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ABSTRACT

Electric field induced time-dependent second harmonic generation (TD-SHG) is an emerging sensitive and non-contact method for qualita-
tively/quantitatively probing semiconductor parameters. The TD-SHG signal is related to the evolution of the built-in electric field due to
laser-induced electron generation and transportation. Here, we conducted a comprehensive study of fixed charge density (Qox) and interface
state density (Dy) using the conventional conductance method to compare them with the SHG signal from TD-SHG. The extracted Qo is
around 2.49 x 10'° cm™? regardless of SiO, thickness, corresponding to the constant SHG intensity at the minimum of TD-SHG. The
extracted Dj linearly decreases with the SiO, thickness, which is related to the linear change of extracted time constant from TD-SHG.
Therefore, the TD-SHG, being a sensitive and non-contact method as well as simple and fast, can serve as an alternative approach to test
the semiconductor parameters, which may facilitate semiconductor testing.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188344

I. INTRODUCTION which needs considerable surface area for metal electrodes.
Consequently, the tested sample cannot be used in device fabrica-
tion anymore. Recently, TD-SHG has emerged as a sensitive, non-
contact probe for qualitatively estimating the semiconductor
parameters, such as fixed charge density and interface state density.
S It can also be used to evaluate the dopant type and dopant density
as the voltage-capacitance method (C-V),” conductance method i the Si/SiO, systems.””'” Additionally, the TD-SHG technique

As the size of silicon-based devices continues to shrink, it
becomes a crucial issue to investigate interface properties of dielec-
tric thin films, which can directly affect the device yield and perfor-
mance."”” The traditional electrical characterization methods, such

(Glo — ), light-assisted method,”” Terman method,” etc, can be used to estimate the band-offset'’ as well as the hot carrier
require the metal electrodes from the standard lithography method, injection in the silicon-on-insulator system,'* which are the key
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factors in determining the device performance. Therefore, an effi-
cient method as well as a thorough understanding of collected data
should be proposed to realize the sensitive and non-contact testing
of silicon-based thin films and heterostructures.

Recently, the second harmonic generation (SHG) signal has been
used to evaluate the symmetry of materials, especially in the systems
with inverse symmetry breaking, such as ferroelectric materials.””™"
With the development of the SHG technique, it has become a tool
for noninvasively probing buried interfaces.”'®'” Mihaychuk and
co-workers demonstrated that TD-SHG can be used to extract the
interfacial information through analyzing the evolution of electric
field induced second harmonic (EFISH) signal.”’ Subsequently,
the TD-SHG was developed as a non-destructive and non-contact
technique to measure the interfacial electric field using the follow-
ing expression:”' >’

Lo() € [ itertuce + 27| Eac + BT, )
Here, L,(t), Zizmerfacy ;(3, and Iaz) are the intensity of SHG, the
second-order nonlinear susceptibility at the interface, the third-order
nonlinear susceptibility, and the intensity of the incident laser with
the wavelength of o, respectively.”'"** E4. is the initial build-in elec-
tric field at the interface (+ = 0), which is mainly from the fixed
charge of the oxide layer.'” E(t) is the interfacial electric field from
the laser-induced electron/hole separation. Here, a connection
between the evolution EFISH and the fixed charge density (Qox) of
the dielectric layer is built, which allows for the evaluation of the
interfacial electric field as well as the interface quality. Typically, the
second-order susceptibility tensor of single crystal silicon is zero,
contributing no SHG signal. However, when the dielectric layer is
grown on silicon, forming a specific interface with a broken symme-
try, the interfacial second-order susceptibility tensor contributes to
the SHG signal.”” Under laser irradiation, electrons in the valence
band (VB) of the silicon substrate are excited to the SiO, conduction
band (CB), thereby causing the electron/hole separation. Then, the
electrons are transported/trapped at the interface or surface, corre-
sponding to the TD-SHG signal."’

