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The role of back channel surface chemistry on amorphous zinc tin oxide (ZTO) bottom gate thin

film transistors (TFTs) has been characterized by positive bias-stress measurements and x-ray

photoelectron spectroscopy. Positive bias-stress turn-on voltage shifts for ZTO-TFTs were

significantly reduced by passivation of back channel surfaces with self-assembled monolayers of

n-hexylphosphonic acid when compared to ZTO-TFTs with no passivation. These results indicate

that adsorption of molecular species on the exposed back channel of ZTO-TFTs strongly influence

observed turn-on voltage shifts, as opposed to charge injection into the dielectric or trapping due to

oxygen vacancies. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826457]

Transparent amorphous oxide semiconductors (TAOS),

including indium gallium zinc oxide (IGZO) and zinc tin oxide

(ZTO), are of considerable interest as active channel materials

for thin film transistors (TFTs).1,2 TAOS-TFTs have relatively

high average electron mobilities (lavg> 10 cm2/Vs), despite

being amorphous, and have been integrated into active-matrix

liquid crystal displays (AM-LCD) and active-matrix organic

light emitting diode displays (AM-OLED).3,4 TAOS-TFTs

may eventually replace amorphous silicon TFT technologies

for these and many other applications.5 An important require-

ment for display applications is high electrical stability, since

bias, current, and/or light induced instabilities may cause

non-uniformities by changing the relative brightness of indi-

vidual pixels. Bias stress stability of TAOS-TFTs has been

intensely investigated for both ZTO and IGZO, where effects

of composition, process temperature, process method, gate

dielectric, back channel passivation, and other factors have

been evaluated.6–13 Proposed mechanisms for positive bias

stress threshold voltage shifts for TAOS-TFTs include electron

trapping at the semiconductor/dielectric interface, electron

injection into the dielectric, or formation of sub-band gap

states in the bulk of films. It has also been suggested that dense

passivation layers are necessary to minimize threshold voltage

shifts for TAOS-TFTs.3–5

Recent studies indicated that threshold voltage shifts for

TAOS-TFTs could be strongly influenced by adsorption/de-

sorption of molecules (e.g., O2 and H2O) on exposed back

channel surfaces.8,12,14–16 Chemisorption of molecules with

oxide semiconductors has been well studied especially in

regard to the role of charge transfer during chemisorption and

the corresponding effect on conductivity for gas sensors.17,18

For oxide semiconductors, adsorbed molecular oxygen can

accept electrons from the surface resulting in formation of a

depletion layer, while absorbed water can donate electrons to

the surface resulting in formation of an accumulation

layer.15,16 Both processes significantly change electron density

at the back channel surface and can shift the threshold voltage,

where a depletion layer gives a positive threshold voltage

shift, whereas an accumulation layer gives a negative thresh-

old voltage shift.8,14,19 Recently positive shifts in threshold

voltage were used to monitor adsorption of molecular oxygen

on a ZTO-TFT for sensing applications.17 For most TFT

applications, it is desirable to minimize back channel inter-

actions and their effect on device stability, and that is why a

variety of passivation layers are currently being used.3–5

In this letter, we demonstrate the use of n-hexylphosphonic

acid (n-HPA) self-assembled monolayers (SAM) as molecular

passivation layers for ZTO-TFT back channel surfaces. ZTO

surface chemistries were characterized using contact angle

measurements, positive bias stress turn-on voltage shifts, and

x-ray photoelectron spectroscopy (XPS). Significant improve-

ments in ZTO-TFT turn-on voltage stabilities were observed

for n-HPA passivated surfaces and these results provide a

means to better understand the role of defect passivation at

back channel surfaces of TAOS materials.

Heavily p-doped Si substrates were used as the gate elec-

trode, where a thermally grown SiO2 (100 nm) layer was used

as the gate dielectric. Substrates were cleaned prior to TFT

fabrication with acetone, isopropyl alcohol (IPA), DI water,

and a UV-Ozone treatment for 1 h. Amorphous ZTO films

were deposited by RF magnetron sputter deposition (�40 nm

thick) using a 3 in. ZTO target (2:1 ZnO:SnO2), 100 W RF

power, �4 mTorr chamber pressure, and 20 sccm flow rate

with a 1:19 (O2:Ar) ratio. Active layers were patterned using a

shadow mask during ZTO deposition. ZTO films were

annealed to 600 �C in air, for optimal device performance.20

Source and drain layers were patterned using a shadow mask

during thermal evaporation of Al (�500 nm thick) resulting in

a W/L ratio of 1000 lm/200 lm. Back channel surface passi-

vation was performed by UV-Ozone treatment for 1 h followed

by immediate immersion of the samples in 2 mM n-HPA solu-

tion in 95% ethanol. Samples were removed from solution,

rinsed with 95% ethanol, and dried with flowing nitrogen. The
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water contact angle increased for increasing soak times due to

