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Interfacial Trap Density-of-States in Pentacene- and
ZnO-Based Thin-Film Transistors Measured via Novel
Photo-excited Charge-Collection Spectroscopy

By Kimoon Lee, Min Suk Oh, Sung-jin Mun, Kwang H. Lee, Tae Woo Ha, Jae Hoon Kim,
Sang-Hee Ko Park, Chi-Sun Hwang, Byoung H. Lee, Myung M. Sung, and Seongil Im*

Organic and oxide-based thin-film transistors (TFTs) have
recently been expected to promote advances in display elec-
tronics based on low cost, high transparency, and flexibility.[!?!
The operational stabilities of such TFTs are thus important,
strongly depending on the nature and density of charge traps
present at the channel/dielectric interface or in the thin-
film channel itself.3-! In particular, the illuminated display
back panel is susceptible to the charge-trap-induced insta-
bility. Therefore the characterization of these traps is critical.
Despite such immediate demands, appropriate methodologies
to directly analyze the interfacial properties are quite rare, to
the best of our knowledge, and conventional analysis tech-
niques are rather unsatisfactory.’! Photoluminescence (PL) is a
direct method to observe deep-level defects in semiconductors
but can not be used on a working device with interfaces.[®7]
Deep-level transient spectroscopy (DLTS) and gate-bias stress
techniques may be used with working TFT devices to charac-
terize the interface trap states, utilizing thermal and electrical
energies, respectively.”~'!l However, DLTS is not adequate for
organic based devices due to their thermal instability and gate-
bias stress technique can never properly examine the electronic
states of the deep-level traps. For instance Lang et al.'% and
Goldmann et al.l'l extracted the density-of-gap states from
organic field-effect transistors (OFETs), obtaining the activation
energy for trap charge release as a function of the gate bias.
They quantitatively determined the total value of interfacial trap
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density, but only obtain the information on shallow level traps
placed a few hundred meV above the valence band maximum
(VBM). We here introduce a novel measurement technique,
photo-excited trap-charge-collection spectroscopy, as a direct
probe of the traps which utilizes the photo-induced threshold
voltage (Vy;) response of a working TFT device. Interface
charges trapped at a certain energy level are liberated by the
energetic photons and then electrically collected at the source/
drain (S/D) electrodes. During this photo-electric process the
Vy, or the onset voltage of TFTs is shifted. The magnitude of
threshold voltage shift (AV,;,) provides us with a direct measure
of the density-of-charge traps while the energy levels of those
traps are simply scanned over by the photon energy. As a con-
sequence, we can sensitively probe the fine density-of-states
(DOS) profiles for detailed mid-gap states in the channel/
dielectric interface of a working TFT device whether it has inor-
ganic or organic channel.

Figure 1a illustrates the system schematics of photo-excited
charge-collection spectroscopy to measure the photo-induced
charge density generated in our top-gate transparent ZnO-TFT
and bottom-gate pentacene-TFT. The system consist of a light
source of 500 W Hg(Xe) arc lamp, a grating monochromator
covering the spectral range of 254 ~ 1000 nm, an optical fiber
(core diameter of 200 um) as an optical probe which guides
photons onto the channel of our TFT device, and a semicon-
ductor parameter analyzer (Model HP 4155C, Agilent Tech-
nologies). Under an intense monochromatic photon beam
(photon flux of at least 5 x 10" cm™ sec™! as estimated from
the optical power density, 2 mW-cm™2), the transistor transfer
curves were obtained from the TFTs engaged with electrical
probes. Figure 1b displays the actual features of photo-excited
charge-collection spectroscopy working for a top-gate trans-
parent ZnO-TFT. We put our transparent TFT array with glass
substrate on a black-color paper, to reveal the TFTs. As shown
in Figure 1b, we used three electrical probes of source, drain,
and gate, and one optical probe delivering energetic photons.
For the photo-electric measurement, we applied sequentially
mono-energetic photons onto our TFT device from low to high
energy, to release the trapped charges at the channel/dielectric
interface in the order from shallow to deep-level.

