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Based on the photonic high-frequency capacitance-voltage (HF-CV) response of MOS capacitors,
a new characterization method is reported for the analysis of interface states in MOS systems. An
optical source with a photonic energy less than the silicon band-gap energy (hν < Eg) is employed
for the photonic HF-CV characterization of interface states distributed in the photoresponsive en-
ergy band (EC − hν < Et < EC). If a uniform distribution of trap levels is assumed, the density
of interface states (Dit) in the photoresponsive energy band of MOS capacitors, characterized by
the new photonic HF-CV method, was observed to be Dit = 1 ∼ 5 × 1011 eV−1 cm−2. Pho-
tonic current-voltage characteristics (ID − VGS , VDS) of MOSFETs, which are under control of the
photoconductive and the photovoltaic effects, are also investigated under optical illumination.

PACS numbers: 72.40.+w

I. INTRODUCTION

Interface states at the SiO2/Si heterojunction in MOS
structures play a crucial role in determining the thresh-
old voltage (VT ), the channel carrier mobility (µ), the
transconductance (gm), and the other electrical perfor-
mance of MOSFETs [1,2]. Therefore, accurate modeling
and characterization of interface states throughout the
band-gap are the most important topics for improving
the robustness of devices and their integrated circuits
with MOS capacitors and MOSFETs. There has been
an enormous effort on accurate characterization of in-
terface traps in MOS capacitors and MOSFETs [3–10].
However, almost all of the previous methods require a
complicated measurement procedure or destructive char-
acterization methods [7].

In this paper, for efficient and accurate analysis of
interface traps in MOS capacitors and MOSFETs, we
propose a new non-destructive method that combines
photoresponsive capacitance-voltage (photonic C-V) and
current-voltage (photonic I-V) characteristics with a
photonic energy less than the silicon band-gap energy
(Eg). Distribution of interface states at the SiO2/Si
heterojunction in MOS structures are investigated by
using the new photonic C-V method for characteriz-
ing the interface states in the energy bandgap (NMOS:
EC − hν ≤ E ≤ EC , PMOS: EV ≤ E ≤ EV + hν).

II. PHOTORESPONSIVE
CHARACTERIZATION MOS

CAPACITORS AND MOSFETS

Photoresponsive high-frequency capacitance-voltage
(photonic HF-CV) characteristics of MOS capacitors and
photoresponsive current-voltage (photonic I-V) charac-
teristics of MOSFETs are measured by illuminating a
photoresponsive absorption region (gate terminal) with
two different optical sources (λ = 1314.5 nm and 1551
nm). In order to prevent band-to-band excitation from
the silicon substrate and to address photoexcitation of
excess carriers only from the SiO2/Si interface states, we
applied incident optical sources with a photonic energies
(hν = 0.799 and 0.943 eV) less than the silicon band-
gap energy (Eg = 1.11 eV) to the device under test.
Characterization of MOS capacitors was performed on a
wafer with an optical input (ILX Lightwave Technology
model 7800D multi-channel fiber optic source, FP; Popt
: optical power) via a cleaved multimode optical fiber
(illumination diameter ∼200 µm). We note that there
was no anti-reflection coating on the surface of MOS ca-
pacitors under test; therefore, the absolute value of the
optical power delivered to the device under test could be
different from Popt. Photonic HF-CV characteristics of
N-MOS capacitors with W × L = 300 × 300 µm2 were
measured under a specific condition (frequency: 500 kHz,
DC voltage sweep rate: 0.05 V/s, step: 120) with optical
illumination. The measured photonic C-V characteris-
tics and the surface potential for λ = 1314.5 and 1551
nm are shown in Fig. 1. It is seen from Fig. 1 (a) that
the high-frequency capacitance of the device is signifi-
cantly modulated by the incident photonic excitation for
VG ≥0 (depletion mode ∼ inversion mode of gate bias).

For a quantitative interpretation of the experimental
data, we introduce a one-dimensional Poisson’s equation
and charge distribution in the vertical direction to the
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Fig. 1. Photonic response of an N-MOS: (a) gate capaci-
tance (b) surface potential.

MOS capacitors under illumination that is described by
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where φL [V] is the potential at any point under illumina-
tion, ρL [C/cm−3] is the charge density, Nd (Na) [cm−3]
is the ionized donor (acceptor) density in the substrate,
εo and εsi [F/cm] is the dielectric constants of vacuum
and silicon, respectively, and ∆n [cm−3] is the excess car-
rier density generated due to optical excitation from the
interface states by the optical input with a photonic en-
ergy less than the silicon band-gap energy. The electric

Fig. 2. Photoexcited interface trapped charge of an N-
MOS capacitor.

charge density QS [C/cm2] per unit area in the semi-
conductor at the SiO2/Si heterojunction interface under
illumination can be obtained by solving Eq. (1) [11]:
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(3)

where φSL is the surface potential under illumination,
Vth = kT/q is the thermal voltage, LD is the Debye
length, and npo (ppo) is the inverted electron (majority
hole) concentration without optical excitation.

