RESEARCH ARTICLE

'-) Check for updates

llluminating Trap Density Trends in Amorphous Oxide
Semiconductors with Ultrabroadband Photoconduction

George W. Mattson, Kyle T. Vogt, John F. Wager, and Matt W. Graham*

Under varying growth and device processing conditions, ultrabroadband
photoconduction (UBPC) reveals strongly evolving trends in the defect den-
sity of states (DoS) for amorphous oxide semiconductor thin-film transistors
(TFTs). Spanning the wide bandgap of amorphous InGaZnO, (a-1GZO), UBPC
identifies seven oxygen deep donor vacancy peaks that are independently
confirmed by energetically matching to photoluminescence emission peaks.
The subgap DoS from 15 different types of a-IGZO TFTs all yield similar DoS,
except only back-channel etch TFTs can have a deep acceptor peak seen at
2.2 eV below the conduction band mobility edge. This deep acceptor is likely a
zinc vacancy, evidenced by trap density which becomes 5-6x larger when TFT
wet-etch methods are employed. Certain DoS peaks are strongly enhanced for
TFTs with active channel processing damage caused from plasma exposure.
While Ar implantation and He plasma processing damage are similar, Ar
plasma yields more disorder showing a =2 x larger valence-band Urbach
energy, and two orders of magnitude increase in the deep oxygen vacancy

nant electron donation mechanism for
its n-type TFT operation.3] The subgap
states in a-IGZO also act as electron traps
that impact device performance by intro-
ducing transfer curve hysteresis and bias
illumination  stressing.”®  Fabrication
processes for AOS TFTs have a marked
effect on the overall characteristics of the
resulting devices, which is reflected in the
composition of the subgap states.
Energetically, these trap states span dif-
ferent ranges of the subgap depending on
their local charge environment and con-
sequent trapping behavior. Multiple con-
figurations of donor-like oxygen vacancies
(Vo) dominate the shallow and midgap
regions.lB Additionally, both acceptor-
like zinc vacancies (Vz,)l® and an OH-

trap density. Changing the growth conditions of a-IGZO also impacts the
DoS, with zinc-rich TFTs showing much poorer electrical performance com-
pared to 1:1:1 molar ratio a-IGZO TFTs owing to the former having a ~10 x
larger oxygen vacancy trap density. Finally, hydrogen is found to behave as a

donor in amorphous indium tin gallium zinc oxide TFTs.

1. Introduction

Amorphous oxide semiconductors (AOS) such as amorphous
indium gallium zinc oxide (a-IGZO) have achieved widespread
adoption as the active channel material in optical display thin-
film transistors (TFTs) because of their high mobility, low pro-
cessing cost, and high on-off current ratio.l'? a-IGZO is a wide
bandgap semiconductor material with E, ranging from 3.1 to
3.5 eV. Owing to its amorphous structure, a-IGZO has a large
concentration of subgap vacancy sites that serve as the domi-
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related state ([O5H*]") have been doc-
umented; these states are convolved with
an exponentially decaying Urbach™ tail
reflecting O 2p disorder in the amorphous
matrix.[!®

The donor-like Vg states have received
considerable attention from researchers
over the years.l V are the dominant
donor-like trap state in AOS materials. In
a-IGZO, this electron donation pins the Fermi energy (Ep) near
the conduction band mobility (CBM) edge, making them n-type
semiconductors. While electron donation from thermally
depopulated shallow donor Vq states typically contributes the
n-type carriers necessary for AOS enhancement-mode opera-
tion, V states have been variously linked to effects such as hys-
teresis!l and persistent photocurrents.® Process tuning of V,
trap states to amplify AOS TFT electronic performance while
avoiding deleterious stability or leakage phenomena remains
an ongoing research challenge.

This work reveals trends in how the subgap density of states
(DoS) in AOS TFTs evolves over different processing methods,
TFT architectures, and channel compositions. In section III, we
employ the ultrabroadband photoconduction (UBPC) method
to reveal systematic trends in subgap DoS. Section III is broken
down into five sub-sections that explore the DoS of AOS mate-
rials in the context of: (A) Comparison ultrabraodband optical
versus UBPC photoconductive methods of defect state identi-
fication, (B) etch process-induced vacancy state formation in
back-channel etch vs. top-gate a-IGZO TFTs, (C) plasma and
ion implantation treated a-IGZO top-gate TFTs, (D) a-IGZO
TFTs with non-stoichiometric active channel compositions, and
(E) hydrogen incorporation into amorphous indium tin gallium
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zinc oxide (a-ITGZO). Below, we summarize the motivation for
each study.

Section ITI.A compares the subgap defect peaks identified by
UBPC in AOS TFTs by matching peaks obtained to more con-
ventional optical methods, including photoluminescence (PL).
AOS TFT device electrical metrics have improved over the last
two decades. The optical response at subgap defect energies
in AOS materials is often ~10° smaller than at the bandgap.
While X-ray or ultraviolet photoelectron spectroscopy (XPS,
UPS) have become popular tools for AOS characterization, they
are not capable of achieving the necessary resolution to reli-
ably observe the subgap trap states.'”?% The recently developed
UBPC method has the potential to be a standard experimental
technique to quantify the subgap trap state density analytically.