The photo-induced transfer characteristics for ZnO- and pen-
tacene-TFTs are shown in Figure 2a and b, respectively, along
with their dark transfer curves. A very low Vp, of 1 V was applied
to the devices, so that the photo-charge collection proceeds in
a very linear regime, not in saturation (to protect any probable
measurement error by a large drain electric field). Gate bias
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Figure 1. a) Measurement set-up: two kinds of working TFT devices (top-gate ZnO- and bottom-gate pentacene-TFT) and monochromatic illumina-
tions to be delivered onto channel/dielectric interface by optical fiber probe. b) Photographic views of photo-excited charge-collection spectroscopy
using monochromatic beams, among which red (650 nm), green (550 nm), and blue (440 nm) lights are operating on fully transparent ZnO-TFTs. We

put our transparent TFT array on a black-color paper to reveal the TFTs.

sweep started from the channel accumulation state because we
should initially fill up all the interface trap states with charge
carriers prior to the photo-excitation process. If the TFT has an
n-channel, the trap states are to be initially filled with electrons
(Figure 2c), but if it is a p-channel TFT, the traps would be filled
with holes and/or most of the electrons in the traps will be evacu-
ated (Figure 2d). When the photo-excitation initiates, the trapped
charge carriers are released into the band edges as indicated by
the arrows. As shown in Figure 2a,b, AV}, as a function of photon
energy was clearly observed in both the ZnO- and pentacene-
TFTs while no significant changes in the sub-threshold slope (S),
field-effect mobility (upgr), and off-state drain current (I,p) values
were observed. These photo-induced AV, can be explained by
electron transitions from electron-trap charge states (e.g. deep
acceptor or deep donor in accumulation state) to the conduc-
tion band minimum (CBM) in the case of ZnO-TFT (Figure 2c)
and by hole transitions from its hole-trap charge states to the
valence band maximum (VBM) in the other case of pentacene-
TFT (Figure 2d). When photons with a specific energy, ¢, illu-
minate through the thin channel to reach the channel/dielectric
interface of a TFT, most of the trap charges (electrons) in the gap
states between CBM — ¢ and CBM are excited to CBM level in
the n-channel ZnO-TFT, since the number of incident photons
(order of ~10" cm™) is large compared to that of trap states,
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which is far smaller (order of 10'2 ~ 10'* cm™). Likewise most
of the trapped holes in the gap states between VBM and VBM+¢
are excited to VBM level in the p-channel pentacene-TFT. This
means that the effective trap charge (Q,), which is mainly for
the traps remaining at the channel/dielectric interface, can be
varied with photon energy ¢, and then the photo-shifted Vj;, can
be represented byl’]

Qﬁéf(S) + ws,max"_ QG

ox ox

Vth(g) = d)ms -
with

CBM—¢
Qrle) = 4 f Di(E)E(E)AE — q Nt
VBM

CBM—¢
=q Dit(E)AE — q Nytox for n— channel
VBM
VBM+e
q/ Dy w(E){1— F(E)}dE — q Nytox
CBM

VBM+e
= qf Dy n(E)AE — q Nytox for p — channel )
CBM
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Figure 2. Static photo-induced transfer curves obtained from a) transparent ZnO-TFT and b) pentacene-TFT under several energetic photon beams.
Energy band diagrams which elucidate the photo-excitation of c) electron-trap charges in n-channel ZnO-TFT and that of d) hole-trap charges in
p-channel pentacene-TFT. Those excited charge carriers contribute to the abrupt shift of V, in the TFT devices. Red and blue shades represent remaining

electron and hole charges trapped at the respective interfaces.

where ¢, is the metal-semiconductor work function difference,
C,y is the dielectric capacitance per unit area (F-cm™), W oy
is the potential due to band bending of the channel semicon-
ductor, Qg is the charge associated with dielectric band bending
as induced by gate bias, N, is the density (cm~) of bulk traps
in the gate dielectric, t,, is the dielectric thickness (nm), Dy,
is the DOS of electron traps at the n-channel/dielectric inter-
face, D;, is the DOS of hole traps at the p-channel/dielectric
interface (cm~2eV™!), and F(E) is the Fermi-Dirac distribu-
tion function whose value must be 1 for n-channel and 0 for
p-channel (see the Fermi levels of n-channel (Ef) and p-channel
(Ep) in Figure 2c and d. (We assumed 0 Kelvin step function for
considering F(E) in Equation 2). Since @, Wi and Qg in
Equation 1 are rarely changed by ¢, and since N, in Equation 2
also hardly varies with &, photo-induced AV}, can be analyzed
by taking a derivative of Equation 1 with &, as shown below,

