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ABSTRACT

Charge carrier transport in disordered semiconductors is critically influenced by the shape of the band tail in the density of
states (DOS). To minimize energetic disorder and suppress band tails, deposition processes and post-treatment methods of
semiconducting thin films must be carefully optimized. While capacitance-voltage (CV) measurements are routinely employed

to extract doping densities and flatband voltages, no standardized procedure currently exists to quantitatively determine the DOS

from such measurements. In this work, we address this gap by introducing a novel method to extract quantitative DOS information

from CV data. Our approach relies on an analytical solution for charge accumulation in an exponential DOS distribution. We

apply the method to Indium Gallium Zinc Oxide (IGZO) thin-film transistors and systematically investigate how measurement

frequency and channel geometry affect the results. Comparison with alternative optical and electrical techniques confirms that CV

measurements can provide reliable and straightforward access to DOS parameters, provided that the transistor channel dimensions

exceed L X W = 20 um X 100 um. Additionally, CV measurements offer practical advantages, as they are fully compatible with

standard transistor architectures, including encapsulation and light shielding commonly used in technological applications.

1 | Introduction

The density of states (DOS) is fundamental to understanding the
electronic and optoelectronic properties of semiconductors [1-4].
In crystalline semiconductors, the DOS arises from the unit-cell
composition and geometry. Deviations from perfect crystallinity
such as impurities, doping, interfaces, and structural defects
affect the DOS significantly [2, 5-8]. These effects are especially
pronounced in amorphous and semicrystalline semiconductors,
where disorder from the deposition process inhibits long-range
order. As a result, energy levels broaden, and tail states emerge
within the bandgap [2, 9-11]. These localized states act as traps,
reducing mobility, shortening photocarrier lifetimes via trap-
assisted recombination, and increasing off-currents in thin-film
transistors [4, 12]. Amorphous semiconductors are central to

large-area electronics, including displays, detectors, and photo-
voltaics [13, 14]. Understanding the link between microstructure
and DOS is essential for improving device performance (2, 4,
5]. Developing and refining methods to probe the DOS and to
characterize the tail states reaching into the bandgap, is thus a
key step in advancing semiconductor technologies [5, 15-17].

Amorphous indium gallium zinc oxide (IGZO) is a prominent
semiconductor that is rapidly replacing traditional materials
such as amorphous silicon in thin film transistors for large
area electronics. IGZO combines facile physical deposition by
sputtering compatible with plastic or paper substrates with
improved electronic performance compared to other amorphous
semiconductors [13, 14]. Despite its amorphous structure, IGZO
is characterized by a steep conduction band tail [2]. Additionally,
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the conduction band comprises strong contribution from the
4s and 5s orbitals of the metal cations causing long-range
electronic coupling despite a missing translational symmetry. As
a consequence, IGZO generally offers high electron mobility in
thin film devices combined with low off-currents [13, 18, 19].
However, performance depends critically on deposition condi-
tions, interface structure and device architecture [20-22]. To
understand how such variation in device performance is linked
to the DOS present in IGZO thin films, different techniques have
been introduced and applied to quantify the DOS and the tail
states of the conduction band.

Optical absorption spectroscopy provides a quantitative value for
the Urbach tails that are directly related to the exponential band
tail of the conduction band [1, 3, 23]. Similar also photocurrent
spectroscopy was used to quantify the exponential tails of the DOS
[5, 11]. As both methods rely on the generation of excitons due
to optical radiation, they probe the DOS in the bulk of the thin
film. For field effect devices, the accumulation channel opens at
the interface between the IGZO thin film and the gate dielectric.
To probe the DOS in this spatial region, different electrical
measurement techniques combined with analysis schemes were
introduced. Thin film transistor transfer characteristics reveal
in their subthreshold region information about the band tail
of the conduction band. However, a quantitative analysis is
difficult as both, the electron mobility as well as the density of
states are strongly dependent on energy. To extract quantitative
information on the DOS from transistor transfer measurements
requires therefore the combination with other measurement
techniques [24-28] or data from ab-initio calculations [1, 11, 29].
Another option to determine the DOS tail states with electrical
measurements is capacitance measurements as a function of
gate voltage [1, 16, 17, 25, 27, 30-33]. Such capacitance-voltage
(CV) measurements of metal oxide semiconductor interfaces
can be analyzed for the depletion regime according to Mott—
Schottky equation to provide the doping density and the flatband
potential [6, 30]. Some works also describe approximate analysis
schemes to deduce information on the DOS from the capaci-
tance measured in accumulation. In combination with frequency
dependent measurements the technique provides also crucial
information on trap states forming in the semiconductor bandgap
[15, 32, 33]. Recent advancements show that electrostatic force
microscopy can provide a local characterization of DOS tail states
in thin film transistor channels [5].

