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1. Measurement geometry of an Indium Tin Oxide
layer for scanning noise microscopy
measurements

Scanned Area Unit Area

T Electrode

Fig. S1 The coordinate system of the ITO layer for scanning noise measurements.
The ITO layer lies in the x-y plane. The t, denotes the thickness of the oxide layer.
The tqm is the thickness of the ITO layer. The AxAy is a unit area of the film
denoting the size of the pixel (marked with dotted black lines). The total scanned
area is marked with white lines. An area of or 3x3 um? was scanned during
measurements.

2. Calculation of Sheet Resistance Map on an ITO
Layer

Fig. S1 shows a schematic diagram depicting an ITO layer
measured via our noise—source imaging (NSI) system. A
nanoscale conducting AFM probe made a direct contact on the
ITO film and scanned the region marked by the solid white line
(“scanned region”). While scanning, a constant bias voltage was
maintained between the probe and the electrode, and the
electrical current and the noise signals through the probe were
measured to calculate the sheet resistance and noise—source
distribution of the ITO film.

We developed an iterative method to calculate the sheet
resistance distribution of the ITO film from the measured
current map (Fig. 3b). Note that the current maps exhibited
clear contrasts with a nanoscale resolution, implying that the
variations of current values in the maps were determined by the
localized sheet resistance values of the nearby ITO regions
rather than those of far-away regions. Thus, in the case of Fig.
S1, we can assume that the sheet resistance in the external
region has a constant value, and the variation of sheet
resistance values in the scanned region caused the variation of
electrical currents through the probe. Then, the sheet
resistance values of the external region and each point in the
scanned region were calculated numerically using an iterative
method as following.

As a first step, we calculated the sheet resistance value in the
external region using an iterative method. Here, we assumed
that the probe is placed at the centre of the scanned region and
the entire ITO film has a uniform sheet resistance value of ~10

2 |Nanoscale Adv., 2021, 00, 1-3

Q/sq, which is a typical sheet resistance value reported in the
literature. Then, the algorithms coded in Agros2D
(http://agros2d.org) were used to calculate the electrical
currents (lsimuiation) through the probe. By using the Agros2D
algorithms, the scalar electric potential V (x, y) at each point of
the ITO film was calculated by solving the quasi-harmonic
equation as following (Eq. (S1)).1

5 G 2) * 5 (o 70y 0) = ©
where R (x, y) represents the sheet resistance at (x, y). Here, the
boundary condition of a fixed potential V (x, y) was applied to
the conducting probe and the electrode, respectively. Also, a
Neumann boundary condition of zero was imposed on the outer
edges of the ITO film to prohibit currents flowing out of the ITO
film. Then, the map of the electric field E (x, y) on the ITO film
was obtained by taking the gradient of the V (x, y), and a current

density J (x, y) map could be obtained from the calculated £ map
using the relation

(1)

1
Rs(x,y)

JGy) = E(x,y) (82)
Finally, the electrical currents /sinuiation through the probe could
be calculated by integrating the current densities over the
electrode surface. Then, we compared the Ismuiation With the
averaged current value /o,y Of the measured current map. If the
Isimulation Was higher or lower than the a4, we recalculated
Isimulation @ssuming a larger or smaller Rav,y value. We repeated
the iteration using a secant algorithm? until we obtained a Ravy
value to make the lsinuiation close to the layg with a less than 0.1%
error.

The obtained R,y was utilized as a sheet resistance value Rey: of
the external region for the iterative calculation of the sheet
resistance value at each point in the scanned region. Initially,
we assumed a uniform sheet resistance Rscanned (X, ¥) = Rext in the
scanned region, and the current lsimuiation (X, y) through the probe
located at (x, y) was calculated using the same Agros2D
algorithm. Then, Rscanned (X, ¥) was adjusted following the secant
algorithm until we obtained the sheet resistance value Risi (x, V)
to make the lsimuiation (X, ¥) close to the current value Imeasured (X,
y) in the measured current map with a less than 0.1% error. The
calculation was repeated over all location (x, y) in the scanned
region to obtain the map of sheet resistance value R (x, y) of
the ITO film in the scanned region.

