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Abstract—Plasma damage of indium-gallium-zinc-oxide (IGZO) thin film transistor (TFT) was investigated. The
IGZO TFT was fabricated and the performance was measured before and after BCl; and/or Cl, plasma treatment to
evaluate the IGZO damage. The BCl; and/or Cl, plasma deteriorated the IGZO TFT performance significantly even
after a short exposure time in the plasma. We propose a new wet etching process to remove a source/drain metal with-
out damaging the underlying IGZO layer. The wet etching process can be utilized for the fabrication of IGZO TFT
array using a roll-to-roll process via a self-aligned imprint lithography technique.
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INTRODUCTION

For large-area and high resolution organic light-emitting diode
(OLED) displays, a thin-film-transistor (TFT) requires a semicon-
ductor material with a high carrier mobility. The TFT with metal
oxide semiconductors has attracted much attention due to the high
carrier mobility and scalability to a large area for the OLED display
[1-3]. Among the metal oxide semiconductors, amorphous indium-
gallium-zinc oxide (a-IGZO) has been the most studied material
because it provides a better switching characteristics and stability

SID metal

for the TFT [4].

A high resolution active-matrix display requires a TFT backplane
with a higher resolution. Since the structure with the smallest dimen-
sion in the TFT structure is the semiconductor channel, the tough-
est task realizing such a high resolution TFT is the pattern alignment
of the channel during the backplane fabrication process. This align-
ment problem is not only important in a conventional sheet-to-
sheet backplane fabrication process, but also more critical in a roll-
to-roll fabrication process.

A self-aligned imprint lithography (SAIL) method [5-8] has been
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Fig. 1. Schematic diagram of self-aligned imprint lithography (SAIL) process to fabricate a thin film transistor: (a) After the formation of
three dimensional etch mask by an imprint lithography; (b) after the first resin mask etching; (c) after the full plasma etching of the
transistor layers and under etching of gate metal; (d) after the second resin mask etching; () after the S/D metal etching; (f) after the

removal of the third resin mask.
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proposed to implement a high resolution TFT backplane in a roll-
to-roll process. Conventional TFT are fabricated by a series of de-
position and pattern-formation processes starting with a substrate
(bottom-up method), whereas the SAIL process utilizes a series of
etching processes to fabricate the final TFT structure by using pre-
aligned multilayer-pattern masks (top-down method). The pre-
aligned multilayer pattern mask can be prepared by an imprint
lithography using a three-dimensional mold which contains multiple
pattern information. Fig. 1 shows a schematic example of the SAIL
process for fabricating a simple TFT structure using the IGZO as a
semiconductor. As shown in the figure, the multilayer-etch mask
that is formed by an imprint lithography method is sequentially
etched to reveal different etch-mask patterns for each processing
step. For the structure shown in Fig. 1(c), the gate metal should be
under-etched by the plasma-etch method with etching gases having a
high selectivity for the gate metal. To complete the final IGZO TFT
structure, the source/drain (S/D) metal should be etched away to
expose the IGZO channel [Fig. 1(e)]. The plasma etching of the S/D
metals mainly utilizes gases containing halogen such as chlorine (CL,)
and/or boron trichloride (BCl;). However, extreme care should be
taken when the S/D metal is etched under a plasma since the IGZO
semiconductor layer is easily damaged in a plasma environment.