In this work we update the methodology to extract information
about the DOS from capacitance-voltage measurements. We
extend the framework for the characterization of metal-isolator-
semiconductor junctions by developing an analytical solution for
charge accumulation in an exponential DOS during field effect.
The findings enable us to fit CV-curves obtained on IGZO thin
film transistors and to analyze the charge accumulation regime
to obtain a quantitative value for the exponential conduction
band tail. We investigate how such measurements are influenced
by the channel geometry of the thin film transistors and show
that for sufficiently large channels, good agreement is obtained
with alternative techniques such as photocurrent spectroscopy or
electrostatic force microscopy methods. The developed method-
ology therefore provides a novel solution to extract quantitative
information on the DOS of amorphous semiconductors from CV
measurements.

2 | Results and Discussion

The experimental setup for CV measurements on transistors is
depicted in Figure la. The transistor consists of a Mo gate, a SiO,
dielectric, an IGZO channel and Mo source and drain electrodes
on top. In addition, the transistor is encapsulated and covered
by a light shield. The different layers can be distinguished in the
optical microscopy of a transistor as displayed in Figure 1b. For
CV measurements we short circuit source and drain electrodes
and apply an AC potential of U, = 100 mV while we sweep
the gate voltage Ug;. The resulting capacitive current I,. is
measured with a lock-in amplifier and we determine for each
gate voltage the capacitance C= I,/wU, with w as the angular
frequency. From this data we subtract the parasitic capacitance
C, determined when the transistor is fully in depletion (Us=
9 V) and then normalize by the channel area A to obtain the

CWU~Cp
%. Figure 1c shows

specific channel capacitance c(Ug) =
an example for a channel capacitance curve where a clear
increase of capacitance around U; — Uz = 0 V is measured
due to charge accumulation occurring in the semiconductor.
Such measurements are independent on frequency up to 200
kHz. Only above such frequencies the capacitance diminish
due to limitations in carrier transport. At lower frequencies (<1
kHz) CV measurements become difficult due to the low current
amplitudes and prevailing measurement noise. For our DOS
evaluation, we therefore only use the frequency-independent CV
data, ensuring that series resistance, trap response times, and
parasitic effects do not influence the extracted parameters. To
ensure that the CV characterization does not impact on device
characteristics due to bias stress, we measure the transfer char-
acteristics of the device before and after the CV characterization.
Figure 1d provides typical transfer characteristics in linear and
log scales and demonstrates that both measurements overlap. We
note that such an absence of bias stress effects is fundamental for
the quantitative analysis of CV measurements.

To achieve a quantitative analysis, we have to develop a model
that describes the spatial distribution of the space charge layer
induced by positive or negative gate fields. We follow the typical
approach in which the Poisson equation is solved to describe
how the space charge causes band bending. In our approach the
semiconductor DOS containing the band with charge carriers is
described by an exponential band tail

g(E) = Nyexp <§> (1)

The characteristic energy E, determines the extension of the
band tail into the bandgap and is a characteristic parameter
describing the energetic disorder in the amorphous material. The
pre-exponential factor N, defines the position of the band on the
energy scale. Its value is defined by the doping density N;, and the
Fermi level of the doped semiconductor (see Figure S2). For IGZO,
doping is usually associated to oxygen vacancies that correspond
formally to an n-type dopant center with charge +1. Combining
these assumptions, we express the local space charge density p(¢)
within the semiconductor as a function of the local electrostatic
potential ¢