The obtained Rini (x, y) was used as an initial sheet resistance
value at (x, y) for further simulation to calculate more precise
sheet resistance value R (x, y) of the ITO film in the scanned
region. Here, we first assumed the uniform sheet resistance Rext
in the external region and the initial sheet resistance Rini(x, y) in
the scanned region, and the electrical currents through the
probe located at (x, y) were calculated using the Agros2D
algorithm. Then, the sheet resistance value R (x, y) of the ITO
film at (x, y) was adjusted using a secant algorithm? until we
obtained the sheet resistance value R (x, y) to make the Ilsimuiation
(x, y) close to the current value Imegsured (X, ¥) in the measured
current map with a less than 10 % error. The calculation was
repeated overall location (x, y) in the scanned region to obtain
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the map of sheet resistance value R (x, y) of the ITO film at (x, y)
in the scanned region.

Using the obtained sheet resistance map R (x, y), we performed
the repeated calculation to update R (x, y) for more precise
values. We repeated the calculation to continually update the
sheet resistance value R (x, y) of the ITO film in the scanned
region until the Isimuiation (x, y) over all points in the scanned
region became close to the current value Imeasured (X, ¥) in the
measured current map with a less than 10 % error. The obtained
R (x, y) was used as a map of the sheet resistance of the ITO film
in the scanned region.

3. Network Model for the Calculation of Noise-
source Density Map on an ITO Layer

Fig. S2 Circuit diagram of the resistance network representing an ITO layer. The
ITO channel was assumed as a resistor network. In our network model, every
single node (node 0) is connected to its neighbour nodes (node 1, 2, 3, and 4) by a
small resistance AR.

At first, let us consider a node 0 at (x, y) position as shown in Fig.
S2.The node 0 is connected to four different nodes i (i=1, 2, 3,
and 4) through four small resistances AR;. Each resistance
generates the current noise AS,. For square lattice, AR; is the
same as sheet resistance R; of the ITO layer. Further, when Al is
small, the variation of AR; for a specific node is much smaller
than AR;. Thus, we can approximate all of AR; (i =1, 2, 3, and 4)
as their averaged value of ~AR, and the sheet resistance map
obtained using our computational method could be utilized to
obtain a AR, value at node 0. The R; (i =1, 2, 3, and 4) represents
the effective resistance of the total current paths between node
i and the metal electrode, excluding the current paths passing
through node 0. Note that the finite element method simulation
used to estimate the sheet resistance map provided the current
density map, enabling the estimation of the /4, I, I35, and /4. Using
the values, the R; values could be obtained using Ohm’s law,
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In our network model, all of the resistance components were
assumed as independent noise sources, as shown in Fig. S2. In
general, when two independent noise sources i (i = 1, 2) are

connected in parallel, the total current PSD is given by
Stotal = Si1 + 512 (S4)

On the other hand, when two independent noise sources are
connected in series, the total current PSD is given by

Sy1+Sy2 =( Ry

Stotal = (R1+Rz)? R1+R2) Snt (R1+R2) Srz (S9)

where Rjand S (i =1, 2, 3, 4) correspond to the resistance and
generated current noise of each resistance component with
noise sources, respectively.

The Eqns. S4 and S5 imply that if we have local resistance
information, we can calculate the current PSD for individual
noise sources in the network system. Therefore, we could
obtain the current PSD AS, from the resistance AR, using the
sheet resistance map. Here, S; and A4S, correspond to the
current PSD generated by the resistance components of R; and
AR, respectively. We can also approximate all of the AS;;as their
averaged value AS.

The generalized calculation method of noise-source density is
described in our previous report.3 Here we briefly summarize
the ITO-specific details and key equations.

The total power spectral density (PSD) of the mean-square
fluctuation in the number of occupied charge traps per unit area
AxAy is given by3-

4t(Epxy.z)

ASy (f,x,y) = AxAy - kT - fm

“N,(Ep,x,y,2)-dz  (S6)
Here, the N(E, x, y, z) T and t are the density of the charge traps
over the space and energy, a trapping time constant, and an
angular frequency, respectively. The trap occupancy function is
defined as f; = [1 + exp (E - Ef) / kT]"* where Efis Fermi level. The
coordination system and the structure of the ITO device were
shown in Fig. S1.