Section IIL.B statistically compares the DoS trends for back
channel etch (BCE) versus top-gate (TG) a-IGZO TFTs. Fabri-
cation of BCE AOS TFTs is convenient for TFT arrays in dis-
play backplane applications.?!l However, multiple researchers
have observed that the etch process traditionally employed in
fabricating BCE a-IGZO TFTs results in device degradation,?!
ostensibly due to the creation of metal vacancy states that are
introduced via the etchant.[?2-24

Section III.C compares the change in DoS of a-IGZO
TFTs after plasma and ion implantation methods are applied
to the full active channel. Extensive prior research has been
performed on plasma®34 and ion implantation® treat-
ment of a-IGZO TFTs. Such plasma treatment have a variety
of purposes ranging from defect creation?*3! to defect passi-
vation?63637 to use as a dry etchant for the source-drain elec-
trode metal.?®3! In a-IGZO, Such plasma methods commonly
increase the TFT conductivity up to =50X that is desirable for
improving electrical contacts.?>#31 After plasma treatments,
the UBPC method will be used to understand how oxygen
vacancy deep donor trap density is correlated with conductivity
enhancement. The plasmas selected for these treatments vary
greatly depending on the intended application: oxygen!?3l
plasmas can passivate V defects, while other plasmas can dope
the device CB via either hydrogen?®3*%! incorporation or the
formation of V, states (Ar, Hel*!l plasmas); mixed Ar-OQ[282%:33]
plasmas have also been explored.

In section III.D, AOS growth conditions are changed by
comparing the DoS of a zinc-rich growth to that of ‘111" (1:1:1
molar % In,03/Ga;0;/Zn0 ratio) a-IGZO. Exploring non-
stoichiometric compositions of a-IGZO (with greater or lesser
relative concentrations of the In, Ga, and/or Zn metal con-
stituents compared to 111 a-IGZO) is an active area of research
for improving upon a-IGZO TFT characteristics such as field
effect mobility.***! These efforts are sometimes linked to the
deposition of bilayer*->0 (or trilayer)"'=>3 active channels.
These bilayer TFTs often contain a stoichiometric or near-sto-
ichiometric stability layer!®! with a boost layer that is richer in
certain constituent elements such as In,**! doped with metals
such as Ti,P¥ or composed of a conductive material such as
ITO)) intended to enhance the TFT electrical performance.

Lastly, Section IIL.LE discusses hydrogen incorporation into
indium tin gallium zinc oxide (a-ITGZO) TFTs. a-ITZGO has
been studied in recent years to reduce the reliance of AOS
TFTs on the scarce indium constituent without the adverse
device mobility effects that might be expected from reducing
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or eliminating the molar proportion of indium.”*->8 While
a-ITGZO TFTs exhibit promising carrier mobility metrics,
they also exhibit high susceptibility to positive bias stressing
(PBS)-related degradation effects attributed to subgap trap
states.””] Hydrogen can be an abundant defect in AOS mate-
rials,% but the electrically active nature of this large interstitial
defect is more controversial. Recent work suggests this state
that results from its interaction with oxygen states located near
the valence band mobility (VBM) edge.' Although hydrogen
has a donor effect on a-IGZO, its negative-U nature results in
a hydrogen electron donation that precedes its incorporation
into a-1GZ0.[*6061 Specifically for a-IGZO TFTs, the hydrogen
complex state [O5H']" has been observed centered =0.4 eV
below the VBM edge.'*1] Section I11.E extends prior hydrogen
studies to explore other AOS TFT materials.

2. Experimental Section

2.1. Amorphous Oxide TFT Device Characterization

Trends in the subgap DoS were observed for a diverse selec-
tion of AOS back channel etch (BCE) and top-gate a-IGZO
TFTs discussed in each sub-section. ITO/a-IGZO co-sputtered
(a-ITGZO) TFTs possessing different hydrogen concentrations
were also fabricated. The TFTs possessing different hydrogen
concentrations were synthesized by subjecting the devices to
varying annealing time intervals to cause hydrogen migration
from an H-rich SiN, passivation layer adjacent to the active
channel.™

The photoluminescence (PL) emission spectra of a-IGZO
thin films and devices were taken using a Horiba Nanolog
flourimeter using using photomultiplier detection for the vis-
ible range, and liquid nitrogen-cooled InGaAs detection over
the 0.7-1.5 eV range. All PL data shown uses a 3.8 eV excita-
tion source. PL spectral shape on active TFTs was confirmed
using an Ocean Optics spectrometer under diffraction-limited
illumination. The corresponding ultrabroadand absorption
spectrum for Tauc bandgap analysis was taken using a Cary
UV-vis-IR spectrometer.

2.2. Subgap DoS by Ultrabroadband Photoconduction (UBPC)
Microscopy

In this work, the on-chip spectroscopic technique called ultra-
broadband photocoduction (UBPC)®! was employed to obtain
the experimental subgap trap density and DoS for AOS TFTs.
The essential elements of the UBPC setup are depicted in
Figure la. A laser source tunable over the a-IGZO subgap
energy range was focused onto the TFT active channel using a
piezo scanning mirror within a 4-f confocal scanning geometry
which couples the source into an Olympus BX61W microscope;
all-reflective optics were employed throughout the line to reduce
spectral aberrations. The laser source was a tunable Ti:Sapphire
laser system (Coherent Chameleon Ultra II) coupled to an APE
Compact optical parametric oscillator, which provides a spectral
range from 0.2 to 3.7 eV, enabling probing of bot near-conduc-
tion and near-valence band tail states. A homebuilt difference
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Figure 1. a) The UBPC method illustrated uses tunable lasers and an all-reflective 4f confocal scanning microscope to measure the DoS for the AOS
TFTs to within 0.3 eV of the CB mobility edge. b) Shown for hv=1.5 eV, UBPC microscopy spatially-resolves the TFT channel length PC-response, lpc.
Gate voltages resolve ‘turn-on’ change from depletion-mode (Vg < 0 V) to enhancement-mode (V¢ >0 V) operation. ¢) Scanning-PC microscopy spatial
maps corresponding to (red arrow) linecuts shown in b with back-reflection map of a BCE a-IGZO TFT on right.

