-Gi Kim
Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology,
Daejeon 305-701, Republic of Korea

II-Doo Kim®
Optoelectronic Materials Research Center, Korea Institute of Science and Technology,
P.O. Box 131 Cheongryang, Seoul 130-650, Republic of Korea

YongWoo Choi
Devices and Materials Laboratory, LG Electronics Institute of Technology (LG ELITE), Seoul 137-724,
Republic of Korea

Harry L. Tuller
Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139

(Received 18 August 2006; accepted 29 September 2006; published online 16 November 2006)

The authors report on the role of MgO capping layers in notably reducing leakage currents and
improving mobility in ZnO thin film transistors (TFTs) utilizing compatible high-k
Bi; sZn,; (Nb, 50, (BZN) gate insulators. All room temperature processed ZnO based TFTs with
stacked MgO/BZN gate insulator exhibited a much enhanced field effect mobility of 5.4 cm?/V s
with excellent saturation characteristics as compared to that (upg=1.13 cm?/V s) of ZnO based
TFTs with BZN gate insulator. This work demonstrates the suitability of MgO/BZN stacked gate
insulators in the fabrication of low voltage ZnO based TFTs on plastic substrates. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2387985]

Significant progress has been recently achieved in devel-
oping flexible devices such as active matrix organic light-
emitting diode (LED) displays, radio frequency identification
tags, and sensing devices on polymer substrates by use of
organic field effect transistors.' ™ High-k gate insulators for
ZnO based thin film transistors (TFTs), as well as organic
TFTs, have received increasing attention with the ultimate
goal of creating low power/low voltage devices in portable,
battery-powered applications.‘u’ High-k dielectrics are of
particular interest given that gate insulators of more than
200 nm thickness are normally needed to ensure pinhole-free
coverage when deposited onto relatively rough plastic sub-
strates. Low voltage organic TFTs (OTFTs) and ZnO based
TFTs (<5 V), utilizing room temperature deposited
Bi; sZn, oNb, sO; (BZN) thin films were recently reported,
pointing to high-k gate insulators as a promising route for
realizing low voltage operating flexible electronics.>

A common limitation of room temperature deposited
high-k dielectrics, e.g., Ba;_,Sr,TiO3 (BST) and BZN films,
is their tendency to suffer from higher leakage currents, det-
rimental to OTFT operation.3’4 This is particularly disap-
pointing given that BZN insulators exhibit exceptionally
high-k values (k>50) even when sputter deposited at room
temperature. In particular, high leakage currents (>5
X 107 A/cm?) were observed in TFTs utilizing BZN gate
dielectrics at voltages greater than 6 V. In order to improve
the leakage current characteristics of BZN gate insulators,
we describe the introduction of a MgO capping layer onto
the BZN films. MgO offers a relatively high dielectric con-
stant of ~10, low leakage currents, and good interface char-
acteristics. More importantly, MgO is strongly ionic with a
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band gap of 8 eV, which can suppress leakage currents due
to the formation of high barrier Schottky contacts at the
metal electrode/MgO interface.” While a number of leakage
current mechanisms including Poole-Frenkel emission,
space-charge-limited current, and Schottky emission in di-
electric materials may apply in the case of room temperature
grown dielectric films, Schottky emission is suspected to be
the main leakage current mechanism.® However, since sup-
port for the Schottky emission mechanism comes largely
from studies on high temperature deposited BST films, fur-
ther study is needed to clarify the leakage current mechanism
operative in room temperature grown BZN films. In this let-
ter, we report on the role of MgO thin film capping layers in
notably reducing leakage currents in BZN high-k dielectric
thin films. In this regard, the fabrication and characterization
of low voltage operating ZnO based TFTs with a MgO/BZN
stacked gate insulator is reported.

Disk-type 3 in. BZN, ZnO, and MgO targets were pre-
pared by a conventional mixed oxide method. 200 nm thick
BZN thin films were grown on Pt/Ti/SiO,/Si substrates by
rf sputtering with the following operating conditions: power
(85 W), working pressure (5 mTorr), and Ar/O,
[10/10 SCCM (SCCM denotes cubic centimeter per minute
at STP)] atmosphere at room temperature. MgO thin films of
15-30 nm thickness were then deposited by pulsed laser
deposition with KrF excimer laser (248 nm) operating at a
repetition rate of 10 Hz and a fluence of 5 J/cm?. For elec-
trical measurements, Pt electrodes (area=2X 107* cm?) of
100 nm thickness were deposited through a shadow mask
on the BZN and stacked MgO/BZN films by dc magnetron
sputtering.