In this study, we fabricated etch-back-type bottom-gate TFT5 to
investigate the damage of IGZO TFT under Cl, and/or BCl; plasma.
While the damaging effect of IGZO under nitrogen (N,), oxygen,
and argon (Ar) plasma has been reported in the literature [9-11],
Cl, and BCl; gases have not yet been studied for the IGZO dam-
age under the plasma. This work helps to elucidate the cause of
damage on the IGZO TFT during Cl, and/or BC; plasma-etch pro-
cess. We also propose a new wet etching process for an S/D metal
of chrome (Cr) as a method to etch the S/D metal with no damage
to the IGZO semiconductor. The proposed wet etching process
can make the roll-to-roll SAIL process possible for the realization
of the high resolution IGZO TFT array.
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N-type silicon wafers were thermally oxidized to form 150 nm-
thick silicon dioxide, which worked as an insulating layer for the
IGZO TFT. The n-type silicon works as the gate electrode for the
TFT. The IGZO layer (50 nm) was deposited in a radio-frequency
(RF) sputtering equipment. The RF power, Ar flow rate, and pres-
sure for the deposition were 50 W, 20 sccm, and 2.6x10° torr, respec-
tively. The composition of an amorphous IGZO target was 1:1:1
(mole percent) for In,O; : Ga,0O; : ZnO. The IGZO layer was annealed
in rapid thermal annealing (RTA) equipment for 1 hour. The RTA
was carried out with N, flow rate of 100 sccm at the temperature
of 300°C. Standard photolithography and wet etching processes
were used to pattern the TFT using a positive photoresist and diluted
hydrochloric acid etchant. The width/length (W/L) channel dimen-
sion for the TFT was 1,000/100 um. For the S/D metal, chrome
(Cr, 100 nm) was deposited using thermal evaporation.

The fabricated IGZO TFT was treated for 30 and 60s under
BCly/Cl,, Cl,, and BCl; plasma at 10 and 30 W power. The TFT per-
formance was measured before and after the plasma treatment to
confirm the IGZO damage. To investigate the IGZO damage during
a wet etching of the Cr S/D metal, we treated the TFT in a com-
mercial Cr wet etchant (CR-7, diluted to 5 vol% with water) for 30
and 60 s and compared the TFT performance before and after the
treatment. The performance was measured using a probe station
(Agilent 4156C). Scanning electron microscopy (SEM) and X-ray
photoelectron spectroscopy (XPS) measurements were carried out
to understand the chemical and physical damages caused by the
Cl, and/or BCl; plasma.

RESULTS AND DISCUSSION

Plasma etching of the S/D metal such as Cr or aluminum is
mainly carried out with Cl, and/or BCL. It has been known that
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Fig. 2. (a) The changes of the IGZO TFT characteristics and (b) the SEM surface images before and after the BCL,/Cl, plasma treatment.
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the Cl, gas affects the etch rate of the metal, while the BCl; affects
the etch selectivity. In this regard, these two gases are utilized sepa-
rately or simultaneously for the plasma etching of the metals. To
investigate the IGZO damage under Cl, and/or BCl; plasma, we fab-
ricated simple IGZO TFTs and measured their performance before
and after the surface of the IGZO channel was exposed under the
Cl, and/or BCl; plasma for 30 and 60's at 10 and 50 W power. For
the reference device, the field-effect mobility, on-off ratio, thresh-
old voltage, and subthreshold swing were 6.3 cm’/V-s, 6.85x10°
0.43 V; and 2.32 V/decade at the drain voltage of 10V, respectively.

The devices lost their performance completely after BCL/Cl,
plasma treatment as shown in Fig. 2(a). For the plasma treatment,
the chamber pressure was 0.18 torr and the flow rate of BCl; and
Cl, was 20 and 5 sccm, respectively. The devices treated under
BCL,/Cl, plasma showed the conducting characteristic regardless
of the RF power and treatment time. Fig. 2(b) shows SEM images
before and after the plasma treatment of the IGZO surface. From the
observation that the grains of a-IGZO surface were fully removed
after the plasma treatment, we confirmed that the IGZO was
physically etched by the plasma and lost the semiconducting char-
acteristic. Fig. 3 shows the optical microscopy images of the IGZO
surface before and after the plasma treatment. The clean IGZO
surface of the reference device was damaged after the exposure for
30s under 10 W BCL/Cl, plasma. The surface damage became
severer after 1 min exposure as shown in Fig. 3(c).