frequency generation line was employed for probing of near
conduction band states reported in Section IIL.E to acieve laser
energies below 0.2 eV. Select measurements were also veri-
fied using a Fianium supercontinuum white light laser source
coupled to a laser line tunable filter (Photon Etc.), which yields
high-throughput characterization over the 0.7-3.1 eV range.
Both setups are designed to maintain Poynting vector illumina-
tion stability on the TFT during the spectral scan.

A 52X cassegrain reflective objective was used to focus
the laser onto a diffraction-limited spot centered on the TFT.
The a-IGZO TFT active channel was operated under a for-
ward bias of Voy + 5 V; the TFT is electrically connected to
the measurement interface via a homebuilt electrical probe
setup consisting of RF source-drain electrical probes. At each
illumination wavelength, the photoconduction (PC) signal was
retrieved from the noise using a current pre-amplifier and a
lock-in amplifier (Zurich HFLI). To eliminate the contribu-
tion of dark current background and hysteretic drift, the illu-
mination source was modulated using an optical chopper at
a frequency of 585 Hz and reference the lock-in amplifier to
this frequency. Simultaneous scanning photoconduction and
back reflection maps were taken at each illumination energy
using a 4f confocal scanning geometry to ensure uniformity
of the illumination spot over the energy measurement range
and across successive measurements. The piezo scanning
mirror changes the beam position in a 2D raster-scanned
matrix, and the PC was collected at each point to produce the
spatially-resolved PC map. Spatial positions of the TFT PC
were mapped simultaneously with back reflection maps at 1V
drain voltage as shown in Figures 1b,c. Please see Figure S4
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(Supporting Information) for a more complete diagrammatic
view of the setup.

Figure 1c shows scanning back reflection (leff) and scanning
photoconduction maps (SPCM, all other panels) for a back
channel etch a-IGZO TFT upon photoexcitation at hv =1.8 eV.
The PC images are colorized via a heatmap corresponding to
the relative amplitude of the integrated trap density that was
optically excited. Line cuts as a function of gate voltages (V¢)
ranging from depletion-mode to enhancement-mode operation
conditions were shown in Figure 1lc. As the TFT gate voltage
was scanned from depletion-mode (Vg < 0 V) to enhancement-
mode (V¢ > 0 V) operation, the photoconduction amplitude
becomes order of magnitude larger and becomes uniformly
distributed across the active channel length. In depletion-mode
operation (Vg = —4 V), the device PC response was localized
to the immediate area of the drain electrode, indicative of a
Schottky-like barrier at the interface. The amplitude of the
UPBC response can be directly mapped to generate the subgap
DoS by spectrally scanning the energy of the power-normalized
excitation laser from 0.3 to 4 eV.

The photoconduction signal at each given photon energy
(hv) is directly proportional to the total integrated subgap
trap density. Specifically, the integrated trap density Nygr(hv)
between the conduction band mobility edge and hv is given by:

N,C; |1
Nor () = 5=t | Fe. 1
Tor (V) ( o ijh 1)

where Ipc/Ny, represents the PC signal (Ipc) which has been
photon normalized via through-chip laser power correction at
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each photon energy, hv. The bracketed quantity was a scaling
constant composed of the the electronic charge (q), the gate
insulator capacitance density(Cy), the slope (m) of the non-illu-
minated I, — V¢ transfer curve within £0.5 V of the constant
Von + 5 V forward operating gate bias (taken immediately after
each PC measurement), and the accumulation layer thickness
(t). Finally, N, was a constant calibration term obtained by
finding the saturation photon flux, corresponding to the max-
imum photon flux that yields a detectable change in the in the
PC-signal detected for illumination just below the VB mobility
edge. After directly mapping the total integrated trap density as
a function of photon energy from the raw observable PC signal,
its derivative were taken to obtain the experimental density of

states (DoS): DoS(hv):dNi. Throughout this work, it was

d(hv)
referred to experiment subgap DoS(E — E() that was equivalent
to DoS(-hv).

3. Results and Discussion

3.1. a-IGZO DoS by UBPC versus Ultrabroadband Optical
Methods

The predictive trends the UBPC DoS method is independently
verified by overlaying prominent DoS peaks with the a-IGZO
photoluminescence emission spectrum collected over an ultra-
broadband spectral range of 0.7-4 eV. Figure 2a plots Tauc!®?
absorption (a/?) and photoluminescence (PL) emission
spectra. The estimated optical bandgap (Eg) for a-IGZO from
the Tauc plot is 3.17 £ 0.03 eV. PL reveals two strong subgap
peaks at =~1.4 and =-1.7 eV, and two weak subgap peaks at
~0.8 and =-1.1 eV. The apparent drop-off in emission at
~3.5 eV is actually an artifact due to PL drop off associated
with use of a cut-off filter used to eliminate higher-harmonics
in the monochromator.