In previous works, the integral over z ranged only to oxide
thickness tox, and charge traps were considered to be buried in
underlying oxide layers only. However, disordered sample such
as ITO film can itself be the significant source of the traps. Thus,
we defined an effective charge trap density Negas

_ 4t(Efx,y,2)

N, =f- “N(E . 7

err(f0,y) = f f1+[2n'f-'r(Ef,x,y,z)]2 t( f.x.y,z) dz (S7)
Then, the equation (S6) can be rewritten as

kT

ASy,(f, %, y) = err (F,x,¥) - AxAy (S8)
It follows that the current PSD per unit area AxAy is
AS,(F,x,9) = L2 Ay (F 2 y) =L KN (%, ) - AxA, (S9)

16 9) = 47 8n (0, 9) = G0z Neps (F 20y y

where the AC is the number of charge carriers in the area of
AxAy. Using the equation (S9), we can obtain the effective noise
source density Negr as,
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ASNt(fv X, :V) = };_TNeff(fv X, :V) - AxAy (810)
The Eqgn. S10 indicates that we can extract the information of
the effective charge trap density directly from the current PSD
per unit area. The capacitance of our ITO sample was estimated
as ~1.38x1077 C/V, and the threshold voltage was ~10 V. Thus,
the total number of charge carriers in the ITO thin film was
calculated as ~1x102. The total length and width of the ITO
channel was ~2 cm, and the pixel size Axand Ay of our
measurement system was ~3.9 nm. Thus, the number of charge
carriers in the area of AxAy can be estimated as.

(3.9x107%)?

(0.02)2 (S11)

AC~1 % 10%2 x (. )~0.26.
Consequently, we have obtained the effective noise source
density Negfrom the sheet resistance data and the local current
PSD data, which could be directly measured by our

noise—source imaging technique.

4. Statistical distribution of charge trap density
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Fig. S3 Statistical distribution of charge trap density (Nes) values of untreated and
oxygen plasma-treated ITO thin film. (a) Histogram plots of N of grains and
boundaries of the untreated ITO. (b) Histogram plot of N values for the grains
and boundaries of the plasma treated ITO.

5. Topography image after plasma cleaning

0

Fig. S4 Topography image of the plasma-treated ITO film shown in Fig. 4. The
height variation and domains size did not change noticeably after the plasma
treatment.
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6. Current dependence on applied bias on a
macroscopic measurement condition
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Fig. S5 Macroscopic |-V curve of the same ITO film before and after the oxygen
plasma treatment. The current is increased by nearly two times after the oxygen
treatment, which supports the results of the sheet conductance changes after the
treatment.

7. X-ray diffraction spectra of untreated and
plasma treated ITO films
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Fig. S6 XRD spectra of untreated ITO and oxygen plasma-treated ITO thin films.
The intensity of peaks representing major planes of (211) and (222) increased after
an oxygen plasma treatment. It indicates that the amounts of crystalline In,0; and
Sn0, phases are increased.
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8. X-ray photon-electron spectra of untreated and
plasma treated ITO films
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Fig. S7 XPS spectra of untreated ITO and oxygen plasma-treated ITO thin films. O,
and O, peaks were attributed to an oxygen in an ITO lattice without and with
oxygen vacancies, respectively. Oy, peak represented chemisorbed oxygen atoms
onto a surface, namely oxygen contaminants.

9. Energy dispersive X-ray spectra of grains and boundaries of untreated and plasma-treated ITO films
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Fig. S8 EDS spectra of grains and boundaries of untreated ITO and oxygen plasma-treated ITO thin films. (a,b) EDS spectra of grain and boundaries of untreated ITO. The
atomic percentage of oxygen was 69.63 and 68.59%, respectively. (c,d) EDS spectra of grain and boundaries of plasma treated ITO. The atomic percentage of oxygen
increased to 71.44 and 71.23% in grains and boundaries, respectively. Also, there was decrease in the carbon percentages after the plasma treatment.
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