P (@) =qoNp [l—exp <qE0~_¢>] @)

t
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(a) Schematic of the Capacitance-Voltage experiment performed on IGZO thin-film transistors. (b) Top view of a transistor taken by

light microscopy. (c) Frequency dependence of the CV measurements of the transistor. (d) Transfer characteristic in linear and logarithmic scales with
Ups = 0.1V as measured before and after the acquisition of the CV curves.

Equation (2) is obtained by solving the Fermi-Dirac integral
assuming that kT < E, (see Supplementary Information) [8]. We
note that the expression has no direct dependence on temperature
and temperature effects enter as a shift in the flat band voltage.

Integration of the Poisson equation combined with Equation (2)
then yields the expression for the surface charge density o
contained in the semiconducting layer.

o= %“_ﬁ V2[exp (Bdo) — Bdol - 2 ©)

oNp

with a = 272 and g = £, Here g, denote the permittivity of
EE

0 Ey
IGZO. To obtain this equation, we introduced two important

boundary conditions: First, at the interface between IGZO and
gate dielectric, the electrostatic potential has the value ¢(x =
0) = ¢,. Second, we assume that the semiconducting layer is
sufficiently thick so that the electric field induced by the gate gets
completely screened inside the layer. Accordingly, we set at the
interface between semiconductor and encapsulation layer at x =
t that ¢(x = ) = 0 and LD _ 0. In accumulation mode this
approximation holds as thexgate field attracts the carriers to the
gate dielectric interface and a very short screening length occurs.
The assumption becomes more problematic for measurements
done in depletion and at low dopant concentrations. For this case,
the depletion region might extend over the full thickness of the
film and finite thickness effects need to be taken into account
[34]. However for the devices measured here we can demonstrate
thickness independent CV curves for IGZO thicknesses down
to 30 nm. We conclude the derivation by taking the derivative
of Equation (3) with respect to the surface potential and we

obtain an expression for the differential capacitance of the
semiconductor

do _ ce\/af exp (B¢o) — 1 @

T de, \/2 [exp (Bgo) — Bdo] — 2

This equation is valid for carrier depletion (negative gate voltages)
as well as for weak to moderate carrier accumulation (positive
gate voltages close to the flat band potential). In strong depletion
at negative gate voltages, the equation transforms into the Mott-
Schottky equation as exp (8¢,) — 0. Figure 2a,b show calculated
example curves for such a situation that demonstrate the linear
dependence of 1/c? on ¢,. In depletion, the band tail parameter
E, has no impact on charge accumulation, instead the doping
density N, is decisive.

When carrier accumulation sets in at positive surface potentials,
the semiconductor capacitance starts to depend strongly on the
shape of the DOS as described by the band tail parameter E,.
Charge carriers accumulate directly at the interface to the gate
dielectric and the semiconductor capacitance ¢, becomes very
large. We include now also the effect of the gate oxide dielectric,
to understand how E, impacts on CV measurements of realistic
MIS devices. Following the usual approach, we introduce the
geometric capacitance c,, of the gate dielectric and introduce the
total capacitance by combining c; and c,, in series: 1/c=1/c +1/c,,.
Furthermore, we express the surface potential ¢, by the potential
applied to the gate electrode and the flatband potential using the
relation

Ug = Upg + Upy + ¢y (5)
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FIGURE 2 | Example for capacitance curves calculated with our model for an n-type semiconductor showing characteristic dependences on band

tail energy E; or doping density Np. (a,b) In depletion (surface potential ¢,<0), the model behaves according to Mott-Schottky equation. The band
tail E; has no influence on the semiconductor capacitance ¢s whereas the doping density Np is decisive. (c,d) For a metal insulator semiconductor
(MIS) junction at the onset of carrier accumulation in the n-type semiconductor (Ug — Ugg > 0), the total capacitance c is critically dependent on both

parameters (E; and Np). For more positive gate voltages, c saturates at the value of the geometric capacitance of the gate dielectric.