adsorption of n-HPA, and reduction in surface energy due to

alkane groups. The highest contact angle (104.8�) was

obtained after a 16 h soak, and this time was used for the

experiments in this study. The n-HPA passivated ZTO-TFTs

were either characterized with no further treatment, or after a

post-anneal at 140 �C for 48 h in flowing dry nitrogen for

n-HPA bond activation.21 After the post-anneal, samples were

sonicated in a 5% triethylamine/ethanol solution, rinsed with

95% ethanol, and dried with flowing nitrogen. Duplicate

ZTO-TFTs were fabricated where they have gone through

identical processing steps as passivated samples, other than a

n-HPA soak. A schematic of the device structure is shown in

Figure 1, as well as possible bonding of n-HPA to the ZTO

surface. All TFT bias-stress measurements were performed in

a dark box at room temperature in air using an Agilent 4155C

precision semiconductor parameter analyzer. Single sweep

source-to-drain current versus gate voltage (IDS-VGS) transfer

curves were measured with the drain voltage (VDS) set to 1 V.

Stress measurements were performed up to 104 s using an

applied VGS of 10 V (1 MV/cm) and VDS set to 0 V. XPS data

were fit using XPSPEAK 4.1, where the most intense peak in

the spectrum defined the full-width-half-maximum (FWHM)

and Gaussian-Lorentzian mixing for a given core-level. A lin-

ear background was used to fit all spectra. To minimize com-

plications due to sample charging or band bending, the binding

energy scale was referenced to the C 1s spectra, which was set

to 284.6 eV.

In Figures 2(a) and 2(b) we show positive bias stress

IDS-VGS data for ZTO-TFTs without and with an n-HPA pas-

sivation layer (devices with no post anneal) and for bias stress

times of 0, 10, 100, 1000, and 10 000 s. The arrows indicate

the direction of turn on voltage shift (DVON) for increasing

bias stress time. In Table I, we provide the average mobility

(lavg), VON, and drain current on-to-off ratio (ION/IOFF) for

unstressed devices. These parameters were extracted using

methods described previously.22 It was observed that as the

duration of bias stress increased the IDS-VGS data had a posi-

tive turn-on voltage shift for all samples, and that both

sub-threshold slope and lavg remained unchanged. In Figure

2(c), we plot DVON versus bias stress time for all four

ZTO-TFTs. Devices without n-HPA passivation had the larg-

est bias stress DVON, where RT (open circles) and 140 �C
post-annealed (open squares) devices had shifts of 0.8 and

1.5 V after 10 000 s, respectively. For bias stress induced trap-

ping and metastability, a stretched exponential model has

been previously employed for amorphous silicon-23 and ZTO-

TFTs11,13,24,25

FIG. 1. Schematic illustration of n-HPA functionalized ZTO TFT structure

showing the mono-, bi-, and tri-dentate binding of n-HPA to ZTO.

FIG. 2. Plot of ID vs VGS for various treatments of the ZTO TFTs as a func-

tion of positive biased stress time. (a) Without n-HPA, no post-annealed, (b)

with n-HPA, no post-annealed. (c) DVON shift vs positive bias stress time (s)

for ZTO TFTs with/without n-HPA and with/without post-annealing. For

devices without n-HPA, a fit of the stretched exponential model (solid and

dashed lines) is shown.
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DVth ¼ DVo 1� exp � t

s

� �b
" #( )

; (1)

where the effective voltage drop across the gate oxide (DVo)

is approximately given by the difference between gate stress

voltage and initial threshold voltage (VG,stress � Vth,i), and

characteristic trapping time of carriers (s), and stretched ex-

ponential exponent (b), both of which are dependent on

stress bias. For our studies we used VON in place of Vth,

where VON was obtained by extrapolation from log ID versus

VGS plots where log (ID/(W/L)) (A) is equal to �11. This

procedure allowed us to determine bias induced shifts with

higher precision than Vth, although the magnitude of shifts

by either approach was nearly equivalent.

