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Abstract— A sub-bandgap optoelectronic differential ideality
factor technique is proposed for extraction of the intrinsic
density-of-states (DOS) over the bandgap in amorphous
semiconductor thin-film transistors (TFTs). In the proposed
technique, the gate bias-dependent differential change in the
difference of ideality factors (d An(Vgs)/dVgs) between dark
and sub-bandgap photonic excitation condition is employed. With
the sub-bandgap photons (hv < Eg), the photonic excitation
of electrons is confined only from the localized DOS over the
bandgap. We applied the proposed technique to a-InGaZnO
TFTs with W/L = 50/25 pum/pm and extracted the energy
distribution of the intrinsic DOS for the localized states over
the bandgap.

Index Terms— Amorphous oxide semiconductor, density-of-
states (DOS), differential ideality factor, InGaZnO (IGZO),
optoelectronic, subgap thin-film transistor (TFT), subthreshold,
TFT.

I. INTRODUCTION

MORPHOUS oxide semiconductor (AOS) thin-film
transistors (TFTs) are under the active research and
development for display systems due to the high carrier
mobility, the large-area uniformity, the deposition process
at a low temperature, and the visible light transparency.
Extraction of the subgap density-of-states [DOS; g(E)] over
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the bandgap (Ey < E < Ec) in amorphous semiconductors
is very important and crucial in robust characterization and
modeling of AOS TFTs [1]-[3]. There are various techniques
for characterization of DOS such as the capacitance—voltage
(C-V), current—voltage (/-V), and other characterization
techniques [4]-[7]. They require a complicated calculation or
cause a drift of inherent properties by the thermal and/or
electrical stress during characterization [8]. We also note
that C—V-based characterization has its own limit of the
application to large area devices while /—V-based technique
can be applied to characterize even extremely small devices
due to high current sensitivity of the characterization system.
In the previous work, we obtained the intrinsic g(E) by using
the frequency dispersive C—V characteristics of TFTs [7].
As the device size decreases, C—V -based extraction techniques
cause errors due to parasitic resistances and capacitances in the
characterization.

In this brief, we propose a sub-bandgap optoelectronic
differential ideality factor technique (SODIFT) for extraction
of g(E) by the optoelectronic response of the differential
change of the ideality factors dA#n(Vgs)/dVgs under sub-
bandgap (Epn = hv < E) photonic excitation with the energy
less than the bandgap of the active region. Under sub-
bandgap optical excitation, electrons are excited only from
the photo-responsive subgap states (Ec — Eph < E < EF) to
the conduction band. By the differential change in the differ-
ence of ideality factors under dark and photonic excitation,
the intrinsic DOS for the localized states is fully separated
from the contribution by free electrons especially for the
gate bias close to the threshold voltage (V7). This allows
efficient extraction of the intrinsic DOS only from the DOS
excluding the contribution from free electrons. We also expect
that the proposed 7-V -based SODIFT extraction technique is
useful for modeling and characterization of AOS TFTs with
extremely small feature size.

II. SUB-BANDGAP OPTOELECTRONIC DIFFERENTIAL
IDEALITY FACTOR TECHNIQUE FOR INTRINSIC DOS

Fig. 1(a) shows a setup for C—V-based characterization
of the subgap DOS under photonic state. The schematic
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Fig. 1. (a) Measurement setup for photonic /-V characterization. (b) Device
structure and cross sectional view of a-IGZO TFTs.
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Fig. 2. (a) Energy band diagram under sub-bandgap optical illumination. The
photo-responsive energy range (Ec — Epp < E < EF) can be modulated by
Vgs. (b) Capacitance model including Croc,ph as the capacitance from the
photo-excited carriers.

view of a-InGaZnO (IGZO) TFTs with inverted staggered
bottom-gate structure is shown in Fig. 1(b). An energy band
diagram of a-IGZO TFTs is shown in Fig. 2(a) with capacitive
equivalent circuit in Fig. 2(b). The sub-bandgap optical source
is guided over the a-IGZO active region of the device through
a multimode fiber with diameter d = 50 xm. An optical source
with a sub-bandgap photon energy (Ag = 656 nm, Eph g =
1.89 eV < Eg16zo0 ~ 3 eV, and optical power Popr g =
10 mW) is employed to pump the trapped electrons in the
active channel region from the photo-responsive subgap states
((Ec — Epn) < E < EF) to the conduction band (E > Ec).
We note that the charges from bulk traps derived from a
specific Vgs corresponds to that from a specific surface
potential (ys) or energy level over the bandgap (Eg 16z0 ~
3 eV). Therefore, the optically excited charges (Qroc(Vgs))
for the differential gate voltage (AVgs or wg) result from
the specific trap energy level (E;) over (Er — Epn)(Vags,i) <
E, < (Er — Epn)(Vgs,i+D)li = 1,2,3...]. The gate
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capacitance (Cg) is in a series of the Vgs-independent
oxide capacitance (Cox) with the Vgs-dependent substrate
capacitance (Cs(Vgs)). As also shown in Fig. 2(b), the
substrate capacitance Cgs for the active region consists of
Crreg for free electrons in the conduction band, Cr oc for the
DOS-induced localized charges (including both interface and
bulk traps), and CLoc,pn for the photo-excited electrons from
the photo-responsive energy range over the bandgap. The
ideality factor #(Vgs), as an indicator for the controllability
of the surface potential (i/5) by the gate voltage, is dependent
on Crreg and Ciroc.