where U,, = — is the potential drop across the dielectric.
C,

Figure 2c,d show example curves of the total capacitance as a
function of the gate voltage (calculated with ¢,,=13 nF/cm?). The
curves show a steep increase in capacitance when accumulation
sets in (Ugz>Upg). The capacitance saturates at large U, at the
value of the gate dielectric capacitance c,,. Both parameters, E,
as well as N, impact on the shape of the capacitance increase.
Larger doping N, leads to larger capactiances occurring already
before U reaches flatband condition. An increased band tail E,
instead reduces the increase in capacitance during accumulation
and the geometric capacitance limit is reached only at larger U.
Overall, the effect of N, is more expressed in the deletion part of
the CV curve. Therefore, N}, is responsible for the slope in the
depletion region while the slope in the accumulation region is
mainly influenced by E,.

Next, we fit the model to experimental CV data. We follow two
different approaches. The first approach is based on linearized fits
(LinFit), first performed in the depletion region to determine N,
and Uy and then in the accumulation region to determine E,.
The second approach is based instead on a numerical procedure
to fit the full experimental ¢(Uy) curve using error minimization
(FullFit). To start the analysis, we convert the experimental curve
into the c¢,(¢,) curve based on Equation (5) (see Suppl. Mat.),
assuming c,, = c(Ug = 9V). The fit of the linearized Equation
(4) in strong depletion (exp (B¢p,) — 0, Mott-Schottky analysis)
provides then values for N, and U from the slope and intercept

(see Suppl. Mat.). Knowing these parameters, we calculate the
surface charge o(¢,) in accumulation (Ug > Upg) and exploit
a linearized version of Equation (3) to determine E,. Example
curves obtained from a CV measurement of a transistor with
geometry of channel length x width = 15 pm x 1000 um at a
frequency of 1.4 kHz and fits are shown in Figure 3a,b. Combining
the results from the linearized fits, we show in Figure 3c how
the calculated capacitance curve reproduces the full experimental
data set. A reasonable agreement is obtained and the described
LinFit procedure allows to obtain rapidly good approximate
values for the parameters Ny, Uy and E,. An improved fit is
obtained following the full non-linear, numerical optimization
(FullFit) of the unknown parameters (Nj, Ugg, E, and c,,, see
Supporting Information).

Results from the systematic analysis of CV-curves obtained
from transistors of different channel geometries are presented in
Figure 4. Averaged values of the extracted parameters E; and N,
are plotted as a function of the channel length L and width W.
The plots contain parameters obtained with the faster linearized
fitting approach and with the full numerical optimization. The
errorbars represent the standard deviation obtained from the
repeated measurements at different frequencies in the interval 1
to 100 kHz. For E, in Figure 4a, we observe that with increasing
channel dimensions the determined E, value decreases until it
saturates for large channels at a value of E,= 29 + 4 meV.
A similar dependence is observed for the doping density N,
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FIGURE 3 | Analysis of measured capacitance data: (a) Mott-Schottky analysis to determine the doping density Np, and the flatband voltage Ugg.
(b) Fit of Equation (3) in the accumulation regime to determine the band-tail parameter E;. (c) Comparison of full experimental capacitance curve with

linearized fit result (LinFit) and fit based on non-linear parameter optimization (FullFit).
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FIGURE 4 | Dependence of extracted semiconductor parameters on transistor channel geometry. Parameters were determined from CV curves with
the linearized method (LinFit) and with a full numerical parameter optimization (FullFit). (a) Dependence of band tail width E; on channel length L
and channel width W. (b) Dependence of doping density Np on channel length L and channel width W. (c,d) Kelvin Probe Force microscopy analysis
showing the transistor topography and the contact potential measured while applying 0 V to source and drain electrodes and —1V to the gate electrode.