The variation in the capacitance-voltage characteris-
tics of the MOS capacitors under optical illumination is
predominantly caused by the generation of excess car-
riers from the interface traps in the SiO2/Si (trapped
electrons), as shown in Fig. 2 [12,13]. We note that the
incident optical input has a photonic energy less than
the silicon band-gap. Photoexcited excess carriers from
the interface states in the SiO2/Si heterojunction traps
induce a decrease in the surface potential (φSL) under
a constant applied voltage, as shown in Fig. 1(b). A
decrease in the surface potential results in a reduction of
the depletion width, which is followed by a correspond-
ing increase of the capacitance [11]. It is also seen from
Figs. 1 and 2 that the capacitance and the photoexcited
interface trapped charge of the device increase more with
λ = 1314.5 nm than with λ = 1551 nm because the pho-
tonic energy of λ = 1314.5 nm (hν ∼=0.943 eV) is larger
than that of λ = 1551 nm (hν ∼=0.799 eV).

Figure 3 shows the dependence of the high-frequency
capacitance and the surface potential on the gate voltage
for various optical powers. It is found that the capaci-
tance increases with increasing incident optical power.
Figure 3 also shows a decrease in the value of the sur-
face potential with increasing incident optical power. It
is seen from Fig. 3(b), in particular, that the photonic
variation of the capacitance in the device with λ = 1551
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Fig. 3. Photonic response of N-MOS capacitors to various
optical powers: (a) λ = 1314.5 nm and (b) λ = 1551 nm.

nm depends strongly on the incident optical power.
Photoresponsive current-voltage characteristics (ID −

VGS , VDS) of n-channel MOSFETs with W/L = 30
µm/0.8 µm were measured under optical illumination
in close proximity to the gate of the device under test,
as shown in Fig. 4. Because of photonic excitation of
carriers from the Si/SiO2 interface traps, both the pho-
tovoltaic effect, which dominantly changes the threshold
voltage, and the photoconductive effect, which increases
the channel conductivity and drain current for the same
electrical bias, were expected. The drain current in-
creased under optical illumination as shown in Fig. 4
due to the increased channel carrier density and channel
carrier mobility as well as a decreased threshold voltage
caused by photoexcited excess carriers from the interface
trapped electrons under optical illumination. These ex-
cess carriers are generated from the trap levels located
in EC−hν < E < EC which is a photoresponsive energy
band because optical sources have a photonic energy less
than the silicon band-gap energy. From these experimen-
tal results, the capacitance of the MOS capacitors and
the current-voltage characteristics of MOSFETs increase
due to the generation of excess carriers from the inter-
face traps under incident optical sources with a photonic
energy less than silicon band-gap energy.

III. CONCLUSION

Based on the photonic capacitance-voltage response
of MOS capacitors, we characterized the interface traps.
Two different optical sources (λ = 1314.5 nm, 1551 nm,
hν ∼ 1.24/λ(µm) eV) with energies less than the silicon
band-gap energy (hν < Eg, Eg = 1.12 eV) were used
in the photonic capacitance-voltage response of interface

Fig. 4. Photonic ID − VGS , VDS characteristic responses
of an N-MOSFET: (a) λ = 1314.5 nm and (b) λ = 1551 nm.

traps to a limited energy band (EC − hν < E < EC).
Photonic capacitance-voltage characteristics of N- and
P-MOS capacitors with W × L = 300 × 300 µm2 were
investigated. The photonic variations of high-frequency
capacitance-voltage (HF-CV) characteristics in N-MOS
capacitors were very sensitive due to optically excited
excess carriers from the interface traps under incident
optical illumination with a photonic energy less than the
silicon band-gap energy. Interface traps in MOS capac-
itors could be characterized by this new method using
the measured photonic response characteristics without
complicated iteration procedures or destructive methods.

In this research, interface traps at Si/SiO2 interfaces in
MOS capacitors and MOSFETs were investigated with
photonic C-V characteristics of MOS capacitors and pho-
tonic I-V characteristics of MOSFETs. If various optical
sources with photonic energies less than the silicon band-
gap energy are used, the new nondestructive method is
expected to be useful for efficient and accurate extraction
of the interface trap density and its energy distribution,
which are critical to improving high-speed performance
and reliability in MOSFET and MOS integrated circuits.
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