The four subgap PL peaks (red) of Figure 2a, as obtained
from a 100 nm a-IGZO thin film, are plotted on an expanded
energy scale in Figure 2b and are shown to be correlated to
photoconduction (PC) derivative (WAW~'eV~!) spectrum peaks
(black), as obtained from a BCE a-IGZO TFT. As evident from
Figure 2b, the match between PL and PC derivative peaks is
quite striking. Three other PC derivative spectral features are
indicated in Figure 2b at =—0.3, =~2.2, and =-2.8 eV.

Atomic identification of the PL and PC derivative peaks
shown in Figure 2b is shown in Figure 2c and summarized in
Table 1. In Figure 2¢c, raw UBPC data (black closed circles) is
simulated (black solid line) by convolving a series of Gaussian
subgap defect peaks and an exponential valence band Urbach!™!
tail. The UBPC spectrum indicated in Figure 2c¢ corresponds
to the BCE a-IGZO TFT density of states parameters col-
lected in Table 1. UBPC density of states parameters for a top-
gate (TG) a-IGZO TFT are also included in Table 1, and are
expected to be representative of the 100 nm a-IGZO thin film
used for PL assessment, as both a-IGZO films are prepared in
a similar manner.

Several aspects of Figure 2c are notable. First, the four PL
peaks (red) of Figure 2b are ascribed to oxygen vacancies, O-2,
0-3, 0-4, and O-5 (see Table 1). Second, the strong peak occur-
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Figure 2. Ultrabroadband PL emission and photoconduction spectra,
both correlated to a-IGZO subgap density of states peaks. a) Tauc absorp-
tion (black) and photoluminescence (PL, red) emission spectra. (Inset)
PL emission is due to excited conduction band electrons recombining
into deep trap states. b) a-IGZO thin film PL emission spectrum (red)
is plotted on the same axis as the energy derivative of photoconduction
(PC) spectrum of a back channel etch (BCE) a-IGZO TFT. Dotted lines
highlight correspondence between PL and UBPC peaks. c) UBPC density
of states for a BCE a-IGZO TFT.

ring at —2.2 eV in both the PC derivative and UBPC spectra
is attributed to a zinc vacancy acceptor, Zn-8. A zinc vacancy
has previously been identified as the only cation vacancy ener-
getically favored to exist in a-IGZO.[% Also, recently reported
electron spin resonance measurements confirm the existence
of a zinc vacancy in a-IGZO at concentrations up to about an
order of magnitude greater than that of estimated peak oxygen
vacancy concentrations.%3] Note the absence of a —2.2 eV zinc
vacancy peak in the PL spectrum of Figure 2(b), consistent
with the low concentration of this peak in Table 1 for a TG
a-IGZO TFT. Third, the PC derivative and UBPC spectra show
evidence of the O-1 oxygen vacancy peak at —0.3 eV. Fourth,
the PC derivative curve shows evidence of an [O5H']" (or
OH") defect complex state at —2.8 eV, while this state is not
observed in the UBPC spectrum, presumably because it is
obscured by the valence band Urbach band tail. Simulation
of the UBPC spectrum reveals a valence band Urbach energy,
Ey =110 meV.
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Table 1. Extracted parameters from UBPC measurements on the BCE
and TG a-IGZO TFTs plotted in Figure 3a shows subgap defect peak
energy (E — E¢), peak density of states (DoS), and peak full-width-half-
maximum (FWHM) are similar with the exception of the Zn-8 deep
acceptor row (in bold).

Defect  Peak Energy Peak DoS FWHM

[eV] [x 10" cm~ eV [meV]

BCE TG BCE TG BCE TG
O-1 -0.3 -0.3 2.5 13 80 80
0-2 -0.85 -0.75 1 8.8 70 70
0O-3 -1.2 -1.2 24 9.2 80 80
O-4 -1.35 —-1.45 37 30 110 80
0O-5 -1.8 -1.8 23 27 70 70
0-6 -2.0 -2.0 4 12 70 70
O-7 -2.4 -24 50 67 50 80
Zn-8 -2.2 -2.2 155 0.1 130 130
[OFH -2.8 -2.8 20 40 320 320

3.2. Top-gate (TG) versus Back Channel Etch (BCE) a-IGZO TFT
Trends

Figure 3(a, upper) compares UBPC trends (circles: experi-
mental data, solid curves: simulation) for a TG a-IGZO TFT
(blue, solid circles) to that of a BCE a-IGZO TFT (green, solid
circles). Figure 3(a, lower) plots the UBPC experimental data of
a'TG a-IGZO TFT (solid circles) with a simulation of the UBPC
spectra based on Gaussian peaks convolved with an exponen-
tially decaying valence band Urbach tail. Simulated subgap
peaks are enumerated according to species (Vo donor, Vg,
acceptor, or [O5H*]" donor) and by peak energetic location
(from CB =0 eV to VB =—3.2 eV). The oxygen vacancy (blue)
and [O3H']" (orange) simulated peaks plotted in Figure 3(a)
correspond to simulation fitted to a TG UBPC spectrum,
while the V7, peak (red) corresponds to simulation fitted to a
BCE UBPC spectrum. The characteristic energy of the VB tail
exponential decay (or Urbach energy) of the UBPC spectrum
is derived from the simulation of the experimental data by
fixing all Gaussian subgap state peak energies and amplitudes,
leaving the Urbach energy (TG: 89 meV, BCE: 95 meV) as the
only free simulation parameter. The fitted Gaussian peak char-
acteristics for the enumerated peaks are provided in Table 1.