The microstructure and roughness of the BZN and MgO/
BZN films were investigated by atomic force microscopy
(AFM) and scanning electron microscopy (SEM). The di-

© 2006 American Institute of Physics
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FIG. 1. (Color online) Leakage current densities of BZN and MgO coated

BZN thin films.

electric properties were measured at 100 kHz with an applied
electric field up to 10 V using an HP4192A impedance ana-
lyzer. Current-voltage (I-V) characteristics were examined
with an HP4145B semiconductor parameter analyzer. ZnO
based TFTs were fabricated on glass substrates. First, a
100 nm thick Cr gate electrode was deposited by dc sputter-
ing with the aid of a shadow mask. Then, a 200 nm thick
BZN gate dielectric film was deposited onto the Cr covered
glass substrate by sputtering. This was followed by the room
temperature deposition of a very thin (~30 nm) MgO film
by pulsed laser deposition to insure the subsequent deposi-
tion of a high-quality ZnO film. Some devices on the same
substrate were covered with a glass slide to prevent deposi-
tion of the MgO capping layer onto them. A ZnO n-type
channel layer with a thickness of 20 nm was then deposited
at room temperature by sputtering using the following con-
ditions: rf power (85 W), working pressure (20 mTorr), and
a Ar/O, (19/1 SCCM) atmosphere. Transistors were com-
pleted by the evaporation of Al top contacts through shadow
masks to obtain channel length of 50 um and width of
2000 pm.

Figure 1 shows the I-V characteristics of the BZN and
stacked MgO/BZN thin films as a function of applied volt-
age. Two distinctive regions are observed for the BZN film.
The leakage current density remains in a relatively narrow

FIG. 2. (Color online) AFM images of the surface morphology of (a) BZN,
(b) 15 nm thick MgO/BZN, and (c) 30 nm thick MgO/BZN films.
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band of 1077-107% A/cm? in the low field region
(<025 MV/cm, 5 V), and increases rapidly in the high field
region (>0.25 MV/cm, 5 V). In order to decrease the BZN
film leakage current, thin MgO capping layers were depos-
ited onto the BZN films by pulsed laser deposition. 15 nm
thick MgO coated BZN films exhibit similar characteristics
to BZN-only films due to the nonuniform islandlike covering
of the BZN films by the MgO layer, as shown in Fig. 1, inset
(see SEM image). On the other hand, when the MgO film
thickness was increased to 30 nm, no distinct increase in
leakage current density with increasing applied field up to
0.5 MV/cm (10 V) was observed. The uniform coverage of
the thicker MgO films is illustrated in Fig. 1, inset (see SEM
image). The measured leakage current density remained on
the order of (~2-3)X 107 A/cm?, thereby demonstrating
significant improvement in leakage current upon introduction
of the 30 nm MgO capping layer.

In order to compare the smoothness of the as-deposited
BZN and MgO/BZN stacked films, their root-mean-square
(rms) roughnesses were analyzed. Figure 2 shows typical
results of three-dimensional AFM images and rms values of
BZN and MgO/BZN stacked films. Rms values were
2.065 nm for the BZN film and 1.451 and 1.015 nm for the
15 and 30 nm thick MgO/BZN films, respectively. The
smooth surface of the 30 nm think MgO coated BZN films
should contribute to good interface characteristics and stable
ZnO based TFTs operation.

Figure 3 shows the dielectric constant—electric field char-
acteristics of room temperature grown BZN and stacked
MgO/BZN thin films. The BZN films exhibit a relatively
high dielectric constant of 55 at 100 kHz. This is nearly the
same value as previously reported for BZN films.>” The ef-
fective relative dielectric constants of the 15 and 30 nm
MgO coated BZN thin films are reduced to 39 and 31.5,
respectively, due to the lower dielectric constant (~10) of
the MgO films. The measured capacitance, Cpeasurea OF
stacked structures such as MgO/BZN can be evaluated from
the series connection of the BZN film capacitance Cpyy and
the MgO capping layer capacitance Cyjg0,

1 1 1
+

(1)

Cmeasured CBZN CMgO

Thus, the average dielectric constant (€jyeree) Can be ex-
pressed by

dtotal — dBZN + dMgO (2)

8average E€BZN 8MgO

where dq1, dpzn and dygeo are the total film, BZN film, and
MgO capping layer thicknesses, respectively. The effective
dielectric constant of a 200 nm thick MgO film measured in
a metal-insulator-metal configuration was 9.4. Accordingly,
based on Eq. (2), the 42.7% decrease (from 55 for BZN to
31.5 for MgO/BZN) in measured dielectric constant corre-
sponds to ~36.3 nm thick MgO, in relatively good agree-
ment with thickness measurements (30 nm) by cross-
sectional SEM. The small difference between the calculated
and measured thicknesses of the MgO film may result from
an interface effect, but further study is needed to confirm
this. More importantly, the effective dielectric constant (e
~31.5) of the MgO/BZN stacked insulator remains high
enough to achieve low voltage operation of less than 5 V in
7ZnO based TFTs. Furthermore, no measurable dielectric tun-
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FIG. 3. (Color online) Dielectric constant—electric field characteristics of the
BZN and MgO coated BZN thin films.

ability was observed up to an electric field of 0.25 MV/cm,
insuring a voltage independent oxide capacitance and, there-
fore, predictable ZnO based TFTs operation. In order to dem-
onstrate the advantages of stacked MgO/BZN films as gate
insulators, all room temperature processed ZnO based TFTs
were fabricated on glass substrates.

