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A new sub-bandgap photonic gated-diode method is proposed to

extract the energy-dependent and spatial distributions of traps at the

SiO2=Si interface in MOSFETs. For the photonic current–voltage (I–V )

characterisation of MOSFETs, an optical source with a sub-bandgap

photon energy less than the silicon bandgap (Eph¼ 0.95 eV <Eg¼

1.12 eV) is employed for the characterisation of interface states (Dit)

distributed in the photo-responsive energy band (EC� 0.95�Eit�EC)

in MOS systems with a polysilicon gate.

Introduction: Gate dielectrics in deep sub-0.1 mm MOSFETs are

subjected to a very high electric field during circuit operation, there-

fore ultra-thin gate dielectrics need to have very high dielectric

strength and good interface properties [1]. The charge-pumping

method is known to be a good tool for quantitative characterisation

of the energy-dependent [2] and lateral distributions of interface states

in MOS systems [3–6]. A photonic method with capacitance–voltage

(C–V ) characteristics is reported for the characterisation of interface

states in MOS systems [7].

A novel sub-bandgap photonic gated-diode method (PGDM) for the

extraction of interface traps in MOSFETs is reported. This nondestruc-

tive PGDM uses the sub-bandgap (Eph <Eg) photonic I–V character-

istics with the photon energy less than the silicon bandgap energy.

Based on the PGDM combining the interface state-induced-current (Iit)

in MOSFETs (in accumulation, depletion and inversion mode of the

surface), the energy-dependent and spatial distributions of traps at the

SiO2=Si interface are extracted.

Energy-dependent profiling of interface states: In the experimental

characterisation, a HP 4145B parameter analyser and ILX 7200 are

used to monitor the optically-induced gated-diode current in fat

MOSFETs (W=L¼ 40 mm=40 mm, VT� 0.6 V) under sub-bandgap

optical excitation. N-MOSFETs are used as a test structure for this

work. Physical mechanism involved in the PGDM is schematically

shown in Fig. 1 inset.

We assume that only optically excited electrons from the traps at the

SiO2=Si heterojunction interface contribute to the surface generation

current under sub-bandgap optical excitation. We measured gated

diode currents [3] under dark and sub-bandgap optical excitation of

MOSFETs and the interface-induced current Iit under optical illumina-

tion is shown in Fig. 1. The trap-induced current Iit can be analytically

described as

Iit � IOp � IDk ¼ Ag

P
DE

Jit ð1Þ

where IDk and IOp are the gated-diode current under dark and sub-

bandgap optical excitation, respectively. Therefore, the trap-induced

current density Jit, can be written as

Jit ¼ qniso ¼ qni
ssuthNit

2

� �
ð2Þ

where ni is the intrinsic carrier concentration in silicon, Ag is the gate

area, so is the surface recombination velocity, ss is the effective capture

cross-section, uth is the thermal velocity, and Nit is the interface state

density.

Modulating the surface potential with applied gate voltage, we obtain

the trap-induced leakage current density from

Iit ¼ AgDJit ¼ qni
ssuthDNit

2

� �
ð3Þ

Therefore, the energy-dependent interface state density Dit [cm�2 eV�1]

can be obtained from

Dit ¼
@DNit

@VG

@VG

@fS

¼
2

Agqnissuth

@DIit
@VG

@VG

@fS

ð4Þ

and experimentally extracted Dit is shown in Fig. 2.
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Fig. 1 I-V characteristics of the gated-diode in N-MOSFETs under sub-
bandgap photonic excitation.

Inset: Schematic energy band diagram for a specific gate bias and generation of
excess electrons from the interface states in N-MOS under sub-bandgap optical
excitation with Eph <Eg .
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Fig. 2 Interface trap distribution (Dit) at Si=SiO2 interface obtained from
sub-bandgap photonic gated-diode I–V characteristics

Spatial profiling of interface states: A reverse voltage VR is applied

across the drain–substrate junction in MOSFETs and the current is

measured against reverse voltage. With the gate voltage fixed at the

flat band voltage (VFB), the distribution of traps in the channel near

the drain can be obtained from the optically-induced leakage currents

as the schematic energy band diagram against reverse bias as shown in

Fig. 1. All of the interface states cannot be filled with electrons

without channel depletion by the reverse voltage. Increasing the

reverse voltage, interface states in the depletion region are filled

with electrons. In this condition, optical illumination is applied to

the device under test to pump electrons to the conduction band and

these electrons contribute to the surface generation current, which

forms the interface state-induced-current, Iit as comparatively shown

in Fig. 3. From the difference between the current under sub-bandgap

photonic-illumination and the dark current, interface states Nit can be

obtained from the interface-induced-current as

Iit � IOp � IDk ¼ WLDepJit ¼ WLDepqni
ssuthNit

2

� �
ð5Þ

We note that the difference in the reverse currents strongly depends on

the depletion width of the drain junction. The relation between the

trapped electrons in the interface states and a variation in the probed

current can be described as
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DIitðLDepÞ ¼ qniW

ðLDep
0

DNit dx ð6Þ

Nit � ðLDep0 þ DLÞ � NitðLDep0Þ ¼
2

Wqnissuth
� f ðLDepÞ ð7Þ

Therefore, spatial distributions of interface states in the channel near

the drain can be obtained from

Nit ¼
2

Wqnissvth
�
@Iit
@VD

�
@VD

@LDep
ð8Þ

where

LDep ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2esðVbi þ VDrainÞ

qNSub

s
ð9Þ

f ðLDepÞ ¼ IitðLDep0 þ DLÞ � IitðLDep0Þ ð10Þ

Extracted spatial distribution of the traps at the SiO2=Si interface is

shown in Fig. 4
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Fig. 3 Measured reverse gated-diode current against drain voltage under
sub-bandgap photonic excitation
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Fig. 4 Spatial distribution of interface trap density (Nit ) obtained from
sub-bandgap photonic gated-diode method

Conclusion: Based on the new PGDM method for MOSFETs under

sub-bandgap photonic excitation, the trap density at the SiO2=Si

interface was characterised. A sub-bandgap optical source with a

photon energy less than the silicon bandgap was employed for the

photonic characterisation of interface states distributed in the photo-

responsive energy band (EC� 0.95�Eit�EC) in MOS systems. A

U-shaped distribution of Dit has been obtained over the energy band

(EC� 0.95�Eit�EC) for N-MOSFETs. Spatial distribution of inter-

face states near the drain has also been characterised using the

proposed PGDM technique. We expect this new characterisation

technique to be simple and accurate and to be of use for extracting

the traps in MOSFETs under room temperature.
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