In Figure 3b, the UBPC DoS in the region of the Zn-8 zinc
vacancy peak is compared on a linear ordinate scale for several
different BCE processing conditions: I: Ti/Cu S/D wet etch; 2:
Mo S/D wet etch; 3: Ti/Cu S/D wet/dry etch (wet etch of the S/D
metal far from the back channel surface, followed by dry etch
near the back channel surface); and 4 Ti/Cu S/D low damage
etch. Figure 3c shows the drain current-gate voltage (Ip — V)
transfer curves for three of the TFTs plotted in Figure 3b, as
well as for a TG a-IGZO TFT.

As clearly evident from Figure 3a,b, the Zn-8 zinc vacancy
concentration is strongly affected by the type of BCE etchant
used. Also, a larger Zn-8 zinc vacancy concentration leads to a
more positive shift in the turn-on voltage. From a charge bal-
ance perspective, an increase in the deep acceptor concentra-
tion, that is, Zn-8 zinc vacancies, is balanced by an increase
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Figure 3. Density of states (DoS) trends for a top-gate (TG) vs. a back
channel etch (BCE) a-IGZO TFT. a) (Upper) UBPC comparison of a TG
and a BCE a-IGZO TFT. (Lower) Simulated Gaussian subgap state peaks
corresponding to the UBPC experimental data. b) Linear DoS scaling
highlights the Zn-8 zinc vacancy peak (red) for different BCE processing
conditions: 1: Mo S/D wet etch, 2: Ti/Cu S/D wet etch, 3: Ti/Cu S/D wet/
dry etch, and 4: Ti/Cu S/D low damage etch. c) Drain current-gate voltage
(Io = V¢) transfer curves for different BCE processing conditions.

in the concentration of ionized deep donors, that is, oxygen
vacancies, for example, O-1, O-2, O-3, etc. Mathematically,
ANp, = ANpa(Eg), where the deep donor Fermi level depend-
ence recognizes that the Fermi level is modulated deeper into
the bandgap, away from the conduction band mobility edge,
until a sufficient density of oxygen vacancy donors is ionized in
order to achieve charge neutrality.

The Zn-8 zinc vacancy concentration can be estimated by
integration of its UBPC peak area or alternatively from the
shift in the turn-on voltage of an I — V¢ transfer curve via
Npa. 10 - ve = (CiAVon/q)*?, where C; is the gate insulator
capacitance density (9.7 nFcm™2), q is the electronic charge, and
AVon = AVoy, sce — AVon, Ta-

Table 2 compares values of Npa 1p - vg and Npa ygpc for
three BCE a-IGZO TFTs plotted in Figure 3b. Note that the
UBPC estimate is invariably larger, as UBPC measures non-
electrically active valence band tail donor-like traps.[®

The UBPC spectra provided in Figure 3b,c suggest that: (i)
a standard BCE wet etch process results in the formation of
a Gaussian zinc vacancy state centered at =—2.2 eV (Zn-8), as
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Table 2. Comparison of changes in deep acceptor (DA) trap density of

of three BCE a-IGZO TFTs with different etch process conditions (from
Figure 3b). TFT Ip — V¢ transfer curve turn-on voltage shifts (AVpy) shift
right to predict the DA trap density (Npa ip - vg) that is also measured
directly by the UBPC method (Npa, uspc)-

BCE Etchant AVoy [V] Npa, ip-ve Npa, usec [cm™]
#1: wet 2.55 6.1x10% 6.2 x10%
#3: wet/dry 135 2.3x10' 2.4x10®
#4: low damage 0.50 5.3x 10" 1.0 x 10%

well as a slight increase in the Urbach energy; (ii) zinc vacancy
state formation effect is particularly severe for the wet-etch BCE
TFTs with Mo source-drain electrodes; and (iii) the zinc vacancy
concentration can be reduced through the use of less-dam-
aging etch methods. The presence of this zinc vacancy peak
and its particular susceptibility to form in a-IGZO TFTs pro-
cessed using a Mo S/D wet etch is consistent with previously
published work?>?%l on BCE etch damage. In Figure S1 (Sup-
porting Information), we provide the UBPC DoS for 6 BCE and
2 TG a-IGZO TFTs subjected to various processing conditions,
along with the averaged BCE and TG DoS across all the devices
studied. For all BCE devices, the Zn-8 peak is larger than that
observed for any of the TG TFTs. Figure 3a,b shows the deep
acceptor peaks at —2.2 eV is strong only for the case where
metal etchant directly contacts the active TFT surface (BCE TFT
case #1). According, we observe that both TG TFTs and using
the dry-etch methods steps with BCE TFTs can greatly suppress
formation of the deep acceptors defect states.

A number of strategies have been explored to mitigate delete-
rious effects of the etch process on BCE a-IGZO TFT electrical
operation: careful selection of source/drain metal;?*! plasma
treatments intended to reduce metal residues;?! the use of etch
stop layers (ESL);122236465] less damaging wet etchants such as
H,0,;%! or through adopting more complex device architec-
tures such as a dual-gate TFT.¥] A comparison of an as-grown
BCE TFT to a BCE TFT with an ESL is included in Figure S2
(Supporting Information). UBPC measurements on ESL device
show a smaller zinc vacancy DoS peak and improved electrical
performance compared to an as-grown TFT.