To determine the individual effect of Cl, and BCl; plasma on the
IGZO TFT performance, the exposed IGZO surface was treated
separately under Cl, and BCl; plasma for 30 or 60 s at 10 or 50 W
power. The flow rate of Cl, or BCl; was 20 sccm and the process
pressure was 0.15 torr. After the treatment under Cl, plasma for
30s at 10 W, the TFT showed a switching characteristic even though
the threshold voltage increased significantly from 043 V to —30.8 V.
The longer plasma treatment at 10 W power resulted in lower
mobility and higher off current. The Cl, plasma treatment at 50 W
power changed the TFT characteristic to fully conducting because
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Fig. 3. Optical microscopy images of the IGZO TFT under the BCL,/
Cl, plasma at 10 W after (a) 0s; (b) 30s; () 60s.

the higher plasma power induced severer physical etching of
IGZO due to the stronger ion bombardment. The BCl, plasma
treatment for 30s at 10 W power deteriorated the TFT switching
characteristic so that the threshold voltage changed from —043 V
to —21.5 V. However, the TFT switching characteristic disappeared
at the longer treatment of 60 s at the same power. It means that the
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Fig. 4. The changes of the IGZO TFT characteristics before and after (a) Cl, and (b) BC; plasma treatment.
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BCl; plasma treatment not only damages the exposed IGZO sur-
face physically but also chemically. It has been reported [12] that
the IGZO can be chemically etched under the BCl; plasma. From
Figs. 2(a), 4(a), and 4(b), we can conclude that the BCl; and Cl,
plasma can damage the IGZO surface separately, but the plasma
damage becomes more severe when the two gases are used together
due to their synergetic effect.

Table 1 shows the relative atomic composition of the six elements
(In, Ga, Zn, O, B, Cl) in the IGZO surface measured by XPS before
and after the BCL,/Cl,, Cl,, and BCl; plasma treatments. In all cases,

the composition of Cl in the IGZO surface increased significantly
due to the Cl radicals in BCl; and Cl, plasma. Except the Cl, plasma
treatment, the B atomic composition significantly increased in the
IGZO surface due to the BCl; plasma. It has been known that
InCl,, ZnCl,, Ga,Cl, BCIO, or B,O, could be formed as the result
of chemical reactions between the radicals of the etching gas and
a-IGZO surface [13]. After the plasma treatment, the atomic per-
centages of Zn, Ga, and In metals were reduced, as shown in the
table. In that the O atomic composition in the surface remains
similar for all cases, the relative ratios of the O atom to the each

Table 1. Atomic composition of each element in the IGZO layer measured by XPS before and after the plasma treatment

Treatment O (%) B (%) Cl (%) Zn (%) Ga (%) In (%)
IGZO before treatment 46.77 - 2.11 7.92 34.29 8.92
After BCl; 10 W 46.06 9.13 7.68 6.09 2493 6.11
After BCl; 50 W 45.36 11.56 9.66 5.87 22.04 551
After Cl, 10 W 40.39 - 27.18 6.72 21.09 4.61
After Cl, 50 W 47.84 - 8.05 9.93 27.16 7.01
After BCLy/Cl, 10 W 43.33 11.48 11.95 6.23 21.54 548
After BCLy/Cl, 50 W 42.52 11.55 13.47 6.5 20.73 522
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Fig. 5. The O 1s peaks of XPS analysis in a-IGZO channel layer: (a) Before the plasma treatment; (b) after Cl, plasma treatment for 30s; (c)
after BCL; plasma treatment for 30s; (d) after BCL/Cl, plasma treatment for 30 s.
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Fig. 6. (a) The changes of the IGZO TFT characteristics before and after the treatment in the diluted CR-7 etching solution; (b) the etching

rate of Cr and IGZO layers in the CR-7 etching solution.

metal atom became much higher after the plasma treatments than
those before the treatments. Especially, the Ga and In atomic com-
positions were reduced more significantly than the Zn composi-
tion after the plasma treatments. The Ga plays an important role
not only to suppress the generation of excessive carriers, but also
helps to improve the stability of the IGZO TFT, while the In works
for increasing the electron mobility in the IGZO TFT. The decrease
in the Ga and In atomic compositions after the plasma treatments
should have affected the IGZO TFT characteristics by deteriorat-
ing the mobility and stability of the device.