The subthreshold drain current (Ipsuw) of n-channel
a-IGZO TFTs under the gate bias below the threshold

voltage(Vgs < V7) is described by
Ves—Vr
7) (1)

; Cox (L) (1(Vas)— V2 xe
_ w —_ X
D.sub= Hett Cox | 7 ) (n(Vas th X XP n(Vgs) Vin

with V7 as the threshold voltage, #(Vgs) as the Vgs-dependent
ideality factor related to g(E) through Croc(Vgs), and
Vin as the thermal voltage, uefr as the effective mobility,
Cox (= ¢eox/Tox) as the oxide capacitance per unit area, and
W/L as the gate width/length ratio. In the previous differential
ideality factor technique (DIFT) in [9], the contribution from
free electrons in the conduction band even under subthreshold
bias was neglected (Crreg < Croc) and the substrate
capacitance (Cgs) was modeled to be

d +
Cg = (QLOC(;V/S Ofree) = Croc(Vcs) + Crreg(VGs)

Croc(Vgs)- )

Under the gate bias close to the threshold voltage, however, we
note that there are considerable free electrons in the channel
and Cprgg for the free electrons cannot be neglected.

Therefore, by the sub-bandgap photons combined with
differential ideality factors, we now propose the sub-bandgap
optoelectronic technique for extraction of the intrinsic subgap
DOS g(E) excluding the contribution from free electrons
(especially for Vgs close to Vr) in the conduction band.
Substrate capacitance (Cs, dark(VGs), Cs,ph(Vas)) and ideality
factors (#7dark (Vgs), and #pn(Vgs)) under dark and under sub-
bandgap photonic excitation are described by

Cs,dark (Vs) = CLoc(Vs) + Crree(VaGs) 3)
Cs,ph(Vis) = CLoc(Vas) + Crree (Ves) +Croc,ph(Vas) (4)
Croc(VGs) + Ceree(Vas)

12

Ndark(Vgs) =1+ 5)
COX
Croc(Vis)+Crree(Vas) . Croc,ph(Vas)
mph(Vas) =1+ ) ) + P .
C()x COX
(6)
By taking the difference between ideality factors as
Croc,ph(VGs)
An(Vas) = nph(Ves) — ndark (Vas) = Cpi (7
[0).4
we get CLoc,ph(Vis) for the intrinsic g(E) through
Croc,ph(Vis) = Cox An(Vas). (8)

We note that the contribution from free carriers, which is
common in the dark and in the photonic excitation, is canceled
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out by taking the difference of ideality factors. This allows a
complete de-embedding of the contribution from free electrons
in the conduction band even under subthreshold condition. We
note that the Vgg-dependent ideality factor 7(Vgs) can be
experimentally obtained from the subthreshold drain current
through

n(Vgs) = ((VGS+ AVgs)— VGS)/ln (ID,Sub(VGS+AVGs))

Vi ID,sub(VGS)
)

For the SODIFT, we employ Vr-independent but Vgs-
dependent differential change in the difference between ide-
ality factors (d An(Vgs)/d(Vgs)) from experimental data. The
subgap DOS-induced capacitance Croc(Vgs) from (7), gov-
erned by Vgs-dependent localized charges Qroc(Vgs), is
described by

dAn(Ves) _ 1 (dCLoc,ph(VGs) dys ) (10)
dVgs Cox dys dVgs
vstVes) (dAn(Ves) [dys
Croc,ph(Vas) =C, / ( ) dys
b > ws(Vos=VrB) dVas dVas
(11)

For a nonlinear mapping of the gate voltage (V) to the
energy level over the bandgap (Ey < E < E(¢), the surface
potential g is converted from the experimental /-V charac-
teristics in [10].