3.3. Plasma Treatments of a-IGZO TFTs

Figure 4a depicts the fabrication of a n* active channel TG
a-IGZO TFT via plasma or ion implantation treatment. In
(Panel (1)), an a-IGZO channel deposited onto a glass substrate
with a SiO, buffer layer is subjected to a plasma or ion implan-
tation treatment, resulting in a n* a-IGZO active channel. In
(Panel (2)), source-drain electrodes and the top-gate are pat-
terned or deposited onto the n* a-IGZO active channel to form
the n* a-IGZO active channel TFT. Note that in this process, the
entire active channel is subjected to the n* doping treatment.
In Figure 4b, log(Ip) — Vg transfer curves are compared
for three TG a-IGZO TFTs in which the channel is as-grown
(black) or is subjected to an Ar* ion implantation (green) or a He
plasma (blue) treatment to obtain a n* a-IGZO active channel.
Arrows represent the direction of hysteresis. Compared to the
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Figure 4. Plasma processing of a-IGZO TFTs. a) n* doping of the active
channel of a top-gate a-IGZO TFT via plasma treatment or ion implanta-
tion prior to deposition of the top-gate electrode. b) The drain current-
gate voltage (Ip — Vi) transfer curve of an as-grown top-gate a-IGZO TFT
compared to those subjected to an Ar* ion implantation or He plasma
active channel pre-treatment. c) The Iy — V¢ transfer curves of three n*
a-IGZO active channel TFTs subjected to different plasma treatments.
d) Subgap density of states (cm—eV™") of as-grown and plasma-treated
top-gate TFTs whose I — V¢ transfer curves) are plotted in (b,c). (Inset)
Linear ordinate scaling of DoS in the oxygen vacancy region of the subgap.

as-grown a-IGZO TFT, the plasma-processed a-IGZO TFTs are
strongly depletion-mode, with large negative turn-on voltages of
<20 V.

Figure 4c plots the Ip — V¢ transfer curves of three TG
a-IGZO TFTs whose active channel is subjected to treatment
by Ar* ion implantation (green), He plasma (blue), or Ar plasma
(red). The Ar* ion-implanted and He plasma-treated TFTs
exhibit no measurable hysteresis when plotted on a linear ordi-
nate scale (Figure 4c), and only a very small amount of clock-
wise hysteresis when plotted on a logarithmic scale (Figure 4b).
In contrast, the Ar plasma-treated TFT possesses a large
amount of hysteresis and, notably, this hysteresis is counter-
clockwise. Typically, clockwise hysteresis in an n-channel TFT
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Table 3. Comparison of density of states peak maximum amplitudes
(X 10" cm~ eV7") and Urbach energies (meV) from Figure 4d for four
top-gate a-IGZO TFTs with the full-channel subjected to different plasma
and ion-etch processes.

E—EcleV]  As-grown Artion He plasma  Ar plasma
O-1 —-0.30 1.1 3.2 3.2 500
0O-2 -0.70 1.7 37 7.0 210
0O-3 -1.30 3.2 27 23 590
0-6 -1.95 0.8 190 140 520
O-7 —2.45 5.9 420 500 1000
Ey(meV) Nn7+3 133+38 135+6 1809

is ascribed to electron trapping, while counterclockwise hyster-
esis is attributed to ion migration.® Thus, the counterclock-
wise hysteresis witnessed for the Ar plasma-treated TFT is ten-
tatively attributed to ion migration. However, we note that this
case is unusual since ion migration normally occurs within the
gate insulator rather than the semiconductor.

The deleterious effects of plasma damage to the channel
layer of an a-IGZO TFT are unambiguously revealed by UBPC,
as shown in Figure 4d and summarized in Table 3. Plasma pro-
cessing dramatically increases the amplitude of all six oxygen
vacancy peaks. Ar* ion implantation and He plasma treatments
increase the amplitudes modestly of the shallow O-1 and O-2
deep traps by a factor of less than an order of magnitude. Ar
plasma damage is the most dramatic, increasing the ampli-
tudes of all of the oxygen vacancy subgap peaks by well over
two orders of magnitude.

In addition to increasing the amplitude of the oxygen
vacancy subgap peaks, the valence band Urbach energy
increases after plasma processing. This Urbach energy increase
is relatively modest for the Ar* ion implantation or He plasma
treatment - from 117 + 3 meV (as-grown) to 133 + 8 meV (Ar*
ion implantation) - and is more significant for the Ar plasma
treatment at Eyy = 180 + 9 meV. The linear ordinate density of
states plot included as an inset to Figure 4d shows how much
more damaging the Ar plasma treatment is than either the
Ar* jon implantation or the He plasma treatment. After Ar
plasma treatment, the anion sublattice appears to be so heavily
damaged that it is not surprising that a TFT channel layer
subjected to such abuse would exhibit I, — V transfer curve
counterclockwise hysteresis due to ion migration (perhaps by
hydrogen) on its sub-lattice.

Table 3 reports the strongest oxygen deep acceptor DoS peak
(x 10 cm™ eV}) as obtained from the UBPC measurement
data plotted in Figure 3(d). As the Iy — Vg curves plotted in
Figure 3c indicate, all of the plasma-treated or ion-implanted
TFTs experienced large negative shifts in the I — Vg curve Voy
curve ranging from =-10 — (- 30) V. This trend is consistent
with n* doping of the active channel via the Ar* ion implanta-
tion or He/Ar plasma treatments. We expect Ar may be more
damaging than He for comparable plasma conditions because
of its larger mass. Each treatment process caused not only
the expected increase in shallow donor oxygen vacancy states
but large increases in the deep donor oxygen vacancy states.
Resolving the effects of different plasma treatment methods via
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the UBPC may prove useful to fine-tune TFT conductivity while
avoiding deleterious effects on TFT performance.