In this work, the TD-SHG method is used to characterize the
interface state density (Dj) and fixed charge density (Quy) of the
SiO,/Si interface, which is compared with the traditional conduc-
tance method. We found that a minimum signal under a low laser
power in EFISH is mainly related to Qox, while the time evolution
of the SHG signal corresponds to Dj. The extracted Qox is around
2.49 x 10" cm™2, regardless of SiO, thickness, indicating a constant
SHG intensity at the minimum of TD-SHG. The extracted Dy line-
arly decreases with the increasing SiO, thickness, which is related
to the linear change of extracted time constant from TD-SHG.
Accordingly, TD-SHG is a qualitative, sensitive, non-contact, and
fast method to test the semiconductor parameters, potentially facili-
tating the semiconductor metrology.

Il. EXPERIMENTAL DETAILS

SiO, thin films of various thicknesses (5-20 nm) were depos-
ited on p-type Si substrates (carrier density of ~4 x 10'” cm™) via
atomic layer deposition (ALD). The square metal electrodes
[Ti (5nm)/Au (80 nm)] with different pad sizes were prepared by

ARTICLE pubs.aip.org/aip/jap

conventional photolithography, followed by the e-beam evapora-
tion process. The fabricated metal-oxide-semiconductor (MOS)
structure is displayed in Fig. 1(a). The surface morphology of the
SiO, film was characterized by atomic force microscopy (AFM,
model AFM5500 M). The J-V characteristics were tested in a
home-built setup with a Keithley 2636B source measure unit con-
trolled by the Labview program. The C-V and G/w — f measure-
ments were carried out using a Keysight E4980A precision LCR
meter. The positive voltage is always defined as a voltage applied
on the top Au electrode. TD-SHG was performed using an
Aspirer 3000 system with the laser of 780 nm (repetition fre-
quency of 80 MHz and pulse width of 150fs). The incident
P-polarized laser (780 nm) illuminates the sample at 45°. The
generated second harmonic signal (A =390 nm) was collected. All
the measurements in our experiments were conducted at room
temperature in a dark environment.

lll. RESULTS AND DISCUSSION

The typical morphology of the as-grown SiO, film is character-
ized by atomic force microscopy (2 x 2um?) as shown in Fig. 1(b).
The AFM image reveals a flat surface of the SiO, film with a surface
roughness of 0.5 nm, indicating a high quality of ALD-grown SiO,
films. Figure 1(c) shows the leakage current density vs applied
voltage for various SiO, films (5-20 nm) with an MOS structure.
The measured current is tens of picoampere regardless of SiO, thick-
ness, corroborating a good insulating SiO, film as well as high
quality of the SiO, film down to 5nm (the current density at a bias
voltage of —3V, as shown in Table I). A clear hysteresis current—
voltage loop is observed under high voltage, indicating a carrier trap-
ping/detrapping process in the SiO,/Si structure. The corresponding
semi-log current-voltage curves are displayed in Fig. 1(d).
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FIG. 1. (a) Schematic diagram of characterization. (b) The typical morphology of
a 10nm SiO, film. (c) The current density vs applied voltage (J-V curve) for
various thicknesses of SiO, heterostructures. (d) The semi-log curve of J-V in (c).
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TABLE 1. The SiO, thickness-dependent extracted parameters including Vi, the
current density at —3 \, Qqy, and D.

Sample  Vj, J Qox Dy
(nm) (V) (x100°Aem™) (x10" cm™) (10" eV~ em™?)
5 —0.90 0.73 243 4.46
10 —0.93 0.64 242 4.29
15 —0.95 1.01 2.65 2.68
20 —0.87 0.38 246 2.30

Conventional capacitance characterization was conducted to
extract Dy as shown in Fig. 2. The typical G/w — f characteristic was
measured at a gate voltage ranging from the accumulation region to
the depletion region (from —1.2 to —0.4 V) [Figs. 2(a) and 2(b)]. The
Glo — f curve can be well fitted by an equivalent circuit of the series
resistance correction (SRC, Rg) model [the inset of Fig. 2(a)], where
Rg is primarily supplied by the substrate.****” Then, the interface
conductance (G,) and interface capacitance (C,) can be well
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FIG. 2. The typical ratio of ac conductance over angular frequency (Glw) as a
function of frequency (f) under various gate voltages for (a) 10 nm SiO, films
and (b) 20 nm SiO, films. (c) The voltage-dependent peak value from the G-f
curve for various SiO, thicknesses. (d) The voltage-dependent extracted Dy. (€)
The relation between the extracted Dy and the energy level (Ec—E;). (f) The
capacitance vs voltage curves for various SiO, thicknesses.
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extracted, which can precisely describe the contribution of conduc-
tance and capacitance from the SiO,/Si interface [Fig. 2(c)].