0Vale) _ 1 9Q ()

= 3
e Co,  0€ ()

and then by substituting Equation 2 into Equation 3, which
now results in

dVin(e) _ 4
3 = O {Di1.(CBM —¢)} for n— channel
_Ci {Ditn(VBM +¢)} for p — channel (4)

......................
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If the bulk-trap densities in the both channel and dielectric
oxide are negligible, D;,, (CBM-¢) and D;,, (VBM+¢) are deter-
mined, to be

Dt (CBM —¢) = Cox 3 Vinle) for n— channel
q oe
Cox 0V,
Din(VBM +¢) = ——57};(8) for p — channel 5)

where D;;, (CBM-¢) and D;;), (VBM+¢) are the DOS (cm~2eV~Y)
with respect to CBM and VBM for n-channel and p-channel,
respectively. Above equations from (3) to (5) show how we can
eventually extract the information of AQ,4 (€) and DOS, which
is not much difficult because AV}, () with respect to € is easily
achievable from photo-induced transfer curves (experimental
section shows more details). According to the Equation 5 it is
worthwhile to note that if dV},/de < 0 for n-channel (negative
Vi, shift) and dV,;,/de > 0 for p-channel (positive Vj;, shift) with
electronic charge (q < 0), the DOS values are always positive
regardless of the channel type.

It should be again considered that this D; measurement by
photo-induced AV, with Ae is only valid in the case without
much bulk trap density but with interface trap densities. If
our oxide and organic devices with respective 20 nm- and
50 nm-thick channels show quite a density of bulk traps, their
S, Hppr, and Iyg values should also changel’* because an
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Figure 3. a) The DOS plot extracted from |AQ.4(€)| vs. € plot (inset) of
ZnO-TFT. The plot was overlapped with an optical absorbance spectrum of
ZnO/Al,0; on glass (dashed blue), which was prepared for comparison.
The DOS profile above CBM is too high to be measured. (The shaded
region means “above CBM”.) b) The obtained DOS plots for pentacene-
TFTs with SiO, (solid black) and PVP (solid red) gate dielectric layer. The
optical absorbance spectrum for pentacene/PVP on glass was measured
(dashed blue), to be compared with the DOS profiles.

effective channel layer thickness is at most 5 nm from the inter-
face. However, little change of those experimental factors was
observed and now it confirms that our interfacial DOS evalu-
ation is valid.*125) If a certain TFT has its I,y level somewhat
increase under photons, the DOS for its interface traps would
not be easily distinguished from that of bulk traps.

Figure 3a and b show DOS profiles which were acquired by
our photo-excited charge-collection spectroscopy for ZnO- and
pentacene-TFTs, respectively. In Figure 3a we can observe a
number of DOS (cm™2 eV™!) peaks which represent individual
trap energy states in our ZnO-TFT while we also see the value
of [AQup(e)| [= |Qu (0) — Qu (€)]] increase with the photon
energy, € in the inset of Figure 3a. Among the DOS peaks, sev-
eral located at ~1.69 eV (peak intensity: 1.2 x 10* cm~2eV),
~1.84 eV (2.3 x 102 cm~2eV?), ~1.95 eV (1.5 x 10! cm~2eV}),
and ~2.05 eV (3.9 x 10" cm~2eV~!) matched incredibly well
with the theoretical deep electron trap energy levels calculated
by Janotti et al.'® respectively corresponding to Oz, (-/2-)
(1.66 eV), Os(oct) (-/2-) (1.84 eV), Oz, (0/-) (1.91 eV), and Zn,
(4+/2+) (1.98 eV), which are located below the CBM of ZnO.
(Here O,: oxygen antisite, O;(oct): oxygen interstitial occupying
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the octahedral interstitial site, Zng: zinc antisite). Those oxygen-
rich trap levels possibly formed inside the ZnO film but near
the ZnO/Al,0; interface since oxygen plasma and water vapor
were used as a precursor for ZnO and Al,O; deposition during
the atomic layer deposition (ALD) process. The most inter-
esting peaks are found at ~1.31 and 1.38 eV below CBM with a
large DOS peak intensity of 4.6 x 10" and 1.1 x 103 cm~2 eV,
respectively. These peaks are apparently too deep to be consid-
ered as an oxygen vacancy (Vo) or a zinc interstitial state (Zn)
in ZnO because the reported values are quite shallow to be 0.1
(Zn;) and less than at most ~1 eV (V).1¥) We thus regard those
two peaks as the DOS of unknown interfacial traps which might
be generated at ZnO/Al,O; interface, but there must be further
computational studies. When the photon energy approaches to
the band gap of ZnO (~3.34 eV), the AV}, shoots up as shown
with the dashed black curves of Figure 2a and 3a. The dashed
blue curve is an optical absorbance spectrum of ZnO/Al,0O4
(on glass) which was fabricated under the same experimental
conditions, to be compared with the DOS profile. Large absorp-
tion was observed at similar photon energy levels near the
CBM of ZnO. However, unlike the DOS profile, which was very
sensitive to the interface traps, optical absorption could not
resolve those trap levels located at the ZnO/Al,O; interface.