in Figure 4b. Only at larger channel dimensions a geometry
independent value of Nj, = (3 + 3) X 10 cm? is obtained. From
this analysis we conclude that small channel dimensions cause
systematic deviations in the CV analysis which we attribute to
boundary effects. From the analysis we deduce that, for the
here analyzed TFTs, our method provides stable parameters
comparable with macroscopic semiconductor characterization
techniques (see below), when the transistor channels exceed
L >20 ym and W >100 um. For smaller channel dimensions,
the channel boundaries impact significantly on transport and in
the following we discuss two possible boundary effects. First,

our model assumes perfect planar capacitor behavior and this
assumption breaks down at too small length or width of the
channel, where stray fields become relevant. The importance of
stray fields for small channel dimensions is visualized in Figure 4c
and d showing Kelvin Force Microscopy images obtained in-
operando on a thin-film transistor with W =10 pm and L = 8
um. The height profile shows the different layers contained in
the device stack. The surface potential map was acquired with
source and drain grounded (U, = Ug = 0 V) and gate at U, =
—1 V. One clearly recognizes a negative surface potential at the
boundary of the semiconducting channel in the area confined by
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TABLE 1 | Comparison of DOS parameters obtained in this work with values reported in literature using different experimental techniques [5, 7,

23].
Method E, (meV) Np (cm™3) Experiment
CV analysis 29+ 4 3 x10%° this work
Urbach tail in UV/vis 22 - Nomura et al.[23]
Photocurrent spectroscopy 493+ 04 - Fabbri et al.[5]
Kelvin Probe Force Spectroscopy 444 +0.1 1.4 x 10" Fabbri et al.[5
Transistor Transfer curve modelling 40 2.2x10% Ghittorelli et al.[7]

the source and drain electrode. The effect is associated to partial
screening of the gate field by the semiconducting layer. Instead
of causing depletion the negative gate field reaches around the
semiconductor border and is detectable by the AFM tip. In
small channels such border effects have a significant impact
on charge accumulation and depletion explaining why small
transistor geometries with prevailing border effects should be
avoided for quantitative CV analysis. A second effect regards
the increased amount of trap states and doping close to source
and drain contacts. As the metal for those contacts is deposited
by sputtering, excess energy during the deposition is likely to
induce trap states or vacancies in the underlying IGZO layer.
As a consequence, an interfacial layer with larger E, and N,
forms. Clearly for small device geometries, the influence of
such localized effects becomes increasingly important, possibly
leading to the observed increase in E,. Such localized effects,
which are also associated with higher contact resistance at shorter
channel lengths, are typically not probed by semiconductor
characterization techniques applied to unstructured IGZO thin
films such as KPFM or optical measurements. Finally, for small
channel dimensions one should also consider that the reduced
area causes a smaller overall capacitance and very low AC-
currents occurring in the CV analysis. As a consequence there
is a the reduced signal to noise ratio in small transistor chan-
nels due to the smaller amplitude of the measured capacitive
currents in the AC experiments increasing the uncertainty of the
measurement.

It is insightful to compare our CV measurement results on IGZO
thin film properties with complementary measurements provid-
ing information on band-tail properties. In Table 1 we compare
the values obtained by different methods for the band tail E, and
the doping density Ny, for IGZO thin films processed by sputtering
and used in thin film devices. Our finding agrees well with
optical methods such as UV/vis spectroscopy or photocurrent
measurements. Such approaches do not provide information on
the doping density but obtain reliable values on the band tails.
Energies are typically in the range of 30-50 meV depending on the
thermal treatment and annealing procedures of IGZO. Values for
the band tail and the doping density are provided by Kelvin Force
Microscopy and from modelling of transistor transfer curves. In
both cases the doping density exceeds the value we determined
in our work. We note that doping density depends strongly on
processing conditions and oxygen partial pressure during IGZO
deposition. Here thin films were optimized to yield the lowest
possible doping density and this explains the difference to former
works. Both approaches also show a wider band tail, which we
also attribute to the difference in IGZO processing.