Generally, a conductance peak appears when sweeping the
frequency at a certain voltage, corresponding to the maximum
energy loss due to the resonation of interface traps at a given fre-
quency.””*® It also reveals the energy level of the interface state
related to the Fermi level during the charge trapping process.”””’
The voltage that drives the maximum peak position shift is always
connected to identify the efficiency of the Fermi level movement,
which can be used to estimate the interface state.’"”> Moreover, the
maximum peaks show a weak variation with the change of applied
voltage, indicating possible interface energy level pinning.”’
Therefore, the interface state can be quantitatively calculated by the
following relationship:

2.5 (Gp
Dlt ~ A_q (;) max) (2)

where G,/w, A, and g are the fitted maximum peak value in
the G/w—f curve, the electrode area, and the element
charge, respectively. Clearly, it is with slightly larger Dy
(4.24-5.23x 102 eV™'cm™) for a thin SiO, film (5nm) as
compared to that of a thick SiO, film (2.34-3.31 x 10 eV ™' cm™)
[Fig. 2(d)]. This indicates that the increase of the SiO, thickness
can slightly improve the interface quality. A similar effect was
observed in HfO, thin films.”*** The calculated Dy slightly
decreases as the carrier changes from the accumulation region to
the depletion region, irrespective of SiO, thickness, consistent
with the weak voltage-dependent peak position. The variation of
Dy is slightly larger in 5 and 10 nm SiO, films compared to that
of 15 and 20 nm films.

The voltage can drive the movement of the Fermi level by
band filling, which helps us to understand the distribution of
interface state density. The Dj; distribution as a function of ener-
getic position (AE) can be roughly determined by the full inter-

faCe state n'lodel,lﬁ)36
l (C lthLdOS) . (3)

Here, the energetic position (AE) is the energy difference between
the interface trap level (E;) and majority carrier band edges (Ec or
Ev). kg and T are the Boltzmann constant and the temperature,
respectively. As for SiO,, 0, v, Dgos» and w are the capture cross
section of the trap in SiO, (1.0 x 10" cm™), the average carrier
thermal velocity (1.6 x 107 cms™Y), the effective conduction band
density of states (2.8x10'cm™), and the applied angular fre-
quency (@ = 27f), respectively. The extracted AE and Dj; are local-
ized at a small value [shown in Fig. 2(e)], verifying the band
pinning effect in the band structure.

Figure 2(f) shows the C-V characteristics of SiO,/p-Si
MOS capacitors measured at 1 MHz; the difference between the
theoretically calculated results and the actual measured results is due
to the equivalent Rs in the circuit. The equivalent Rs can affect the
measured capacitance, resulting in a lowered capacitance as well as
the abnormal thickness-dependent capacitance in our result.””**
Capacitance does not saturate at the accumulation region, indicating

ksT
AE:EC—Et:BTx
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the existence of carrier trapping. A clear hysteresis character is
observed, corroborating the interface state in all SiO,/Si films. Qo in
the oxide layer can be calculated by the following relationship:’">*"~"'

Qox = _Cmax(Vfb + Vms)/A% (4)

where Chax, Vi, and Vi, are the maximum capacitance at 1 MHz,
flatband voltagef10 and the work function difference between the
metal gate (Au) and the semiconductor, respectively. The extracted
Qox is around 2.49 x 10" cm™2 (Table I), which is consistent with
previous reports.*”