Figure 4(a) shows the drain-to-source current (Ig) as a
function of drain-to-source voltage (Vpg) at various gate
voltages of the ZnO based TFTs with stacked MgO/BZN
gate insulators. The high capacitance of stacked MgO/BZN
gate insulators resulted in low voltage operation of less than
4 V. The TFTs normally exhibit off behavior, i.e., it turns on
via the accumulation of carriers. The ZnO based TFTs with
stacked MgO/BZN gate dielectrics do not conduct at a gate
voltage of 0 V. As shown in Fig. 4(a), the TFTs with stacked
MgO/BZN gate insulator showed higher on current of 18 A
at Vgg and Vpg=4 V with excellent current saturation in
comparison to the TFTs (10 wA at Vg and Vpg=4 V) with
BZN gate insulator.” In the case of using stacked MgO/BZN
gate insulators, we could expect stable operation at higher
voltage level (i.e., on current of 53 uA at Vgg and Vig
=5 V) due to enhanced breakdown strength.

Figure 4(b) shows transfer characteristics of the ZnO
based TFTs with stacked MgO/BZN gate insulators. The
threshold voltage (Vy,) was calculated from x-axis intercept
of the square root of Ing vs Vgg plot. Field effect mobility
(upg) modeled by the equation In=(WC;/2L)upe(Vgs
—V)? can be calculated from the slope of the plot of |Ipg|'/?
vs Vgs in the saturation region (Vgg=4 V), where L is the
channel length, W is the channel width, C; is the capacitance
per unit area of the insulating layer, Vy, is the threshold volt-
age, and ugp is the field effect mobility. In our previous
report, the measured Vi, and upg were, respectively, +2.4 V
and 1.13 cm?/V s for ZnO based TFTs with BZN only gate
insulator.” On and off currents were 1.36X 1075 and 5.54
X 10710 A, respectively, giving an on/off current ratio of
2.4X10* On the other hand, the ZnO based TFTs with
stacked MgO/BZN gate insulators exhibited a much en-
hanced field effect mobility of 5.4 cm?/V s and an improved
on/off ratio of 8.2 X 10° when operating at same voltage of
4 V. A similar threshold voltage of +2.8 V was obtained
with the stacked gate insulator. The improved mobility is
suspected to be related to the decreased roughness of the
interface between the semiconducting layer and the gate in-
sulator. By covering the BZN top layer with a MgO film, the
surface roughness was decreased from 2.065 to 1.015 nm, as
shown in Fig. 2. On the other hand, the surface morphology
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FIG. 4. (Color online) (a) Drain-to-source current (/pg) vs drain-to-source
voltage (Vpg) curves at various gate-to-source voltages (Vgs) for ZnO TFTs
with stacked MgO/BZN gate insulators and (b) log drain-to-source current
(Ipg) and square root of drain-to-source voltage (V) of 4 V for ZnO TFTs
with stacked MgO/BZN gate insulator.

of the ZnO semiconductor layer was not changed with the
introduction of MgO (not shown). The very smooth stacked
MgO/BZN films ensure both high-quality ZnO layers and
ZnO/MgO interfaces, resulting in improved carrier mobility
due potentially to both reduced disorder in the ZnO film as
well as reduced interfacial scattering. Smoother MgO/BZN
films also ensure more uniform electric fields within the
dielectric.

In conclusion, 30 nm MgO coated BZN films were pre-
pared at room temperature as a gate insulator. The stacked
MgO/BZN gate oxide showed a high relative dielectric con-
stant of 31.5 with greatly reduced leakage currents, i.e.,
(~2-3)X 1078 A/cm® at an applied electric field of
0.5 MV/cm. The decrease in leakage current is believed to
be due to the suppression of charge carrier emission from the
electrode. The ZnO based TFTs with stacked MgO/BZN gate
insulators exhibited a high field effect mobility
(5.4 cm?/V s) and excellent current saturation with a low
operating voltage of less than 4 V. The results of this work
demonstrate that room temperature processed ZnO based
TFTs with stacked MgO/BZN gate insulators provide a
promising route for the development of a wide range of logic
circuits as well as active matrix organic LEDs.

This work was partially supported by a KIST indepen-
dent project of one of the authors (LD.K.) and by the
National Science Foundation under Grant No. ECS-0428696.
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