Fig. 5 shows the XPS measurement results of O atom binding
energy. It has been known that O 1s spectrum shows three char-
acteristic peaks at 530, 532, and 533 eV. The binding energy peak
O(I) at 530 eV represents the O atom bound with metal atoms and
the peak O(II) at 532 eV represents the oxygen vacancy of metals
to oxygen bonds. A small peak O(III) at 533 eV indicates chemi-
cal or physical bonding of IGZO surface with the oxygen-contain-
ing molecules such as H,0, CO,, or O, [13]. As shown in Fig, 5, the
relative amount of O atom bound with metals decreased after the
plasma treatments, while the relative amount of oxygen vacancy
increased on the IGZO surface. Since the oxygen vacancies forms
the conducting pathway on IGZO surface, the IGZO TFT showed
highly conducting characteristic after the plasma treatments. In
case of the BCL/ClL, plasma treatment, the ratio of the metal-O
bond to the metal-O vacancy was the lowest. This result is consis-
tent with the result that the IGZO is damaged the most under the
plasma treatment as shown in Figs. 2(a), 4(a) and 4(b).

We showed that the BCl; and/or Cl, plasma treatments affect
the IGZO TFT significantly. Due to the plasma damage of the
IGZO surface with BCl; and/or Cl,, it is almost impossible to uti-
lize the plasma etching of the S/D metal layer on the IGZO layer
in the SAIL process described in Fig. 1. To remove the S/D metal
layer without damaging the IGZO layer, a wet etching process can
be implemented instead of the plasma etching. We tested a com-
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mercial wet etchant CR-7 for the safe removal of Cr metal for the
application. The CR-7 etchant contains perchloric acid (HCIO,,
6 Wt%), ceric ammonium nitrate [Ce(NH,),(NO,);, 9 wt%], and
water (85 wt%). Here, the perchloric acid stabilizes chemically ceric
ammonium nitrate, which is a strong oxidizing agent. The Cr metal
can be etched away by forming chrome nitrate [Cr(NOs);] as the
result of the chemical reaction between Cr and ceric ammonium
nitrate. As shown in Fig. 6, the CR-7 etchant not only etches the
Cr metal but also the IGZO. The etch rates depend on the con-
centration of CR-7 in water. Even though the CR-7 etchant etches
the IGZO, the experiment showed that the etchant did not damage
the IGZO physically as shown in Fig. 6(a) after treating the exposed
IGZO surface in the diluted CR-7 etchant (5 vol% in water).

To realize the SAIL process for the fabrication of the IGZO TFT
array using a roll-to-roll process, an S/D metal etching process with
no damage to IGZO should be developed. We report that the plasma
etching of the S/D metal causes severe damages to the IGZO layer
even during a very short process time. Instead of the plasma etch-
ing of the S/D metal, we propose the wet etching of the Cr metal
on the IGZO layer, which does much less damage to the IGZO
layer than plasma etching does. We believe that this new process
opens the possibility of the SAIL process for the fabrication of the
IGZO TFT array using a roll-to-roll process.

CONCLUSIONS

The IGZO surface was seriously damaged chemically and phys-
ically under BCl, and/or Cl, plasma even after a short exposure
time. The plasma damage was confirmed by measuring the degra-
dation of the IGZO TFT performance after the plasma treatments.
The chemical and physical changes of the IGZO surface after the
plasma treatment were measured by SEM and XPS analyses. After
the plasma treatments, the relative amount of oxygen vacancies on
the IGZO surface increased and as a result the IGZO TFT lost the
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switching characteristics. We proposed a new wet etching process
to remove the S/D metal without damaging the underlying IGZO
layer.
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