Generally, the TD-SHG signal can be used to comprehensively
understand the laser-induced electron transport dynamics.'>'** A
schematic of laser-induced electron transport/transfer as well as the
modulation of the interfacial electric field is shown in Figs. 3(a)
and 3(b). At the static state without the laser irradiation, the inter-
nal electric field E4. forms due to the presence of the fixed charges
near the interface, contributing to the SHG signal at the initial
state. After the laser irradiation, a large number of electrons in Si
are excited and transferred to the SiO, film, leaving the holes to sit
at the position. Accordingly, the laser-induced electric field is built
due to the laser irradiation, which can enhance/reduce the total
electric field. Continuous laser irradiation generates photoexcited
carriers that get trapped at the border and oxide trap levels. These
trapped electrons dominate the electric field Eg4, resulting in a
decrease in the absolute electric field E4. and the EFISH intensity.
Over time, the photo-excited electrons continue to overcome the
interface barrier and get trapped in the oxide or at the oxide surface.
These oxide and surface trappings of electrons lead to a rise in the
electric field (in the opposite direction). In this case, the TD-SHG
can be used to effectively detect the modulation of a competing
interfacial electric field between the minimum electric field and laser-

(a) (b)

(CXSNOXS) 1 Si0,/p-Si
000606 Edc interface
(c) (d)
2 ol 100m §.3.9 o 5nm  — fiting _
[3) 300 mW © o >l
2 40 36} O
:; 30 .:53.3 ’
3 2
é ?2 160 mW E 30
o 0 100 mW (i92-7 100 mw
0 1 2 3 4 5 O 6 i 2z 35 4 8

time(s) time (s)

FIG. 3. The schematic figures of the interfacial electric field (a) before laser illu-
mination and (b) after laser illumination. (c) The TD-SHG signals under different
laser powers for a typical 10 nm SiO, heterostructure. (d) The TD-SHG signal
under 100 mW for various SiO, thicknesses. The corresponding exponential fit-
tings are shown as solid lines in (d).
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induced electric field, which can be correlated to the defects or inter-
face state density in the sample [Figs. 3(c) and 3(d)]. When the
300 mW laser beam irradiates the 10 nm SiO,/Si sample, the SHG
signal monotonically increases with time and it approaches saturation
in 5s as shown in Fig. 3(c), thereby revealing the generation of a
time-dependent quasi-static field at the interface. TD-SHG with a
low excitation energy of 100 mW shows a decrease in the first
second and then it increases with time [Fig. 3(d)]. The minimum
value in TD-SHG corresponds to the compensation point between
the minimum build-in electric field and the laser-induced electric
field. The SHG signal is related to the induced electric field, which
can be from interface or bulk defects in the sample. Since the SHG
minimum point correlates to the compensation of electric field at
the interface, the SHG value at the minimum should correspond
to the fixed charges in the SiO,. Therefore, it seems the SHG value
at the minimum point increases with the thickness of the SiO,
film, corresponding to an increase of the total defects with the film
thickness.

The TD-SHG data can be well fitted by the following
equation:'*"”

mocg(ﬁ—al(l—e_#)+a2(1—e_%), (5)

where g; are constants (independent of each sample, where a; are
constants related to the initial and saturation SHG intensities, and
the relative contribution of each type of traps) and 7; corresponds
to the fast (7;) and slow (7,) trapping process. Here, I, (¢) and 7
are the intensity of the SHG signal and the time constant associ-
ated with the carrier trapping/detrapping process. (Here, we
mainly consider the time of slow interface state filling. The time of
fast interface state filling is negligibly small, which is out of our

consideration.)***” We define 1/7 as the electron trapping rate. |
The extracted electron trapping rate 1/7, linearly increases with ¢

the increase in power density as shown in Fig. 4(a), which yields
the relation 1/7, oc (I,)" with n = 2.83 4+ 0.29. This indicates that
three-photon absorption is required to excite electrons from the Si
valence band (VB) to the SiO, conduction band (CB) [Fig. 4(b)],
consistent with the laser excitation energy of 1.59 eV (780 nm) and
band offset of 4.05-4.60 eV between Si and SiO,.