As shown in Figure 2(c), excellent fits to positive bias

stress VON shifts were obtained by the stretched exponential

model for ZTO devices without n-HPA passivation, and RT

(solid line) and 140 �C (dashed line) post-annealing treat-

ments. Extracted values of s and b for different thermal treat-

ments are summarized in Table II, and were in good

agreement with literature values. For example, characteristic

trapping times for amorphous Si TFTs with a SiNx gate insu-

lator was �108 s,18 for RF-sputter deposited ZTO with a

PECVD SiO2 gate insulator was �3.9� 105 s,6 and for an

ink-jet printed ZTO TFTs with a PECVD SiO2 gate insulator

was �6.0� 104 s.21 The stretched exponential model is pri-

marily used to describe VON shifts due to trapping at the

dielectric interface or due to metastability in the channel mate-

rial, although as discussed below this model can also be used

to describe VON shifts due to back channel chemical effects.

As shown in Figure 2(c), no positive bias stress VON shifts

were observed for ZTO devices with n-HPA passivation, and

RT (solid line) and 140 �C (dashed line) post-annealing treat-

ments. Since devices with and without n-HPA passivation had

identical preparation of dielectric/ZTO interfaces and ZTO

post deposition annealing conditions, the positive bias stress

VON shifts were most likely due to chemistry at the back chan-

nel interface as opposed to trapping at the dielectric interface

or due to metastability in the channel material.

In the lower portion of Figure 3, we show O 1s XPS

data for a blanket ZTO film after being annealed to 600 �C

for 60 min in air (ex-situ anneal). To minimize surface con-

tamination the sample was introduced into the vacuum sys-

tem prior to cooling below 100 �C. It was necessary to fit the

O 1s core level spectrum for ex-situ annealed ZTO samples

with three components, similar to what has been done previ-

ously for ZTO and related materials.11,18,26,27 We have deter-

mined that the binding energies for the three components

were at 530.4, 531.7, and 532.9 eV. For several prior ZTO

XPS studies,9,11,24,28 the O 1s peak components were

assigned as follows. The low-energy peak corresponds to lat-

tice oxygen ions, which have neighboring Zn and Sn ions.

The mid-energy peak corresponds to lattice oxygen in

oxygen-deficient regions. The high-energy peak corresponds

to a surface hydroxide or oxyhydroxide species. It was also

proposed that the intensity of the mid-energy peak could be

correlated with the number of oxygen vacancies in the ZTO

and the corresponding number of traps, which influence the

bias stress stability of devices fabricated from TAOS materi-

als.11 Similar peak assignments have been made for other

amorphous oxide semiconductors.29–31 For two other ZTO

XPS studies,18,25 the O 1s peak components were assigned

as follows. The low-energy peak corresponds to lattice oxy-

gen ions, which have neighboring Zn and Sn ions (same as

above). The mid-energy peak corresponds to surface

hydroxyl species. The high-energy peak corresponds to sur-

face water or carbonate species. The mid-energy peak in this

case could be correlated with the number of adsorbed species

on the ZTO surface and the corresponding number of

adsorbate-induced traps, which influence the bias stress sta-

bility of devices fabricated from TAOS materials

To determine the origin of the three O 1s components

we have performed in-situ annealing experiments to either

remove adsorbed species from the ZTO surface or increase

the number of oxygen vacancies in the ZTO film. In the

upper portion of Figure 3 we show O 1s XPS data for the

ex-situ annealed sample after heating to 550 �C for 15 min in

P(O2)¼ 1� 10�6 Torr (in-situ anneal) without exposure to

ambient atmosphere. We found that only two components

were necessary to fit the O 1s core level spectrum for the

in-situ annealed ZTO sample, where the components

TABLE I. Average mobility and turn on voltage for ZTO TFTs with/without

n-HPA and with/without post-annealing.

ZTO-TFT lave (cm2/Vs) Von (V) ION/IOFF

No n-HPA, RT 12.0 �5.1 1.4� 106

n-HPA, RT 10.7 �6.0 2.8� 106

No n-HPA, 140 �C 12.5 �12.8 3.5� 106

n-HPA, 140 �C 12.3 �4.7 3.3� 106

TABLE II. Characteristic trapping time of carriers, s and stretched exponen-

tial exponent, b for ZTO TFTs (without n-HPA) with/without post-annealing.