The DOS plots for two types of pentacene-TFTs with SiO,
(solid black) and with poly-4-vinylphenol (PVP) gate dielectrics
(solid red) are shown in Figure 3b. Our photo-excited charge-
collection spectroscopy again works equally well for organic
pentacene-TFTswith pentacene/dielectricinterface. Regardless of
the type of dielectrics, the CBM state which is equivalent to the
lowest unoccupied molecular orbital (LUMO) in organic semi-
conductors, was found at the same energy level, identified by a
peak at ~1.96 eV, with similar DOS value of ~2 x 10'? cm2eV~!
for both pentacene-TFTs. (Here the energy level is with respect
to VBM or the highest occupied molecular orbital (HOMO)).
The peak value is in good agreement with the HOMO-LUMO
gap of solid pentacene.'7'8] Besides the HOMO-LUMO level,
a few other molecular levels above the HOMO-LUMO were
always observed at ~2.1, ~2.2, and ~2.3 eV in our DOS profiles.
These features are the replica found from the (arrow-indicated)
exciton peaks of optical absorbance spectra of a solid pentacene
film (blue dashed line), but some energy deviation between
optical gap and HOMO-LUMO gap is shown due to the high
exciton binding energy over 0.1 eV in pentacene.'’] However,
the most important spectroscopic results from our photo-
excitation method may be the DOS peaks observed at ~1.32
and ~1.38 eV. The DOS peaks are clearly observed for both
pentacene-TFTs with PVP and SiO, dielectrics although the
peaks are much smaller in the case of the device with PVP.
Those two energy levels have not been reported but must be the
states of deep hole traps although they are found above HOMO
but quite near LUMO level. Those levels can not be resolved
with optical absorption, which is not interface-sensitive. This
again means that our photo-excited charge-collection spectros-
copy is highly sensitive to interfacial traps.

Since the measured DOS profiles of pentacene-TFTs in
Figure 3D provide a very important insight that the hydrophobic
PVP dielectric produces a much lower density of deep hole
traps at the interface than in the case of hydrophilic SiO,, we
fabricated a completely photo-stable organic TFT with a highly
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hydrophobic dielectric as a practical application of our photo-
excited charge-collection spectroscopy. The ALD-growth of
our 60 nm-thin Al,0; dielectric was performed on a patterned
indium-tin-oxide (ITO) gate, to realize low voltage operating
pentacene-TFTs. Then, the surface of Al,0; was functionalized,
in the order of hydrophobicity, with self-assembled-monolayers
(SAMs) of Hexamethyldisilazane (HMDS), 7-octenyltrichlo-
rosilane (7-OTS), and Trichloro(1H,1H,2H,2H-perfluorooctyl)
Silane (FTS). Figure S1 displays the lowering of trap densities
or trap DOS peaks in the order of hydrophobicity of the dielec-
tric surface. As a matter of fact, this photo-electric stability of
channel/dielectric interface is deeply related to the dark elec-
trical stability as well. For example, under long-term negative
gate bias stress or repeated gate bias sweep in the dark, more
holes are possibly trapped at the pentacene/dielectric interface,
so that most of the devices with trap-containing petacene/Al,0,
interface might exhibit rather unstable time-dependent behavior
while our FTS-treated device displayed very stable features (see
Figures. S2(a) and (b)). Please note the arrow in Figure S2(a)
which indicates Vj, shift by the bias-induced trapping. (The
arrow direction is opposite to the case of photo-induced trap
releasing (Figure 2b). These results coincide with the recent
reports that some hydrophobic dielectric surface induces the
electrical stability for OFETs.[!%20]