Compared to the other methods, our approach based on CV
measurements provides reliable estimates for the band tail width
and doping density. The CV method can be rapidly applied and
the analysis scheme does not require complex numerical or the-
oretical frameworks. No assumptions on carrier transport have
to be made, which makes the presented CV method easier to use
than the analysis of transfer curves. Furthermore, no particular
requirements on transistor geometry have to be considered for the
CV method. Encapsulation and the presence of a metallic light
shield do not impede reliable measurements as they would do for
Kelvin Probe Force Microscopy or optical methods. In addition,
we note that the CV method probes the DOS at the interface with
the dielectric, that is the spatial area relevant also for transport in
thin film transistors.

3 | Conclusion

In this work, we extend the analysis of capacitance-voltage (C-V)
measurements in thin-film transistors to enable the quantifica-
tion of the amorphous band tail. Our approach is based on an
analytical expression for the surface charge in the semiconductor,
derived by solving Poisson’s equation for an exponential density
of states. This expression underpins an analysis scheme that
extracts information from the transistor’s operation in both the
depletion and accumulation regimes. The method yields key
semiconductor parameters, including the band tail width E,, the
doping density N, and the flatband voltage Upz. We validate
the approach using IGZO thin-film transistors with varying
channel geometries. Our results show that, for the here analyzed
TFTs, reliable extraction of semiconductor parameters is achieved
for channel lengths greater than 20 um and widths exceeding
100 pm. For smaller channel dimensions, elevated values of
E, and N, are observed, which we attribute to the increased
trap states and doping present on the borders of the transistor
channel. The proposed method is also compared to alternative
techniques for assessing band tail parameters. We find that the
C-V-based approach offers technological advantages, providing
robust parameter estimates without imposing specific constraints
on transistor architecture. As a result, it can be applied directly
to encapsulated devices, including those shielded from light,
such as backplane matrix structures. In addition, the provided
method enables to quantify the charge carrier density in the non-
degenerate transport regime and thus provides additional means
to decipher charge carrier density dependent transport effects
and changes to the mobility that occur when the transition from
non-degenerate to degenerate transport occurs in IGZO TFTs
[29].
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4 | Experimental Methods

The IGZO-transistors were fabricated by Innovaflex (Colorado)
on Corning glass substrates using sputtering deposition and
photolithography procedures as described in the literature. The
thickness of the IGZO layer was 30 nm. Test devices contained
transistors of different channel geometries, and for characteri-
zation, the transistors were contacted on a Microprobe station
(Nextron, Korea). The transfer characteristics were taken in the
linear regime (U, = 0.1 V) using a Keysight B2912A in a range
of U; = - 10 to10 V. Transistor parameters were then derived
using the standard metal oxide semiconductor FET model. For
CV measurements, a common potential was applied to the source
and drain electrodes using a Lock-in amplifier (ZHINST MFLI).
The measurements were performed by imposing an amplitude of
U,c =100 mV,,, while sweeping the offset U, across the range
of —9 to 9 V. The resulting current I, was measured by a current
amplifier connected to the gate. During all measurements, the
light shield was kept floating. The light shield contributes to the
parasitic capacitance, but does not impact the variation of the
capacitance during the gate voltage sweep. Measurements were
performed at multiple frequencies, and only CV data showing
frequency-independent accumulation capacitance were used for
the evaluation. Channel width-dependent measurements were
performed with a channel length of 8.95 pm, varying the channel
width from 15 to 1000 um. Channel length dependent measure-
ments were performed with a channel width of 1000 pm varying
the channel length from 2.13 to 75.27 ym. KPFM measurements
were performed with a Park-Systems NX10 system. The transistor
was mounted on the xy scanner, and an SMU was used to bias the
transistor electrodes. KPFM was done in off-resonance amplitude
modulation mode at 17 kHz using a micromash NSC-30 CrAu
probe. Detailed settings of the measurement are described by
Fabbri et al.[5].
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