ZTO–no n-HPA–post annealing conditions s (s) b

RT 1.4� 108 0.30

140 �C 9.0� 105 0.59

FIG. 3. O 1s XPS data obtained from blanket ZTO films that have been

annealed to 600 �C for 60 min in air (ex-situ anneal) and the same sample af-

ter being annealed to 550 �C for 15 min in P(O2)¼ 1� 10�6 Torr (in-situ
anneal) without exposure to ambient atmosphere.
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correspond to the low-energy (530.4 eV) and mid-energy

(531.7 eV) peak positions, similar to the ex-situ annealed

sample. These components correspond to lattice oxygen

ions, which have neighboring Zn and Sn ions, and either lat-

tice oxygen in oxygen-deficient regions or surface hydroxyl

species. Since the in-situ annealing experiments were per-

formed in an oxygen deficient atmosphere compared with

the ex-situ annealing experiments, it would be expected that

the number of oxygen vacancies would increase for the for-

mer, resulting in an increased intensity for the mid-energy O

1s component. However, we find that the mid-energy O 1s

component was significantly reduced in intensity, while the

high-energy O 1s component was completely eliminated by

in-situ annealing. These results suggest that the mid- and

high-energy O 1s components were due to adsorbed species,

and not oxygen deficient regions in the material. Thus, the

mid-energy peak intensity should be correlated with the

number of adsorbed species on the ZTO back surface (i.e.,

not the number of oxygen vacancies in the ZTO and the cor-

responding number of traps), and it was these adsorbed spe-

cies that influence the bias stress stability of the devices.

In Figure 4 we show high-resolution O 1s XPS data,

which were obtained directly from the devices measured in

Figure 2. These data were obtained to investigate changes in

ZTO TFT back channel chemistry depending on sample

preparation (i.e., with/without n-HPA, and with/without a

post-annealing step). As above, the O1s spectra for ZTO

devices with no n-HPA required three components to obtain

an adequately fit. These spectra and the corresponding fits

are shown in the lower portion of Figure 4. For the O 1s

spectra for ZTO devices with n-HPA we required three com-

ponents to obtain an adequate fit. These spectra and the cor-

responding fits are shown in the upper portion of Figure 4.

The low-energy peak corresponds to lattice oxygen ions,

which have neighboring Zn and Sn ions (same as above).

The mid-energy O 1s components could be attributed to

P-O-Zn/P-O-Sn and P¼O, which was consistent with prior

studies.19,32 The third peak at a higher binding energy of

532.5 eV could be assigned to P-OH species.19,26

These results strongly suggest that the back channel sur-

face chemistry was the dominant reason for bias-stress turn-

on voltage shifts for these ZTO TFTs. There are several

mechanisms that have been proposed to describe device

instabilities due to the back channel surface chemistry,

including field-induced adsorption/desorption,8 dipole inter-

actions,33 and charge transfer.15,16 Recent studies suggested

that water adsorption was the dominant species for ZTO

TFT instabilities leading to significant shifts in threshold

voltage,15 and increased hysteresis in the ZTO TFT transfer

characteristics (difference in the up and down sweeps in the

IDS-VGS data).16 The saturation coverage of n-HPA used in

these studies significantly limits the interaction of impurity

species, especially H2O, with the ZTO surface. For example,

n-HPA has previously been shown to be effective as an etch

protection layer for ZnO,32 and as a protection layer from

atmospheric contaminants for indium tin oxide.34 Based on

the results from this study we propose that n-HPA is an

effective barrier that limits the interaction of water with the

ZTO surface, and that n-HPA does not provide electron trap

and/or donor states that would result in device instabilities.

Finally, we have not observed significant differences in the

ZTO TFT hysteresis for the different surface treatments,

which suggests that n-HPA does not degrade device

performance.

In summary, highly stable ZTO TFTs were fabricated

through molecular passivation of the ZTO back channel sur-

face. Bias stress dependence of the turn-on voltage shifts for

unpassivated ZTO TFTs was best described by a stretched

exponential model, whereas n-HPA passivated ZTO TFTs

essentially had no turn-on voltage shifts for the same bias

stress conditions. Bias stress measurements and XPS analysis

suggest that reductions in the turn-on voltage shifts were

related to improved TFT stability due to well defined molec-

ular passivation at the backchannel surface, which limits

electrical modification of the channel due to the adsorption

of impurity species (i.e., O2, H2O, etc.). This is in contrast to

models that propose oxygen vacancy suppression based on

changes observed in the O 1s spectra for different process

treatments or chemical compositions. Finally, we propose

that these molecular passivation layers limit ambient H2O

interactions with the ZTO back channel surface and thus pre-

vent H2O from providing electron trap and/or donor states.
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FIG. 4. O 1s XPS data obtained from ZTO TFTs with/without n-HPA and

with/without post-annealing.
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