In summary, we have invented photo-excited charge-collection
spectroscopy as a new methodology to quantitatively measure
the DOS of interfacial deep traps in working TFTs, applying
the spectroscopy to both inorganic and organic channel TFTs. The
photo-induced AV}, successfully quantified the profile of the DOS
of deep-level defects located at or near the channel/dielectric
interface. Inspired by the spectroscopy results, we have also
fabricated a very photo-stable trap-minimized pentacene-TFT
which operates at low voltage. We anticipate that our photo-
excited charge-collection spectroscopy will be a reliable probe to
measure the interface quality and photo-stability of a working
TFT but also will be a powerful characterization tool to under-
stand the nature of interfacial traps.

Experimental Section

Fabrication of ZnO-Based Transparent TFTs: For the fabrication of
transparent ZnO-TFT array, a 150 nm-thick ITO glass was used for
the substrate. After S/D patterning of ITO by wet etching, 20 nm-thin
ZnO semiconductor film was deposited by means of plasma-enhanced
atomic layer deposition (PEALD), which uses diethylzinc (DEZ) and
oxygen plasma (RF power ~130 W) as the Zn and oxygen precursors,
respectively, at the substrate temperature of 200 °C. A 160 nm-thick top
Al,O; gate dielectric and transparent electrode processes were previously
introduced elsewhere in detail.”! Width-to-length (W/L) of our device
was 40 tm/20 um. Our fabricated fully transparent ZnO-TFTs showed a
good mobility of ~4 cm?/V s and an excellently high on/off ratio of ~107
with high transparency of ~80 % in visible range.

Fabrication of Pentacene-Based TFTs: The both substrates of ITO/
glass and heavily-doped silicon (p*-Si) were cleaned with acetone,
methanol, and de-ionized water, in that order. In the case of PVP and
Al,O; dielectrics, ITO gate electrodes were patterned by wet etching.
230 nm-thick PVP films were prepared from solutions of PVP and
polymelamine-co-formaldehyde, as a cross-linking agent, in propylene
glycol monomethyl ether acetate, by spin coating and subsequent cross-
linking (curing) at 175 °C for 1 h in a vacuum oven.' For inorganic
dielectric, we used 200-nm-thick conventional thermally grown SiO,
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on p*-Si and ALD-grown 60 nm-thin Al,O; on patterned ITO glass. The
surfaces of Al,O; were functionalized with SAMs of HMDS, 7-OTS, and
FTS.22 Pentacene (Aldrich Chem. Co., 99% purity, no other distillation)
active channel layers were patterned on the dielectric layers through a
shadow mask by thermal evaporation at room temperature (RT). The
final pentacene thickness was 50 nm. For S/D of the pentacene-TFTs,
Au was then evaporated onto the pentacene channels at RT. Nominal
channel length (L) and width (W) of our pentacene-TFTs were 90 and
500 um, respectively.

Photo-Excited Charge-Collection Spectroscopy: The system consists
of a light source of 500 W Hg(Xe) arc lamp, a grating monochromator
covering the spectral range of 254 ~ 1000 nm, an optical fiber (core
diameter of 200 um), and a semiconductor parameter analyzer
(Model HP 4155C, Agilent Technologies). From the dark and photo-
induced transistor transfer curves we measured AV, The wavelength
of selected photons started from 1000 nm (the lowest energy) for the
photo-induced transfer curves and was decreased by 5 nm for the next
transfer curve. The wavelength was converted to eV for the |[AQ.4(¢)| [=
|Qecfr (0) — Qefr ()] (= [CoxAViy|) vs. € (eV) or DOS vs. € (eV) plots.

Supporting Information

Supporting Information is available online from Wiley InterScience or
from the author.
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