Finally, intrinsic DOS g(FE) de-embedded the free carrier in
the photo-responsive range over the bandgap can be extracted
from the experimental data in the subthreshold region though

ACroc,ph(VGs) - -
g(E) = 2EL0CmVGS) oyt 3y (12)
q-Tigzo
ys(Vas+AVas) g Ap(Vgs) /dys
ACroc,ph(Vgs) = C / (7 )d
P ) ” ws(VGs) dVas 4Vos
(13)

with Tigzo as the effective thickness of the active layer. The
proposed SODIFT is independent of Vr, and it is useful to
extract the energy distribution of g(E) over the bandgap by
using the Vgs-dependent subthreshold characteristics under
sub-bandgap optical illumination.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In order to confirm the proposed SODIFT by using
sub-bandgap optical source (red) for extraction of intrin-
sic DOS g(E) over the bandgap after de-embedding the
contribution from free electrons as shown in Fig. 2(b),
we applied the SODIFT to n-channel a-IGZO TFTs with
W/L/Lo, = 30/6/5 pm and extracted the energy distribution
of g(E) for the localized states over the bandgap. The gate
dielectric material is SiO, with Tyx = 100 nm.

Fig. 3 shows the drain current increased due to photo-
exited carriers from subgap DOS over the photo responsive
energy. In Fig. 3(a), the threshold voltage and the sub-
threshold slope for the a-IGZO TFT were obtained to be
Vr = 0.2 V and SS = 230 mV/decade, respectively. The
inset of Fig. 3 shows a surface potential (wgs) to obtain
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Fig. 3. (a) Ips—Vgs curves under dark and photonic states. The g(E) was
extracted at maximum optical power to fully pump up electrons from the
subgap DOS. The inset shows the surface potential (y5) (Von < Vgs < V7)
mapped from /-V curve. (b) Ips—Vps curves under dark state.
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Fig. 4. Vgs-dependent ideality factors (7dark (VGs)» #ph (VGs)) and differen-

tial ideality factor (d(17ph (VGS) —1dark (VGs))/dVGs) under dark and photonic
states.

the energy distribution of g(E) over the bandgap from -V
transfer curve under dark state. Fig. 3(b) shows the output
(Ips—Vps) characteristics. In the extraction of the distri-
bution of the intrinsic DOS g(E), SODIFT employs the
differentiation of the difference (An(Vgs) = npn(Vas) —
ndark (Vgs)) of ideality factors between dark and sub-bandgap
photo-illuminated conditions over the subthreshold bias range
(Vgs < Vr) as shown in Fig. 4.

Vigs-dependent experimental ideality factors (7qark (Vas)
under dark and #,p(Vgs) under sub-bandgap photo-
illumination are shown in Fig. 4. Extracted g(E) over the
bandgap through the proposed SODIFT is shown in Fig. 5
and compared with other extraction method including Ciree
from free electron charges ( Qfree) for a-IGZO TFTs. The g(E)
extraction was performed at maximum optical power to fully
pump up carriers in the photo-responsive subgap states.
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Fig. 5. Intrinsic subgap DOS (g(E)) extracted from SODIFT (red line and
open symbol) and other method [MPCV (green line) and DIFT (blue line)]
for a-IGZO TFTs.

TABLE I
COMPARISON OF EXTRACTED DOS PARAMETERS

DOS
Method NTA kTTA NDA kTDA
SODIFT 1.7x10" 0.006 2.8x10" 0.05
DIFT [9] 9.2x10"7 0.006 1.7x10" 0.05
MPCV [11] 1.0x10"® 0.018 6.0x10' 0.10

(Unit :N [eV'em™], kT [eV])

The extracted intrinsic DOS g(E) (red line) close to Ec is
empirically modeled to be a superposition of deep and tail
states in exponential forms as

E — Ec E— Ec 14
m) + N1aA X EexXp (W) ( )
with Nra = 17x 107 cm™3 - V™!, kT1a = 0.006 eV, Npa =
2.8 x 11 em™ . eV~!, and kTps = 0.05 eV. In Table I,
g(E) from the SODIFT is compared with those from the
C-V (MPCV [11]) and I-V (DIFT [9]) extraction methods.

We first note that the difference in the extracted g(E)
between the SODIFT and the DIFT is mainly caused by
the free carriers in the conduction band as expected. The
difference is more significant in the subgap states close to Ec,
which is mapped from the gate voltage to the surface potential.
In addition, a considerable difference at tail states close
to Ec between the SODIFT and the MPCV techniques is
expected to be induced by multiple causes; one from the free
electrons and the other from a configurative factor between
I-V and C-V characterization process. In the C-V-based
extraction procedure, we expect that there is an inherent
component to be corrected for the intrinsic DOS in the active
region excluding the contribution from the gate-to-source and
gate-to-drain overlapped region [12], [13].

g(E)ZNDAXCXP(

IV. CONCLUSION

We proposed a fully subthreshold current-based SODIFT
and the intrinsic subgap DOS by de-embedding the contri-
bution from free carriers in a-IGZO TFTs. The proposed
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SODIFT is confirmed by application to a-IGZO TFTs for the
intrinsic DOS over the bandgap. We expect that the SODIFT
is advantageous in the accuracy over the previous C—V-based
techniques for AOS TFTs with a small size suppressing any
contribution from the overlapped regions as well as the active
channel region itself.
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