A primary application of ion implantation or plasma treat-
ment is the formation of n* source/drain regions at the active
channel edge; after plasma treatment (or ion implantation),
these n* doped regions function as low contact resistance
source-drain regions. The UBPC DoS spectra and Ip — Vg
transfer curves in Figure 4 confirm that treatments that induce
a moderate amount of disorder in the active channel material
(forming shallow donor oxygen vacancy states) such as Ar*
ion implantation and He plasma are useful for achieving the
desired n* doping effect.

3.4. a-IGZO Channel Stoichiometry Variations

Figure 5 plots the density of states (dots: UBPC experimental
data, shaded regions: simulation) of a BCE a-IGZO TFT with a
stoichiometric (1:1:1 molar % In,03/Ga,03/Zn0O ratio) active
channel composition (111 a-IGZO, black) against a BCE a-IGZO
TFT with a higher molar proportion of Zn constituent atoms
than In and Ga (Zn-rich, blue). The (Inset) of Figure 5 plots the
drain current-gate voltage (Ip — V() transfer curve of the 111 as-
grown and Zn-rich TFTs. Table 4 reports the DoS peak charac-
teristics for 111 and Zn-rich a-IGZO TFTs.

The DoS peak amplitudes of the O-3, O-4, O-5, and O-6
peaks are significantly larger for the Zn-rich a-IGZO TFT com-
pared to the 111 a-IGZO TFT, but the O-7 peak is smaller. The
Ip — Vg transfer curve of the Zn-rich a-IGZO TFT also exhibits
a lower drain current, a positive shift in the turn-on voltage, and
a poorer sub-threshold slope than the 111 a-IGZO TFT. These
trends are consistent with an electron trapping-induced reduc-
tion of TFT electrical performance due to the enhanced den-
sity of subgap oxygen vacancy states. The appreciable increase
in shallow oxygen vacancy states is particularly concerning

111 a-IGZO !
Zn-rich a-1IGZ0O . ..

‘?\1019_

- 111 a-1GZQ
Zn-rich

4 -2 0 2 4 6 8 10
Ve (V)

O-5 0.4 0-3

10 5

1077 5 “ r 3

Density of States (cmeV
>

T — T .
-3.0 -2.5 -2.0 -1.5 -1.0
E-E (eV)
Figure 5. UBPC DoS spectra comparing different a-IGZO growth con-
ditions plotted for a BCE 111 (black) and a BCE Zn-rich (blue) a-IGZO
growths. Fitted DoS peak are plotted as shaded regions. (Inset) Drain

current-gate voltage (Ip — V) transfer curves for a BCE 111 a-IGZO and a
BCE Zn-rich a-IGZO TFT.
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Table 4. Comparison of the DoS peak maximum amplitudes
(% 10" cm~3 eV") from Figure 5d for [111] and Zn-rich growth recipes for
BCE a-1GZO TFTs.

E—Ec[eV] m Zn-rich
0-2 -1.05 0.25 145
0-3 -1.25 46 32
04 -1.40 22 32
0-5 -175 245 22
06 -1.90 1.9 17
o7 ~2.50 59 5.2
Ey(meV) 105 78

with respect to TFT operation. Surprisingly, the valence band
Urbach energy of the Zn-rich TFT is =30% smaller than that
of the 111 a-IGZO TFT.

3.5. Hydrogen Incorporation Into a-ITGZO TFTs

Figure 6 displays a comparison between two a-ITGZO TFTs
possessing different concentrations of hydrogen. Ip — Vg
transfer curves (Figure 6a) shows that the larger incorporated
hydrogen concentration (orange curve) shifts the turn-on voltage
-3.6 V, corresponding to an estimated increase in the hydrogen
concentration of A[H]ip _yg = 2.8 X 107 cm™3, where

=4

=)

©

21 —e—High H
—e— Low H

Nyor, Trap Density (10" cm™®)

-0.6 -0.5 -0.4 -0.3 -0.2

E-Ec(eV)

0+ T T T
-2.8 -2.6 -2.4 -2.2 -2.0 -1.8 -1.6
E-E. (eV)

Figure 6. a) Drain current-gate voltage (Ip — V) transfer curves, b) near
conduction band total integrated trap density, Nyor, and c) near valence
band DoS for two a-ITGZO BCE TFTs possessing different concentra-
tions of hydrogen. (c, Inset) UBPC DoS plotted across full bandgap (loga-
rithmic scale).
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AlH]ip - vg = (CiAVoy/q)" and C; = 19.2 nFem™ is the insu-
lator capacitance density. (Since hysteresis is present in the
Ip — Vg transfer curves shown in Figure 6(a), Voy is estimated
as the midpoint between the right-going and left-going turn-on
voltages.) The negative turn-on voltage shift indicates that the
incorporated specie (hydrogen) behaves as a donor.

Since donor ionization energies are normally found nearest
to the conduction band, Figure 6b is included in order to dem-
onstrate that the UBPC-estimated trap density is extremely
small (<10™* cm~3), and that the near conduction band trap dis-
tribution is quite similar for the two a-ITGZO BCE TFTs under
consideration. These observations support our contention!¥
that hydrogen does not behave as a normal shallow donor when
incorporated into an amorphous oxide semiconductor, such
as a-ITGZO.