The electron trapping at the interface can induce an electric
field, which is opposite to the initial electric field. The induced
electric field could dominate the interfacial electric field similar to
the inversion case under the voltage after sufficient laser irradiation
(5s in this case), which will raise the barrier height at the interface
as well as block the electron injection. The maximum increase in
the barrier height A, genia due to band bending can be calculated
by the following relationship:

A¢’p0tential = eEqcdox = (ezn:odox) I€si, (6)

where n?, doy, e, and & are the surface charge density at the
time t = oo, the oxide layer thickness, the electron charge, and
the dielectric constant of silicon, respectively. Here, we take a
5nm Si/SiO, sample for example. We used the calculated Dy
(4.46 x 10 eV~ cm™2) for ne. Then, the original expression
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FIG. 4. (a) The extracted trap filling rate vs the laser power density. The solid
line is the linear fitting. (b) The corresponding schematic energy diagram of the
SiO,/Si heterostructure. The SiO, thickness dependence of (c) the extracted
Qux, (d) the | minimum SHG intensity extracted from TD-SHG under 100 mW,
(e) Dy at typical —0.8 and —1.2V, and (f) the extracted trap filling rate under
100 mW.

changes to the relation A¢yyential = (ezdox fDitdE) /gsi. So, the cal-
culated minimum increase of potential height reaches 0.34 eV for
the 5 nm Si/SiO, sample.

Finally, a connection between the conventional CV charac-
terization and TD-SHG is established to efficiently understand
the surface state, as shown in Figs. 4(c)-4(f). The calculated Qo
is around 2.49 + 0.16 x 10'® cm™2, which is almost independent
of SiO, thickness. In TD-SHG, the minimum data point of SHG
2.71+0.15 x 10° cps under 100 mW is dominantly attributed to
fixed charges in the SiO, layer, considering no contribution
from the interfacial electric field due to the compensation
between the minimum electric field and the laser-induced elec-
tric field at the interface. Qo is closely related to the sample
preparation process and the crystal direction, which is indepen-
dent of the sample thickness. Correspondingly, the intensity of
minimum SHG data may be used to qualitatively catch Qo in
the oxide layer. The typical D;; under —0.8 and —1.2'V are dis-
played in Fig. 4(e), which are extracted by the conductance
method. Dy is almost linearly decreasing with the increase in
oxide thickness, which is with a slight slope deviation with dif-
ferent gate voltages. The linear relation may be related to a high-
quality interface for the thick SiO, film and the low-quality

ARTICLE pubs.aip.org/aip/jap

interface with a high density of dangling bonds or defects in the
thin SiO, film, which may originate from the sample preparation
process. As for t extracted from Eq. (5), it is connected to the
carrier trapping/detrapping at the interface, which is closely
related to D;. Namely, the high D;; can result in a fast electron
trapping rate 1/7,. Here, the extracted 1/7,, ranging from 0.0299
to 0.1134s™! (laser power 100 mW), linearly increases with the
increase inf the oxide layer thickness. It reveals that D; may be
linearly related to the extracted 1/7, with the SiO, thickness
ranging from 5 to 20 nm, indicating that the thin SiO, is with
high Dy, and a fast electron trapping rate 1/7,. It is noted that the
linear relation may vary with a wide range of the SiO, thickness,
which needs to be further investigated. All the data indicate that
TD-SHG is a simple and fast method for extracting the impor-
tant semiconductor parameters such as Qox, Dj etc., which may
facilitate in-line semiconductor monitoring.

IV. CONCLUSION

In summary, this work utilizes the time-dependent second har-
monic generation method to characterize the interface state density
and fixed charge density of the SiO,/Si interface, which is compared
with the traditional conductance method. We found that a minimum
signal under a low laser power in EFISH is mainly related to Qox,
while the time evolution of SHG corresponds to Dy. The extracted
Qox measured by the conventional high-frequency C-V method is
around 2.49 x 10'° cm ™, regardless of the SiO, thickness, which is
closely related to the constant SHG intensity at the minimum of
TD-SHG. In addition, the static electric field at the interface is esti-
mated by the C-V method. The extracted Dy linearly decreases with
the SiO, thickness, which is related to the linear decrease of the
extracted 1/7, from TD-SHG. Accordingly, as a qualitative, sensitive,
non-contact, and fast technique, TD-SHG could serve as a viable
alternative for evaluating semiconductor parameters, potentially
streamlining semiconductor metrology processes.
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