Figure 6c reveals an enhanced density of states at
E - Ec=-2.7 eV for the high hydrogen (orange) curve, compared
to the low H (black) curve. This corresponds to an increase in the
concentration of [O5H']" defect complexes (or, equivalently,
OH") with increasing hydrogen incorporation. This increase
in hydrogen between the black and orange curve can be quan-
tified via UBPC, i.e., A[H]yspc =Nror(Eg)|orange —Nror(Eg) |3].‘3rcvlé =

curve

9.2 X 10Vem™ —6.0 x 10¥cm™ =3.2 x 10Ycm™. This value of
AlH]ugpe (3.2 x 10Ycm™) is quite similar to that estimated
previously for A[H]ip _ vg (2.8 x 10”cm™), indicating that a
correlation exists between the enhancement in density of
states and the enhancement in electrically-active donor activity
with increasing hydrogen concentration. However, note that
AlH]ygpc > A[H]ip _ v¢ since the UBPC-estimated density of
states enhancement includes a contribution associated with
valence band tail state density arising from enhanced anion
sublattice disorder, as well as from a simple increase in the
[O5H*]" defect complex density centered at E — E¢c = 2.7 eV,
due to direct incorporation of hydrogen into the amorphous
network.[

Simple charge balance considerations are useful for ration-
alizing turn-on voltage trends similar to those presented in
Figure 6a.’! Enhancement-mode operation, in which Vqy is
positive, is witnessed for the two curves included in Figure 6a.
Charge balance describing this type of behavior likely arises
from Npp(Er)=Npa—Nsp where Nj, refers to positively
ionized deep donors, the concentration of which is con-
trolled by the position of the Fermi level, Np, is the density
of deep acceptors, and Ngp is the density of shallow donors.
Identifying deep donors as oxygen vacancies that are distrib-
uted across the upper portion of the a-ITGZO bandgap (see
Inset to Figure 6¢), deep acceptors as zinc vacancies located at
E — Ec = -2.3 — (- 2.4) eV, and shallow donors as [05H*]"
defect complexes centered at E — Ec = —2.8 eV, enhancement-
mode behavior is a balancing act between zinc vacancies
and hydrogen. Although [OFH']" defect complexes are cer-
tainly not energetically ‘shallow’ since they are centered at
E — Ec = —2.8 €V, they can be considered to be ‘shallow’ from
the perspective of charge balance assessment since they
remain ionized, independent of the position of the Fermi level.
This odd behavior is due to the non-equilibrium nature of the
hydrogen donor, in which hydrogen ionization occurs prior to
its incorporation into the amorphous network.["]
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When the zinc vacancy density is much larger than that
of incorporated hydrogen, Npp(Eg)=Nps, so that strongly
enhancement-mode behavior obtains (black curve of Figure 6a),
Von is positive and large, and Ep is positioned deep in the
gap (perhaps -1.5 —2 eV), leaving many oxygen vacancy traps
empty (empty traps (Npp) are responsible for enhancement-
mode behavior). In contrast, when the zinc vacancy and incor-
porated hydrogen concentrations are similar, Np(E;)=0, such
that Voy = 0 V, and Eg is positioned about 0.15-0.3 eV below
the conduction band mobility edge, and most oxygen vacancy
traps are filled. Finally, if the incorporated hydrogen concentra-
tion exceeds that of the zinc vacancy concentration, then deple-
tion-mode behavior occurs, as described by a different charge
balance relationship, n(Ef) = Ngp — Np,, where n is the free
electron density, as controlled by the position of the Fermi level.

4. Conclusion

The subgap DoS measured by ultrabroadband photoconduc-
tion (UBPC) method reveals systematic trends in AOS subgap
trap density that correlate with different TFT architectures,
doping treatments, and AOS growth compositions. Notably,
we observed the following: 1, a Zn vacancy peak centered at
—-2.2 eV is introduced to back channel etch a-IGZO TFTs as
a result of the source/drain metal etch process, and its peak
density can be modulated via different etch conditions; 2, Ar
and He plasma and Ar* ion implantation-treatment of the
a-IGZO active channel enhance the peak densities of deep-
donor oxygen vacancy states up to >100X; 3, Zn-rich a-IGZO
TFTs exhibit larger deep oxygen vacancy peaks and significantly
worse electrical performance compared to a-IGZO with a 1:1:1
stoichiometric molar proportion of constituent cations; and
4, as previously observed for a-IGZO,™ hydrogen incorpora-
tion in a-ITGZO rigidly shifts the I, — V¢ transfer curve nega-
tive, and is accompanied by a corresponding increase in the
[O5H'" complex peak density centered at —2.8 eV.

The defect DoS obtained with the UBPC method has both
high 10° signal to noise sensitivity and a broad energy range
not yet obtainable by established purely optical and XPS/UPS
methods. This newly demonstrated capacity of UBPC to pre-
dict defects arising from on-chip TFT processing and growth
recipes further suggests its use as an analytical tool in AOS
TFT development. The different categories of defects (acceptor,
donor, and interstitial hydrogen) that compose the subgap
of AOS impact both the TFT Iy — V(¢ transfer curve turn-on
voltage and hysteresis. The next challenge is to extend the
UBPC method over the conduction band Urbach tails to com-
plete the connection between subgap trap density and perfor-
mance TFT metrics. The clear DoS trends with TFT produc-
tion processing demonstrate that UBPC is an emerging post-
assembly defect characterization method that can work down to
the single-pixel limit.
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