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ABSTRACT: We report a correlative analysis between corona oxide characterization of
semiconductor (COCOS) and Kelvin probe force microscopy (KPFM) for the study of embedded
silicon-oxide interfaces in the field of chemical and field-effect passivation. Analyzed parameters
by these measurements are linked to different factors and specifically to defects density of
embedded silicon-dielectric interfaces, surface band bending or the distribution of charges in the
nearest surface volume.

Furthermore, this COCOS-KPFM correlative analysis turns out to be a useful method to access
to chemical and field-effect passivation. We confirm that it is possible to differentiate the influence
of local band bending on sample passivation (i.e. field effect passivation) from the effects due to

the local recombination rates (i.e. chemical passivation).



The measurements were carried on five different passivation layers, precisely, 10.5 nm-thick
Si0, 50 nm-thick SiN, 7nm-thick Al,O3, 7 nm-thick HfO> and double layer of 7 nm-thick Al,O3
below 53 nm-thick Ta,Os. This correlative analysis indicates that HfO, present to be the best
chemical passivation and SiN is the worst case in term of field effect passivation for p-type silicon.

Additionally, we confirm that Ta>Os layer on top of Al,O3 increase the defects density.

KEYWORDS: silicon-dielectric interface, band bending, defects density, recombination rate,

surface passivation

INTRODUCTION

Characterization of interfaces is essential for several types of devices like solar cells,
photodetectors or LED devices. In the case of photodetectors, defects present at the interfaces
impact the dark current which decrease the detector quality by producing false signal [1]. For solar
cells, defects at the interfaces play an important role by limiting the amount of charges collected
at the electrodes and thus degrading the solar cell efficiency [2]. In the case of LED, all non-
radiatives defects must be as well reduced for the best device operation [3].

To overcome the issues related to defects, surface or interface passivation becomes mandatory.
Previously, passivation has been studied in various materials [4—7] by means of two mechanisms,
chemical passivation (decrease the density of defect) [8,9] and field effect passivation (introducing
fixed positive or negative charges within a passivation layer) [10,11]. Depending on the device,
the field effect passivation does not have the same significance. For example, in the case of solar
cells or LEDs, the field effect passivation corresponds to the reduction of the density of one type

of charge carrier in order to reduce carrier recombination process. For the photodetectors, the field



effect passivation aims to put the interface under a charge accumulation in order to neutralize
defects responsible of dark current (through thermionic generation) [12]. In both cases, carrier
generation and recombination are described by Shockley-Read-Hall theory and are highly
dependent on defect density and defect energy position. For instance, the generation and
recombination rates are the highest for mid-gap defects [12,13].

Over the years several methods have been implemented to characterize the silicon surface
embedded under different types of passivation layers[14]. Among them, capacitance-voltage (C-
V) is widely used for determining the chemical and field effect passivation. Specifically, C-V
methods such as the Castagné-Vapaille method [15], the Terman method [16], the Berglund
integral method [17] or the conductance method [ 18] has been employed. However, these methods
require special sample preparation and a metal-oxide-semiconductor structure, which could lead
to modification of the interface under investigation. In the frame of contactless method the corona
oxide characterization of semiconductor (COCOS) appears to be an alternative to the C-V method
for determining the chemical and field effect passivation properties [19].

Besides, Kelvin probe force microscopy (KPFM) is one of the most sensitive methods to probe
surface potential related to work function (with sensitivity <5SmeV) [20]. Moreover, KPFM under
illumination 1s a well-established method to measure surface photovoltage (SPV) and charge
carrier lifetime over organic and inorganic materials [21][22][23]. In addition, previous study
reports that charge carrier lifetime measured by KPFM through SPV can be sensitive to defects
even when embedded in silicon dioxide [24]. However, until now the use of KPFM under
illumination to study passivation of buried interface has not been reported.

In this paper, we will present the combined analysis by COCOS and KPFM under illumination

to analyze the properties of embedded interfaces, as such measurement is still lacking and can be



complementary to C-V measurements. In the case of KPFM, besides of the capability to measure
the simple SPV, the particularity of the setup used here is the capability to analysis this parameter
as a function of different illumination wavelengths to perform in-depth dependent measurements.
Such extracted SPV from KPFM measurements will be compared to total fixed charge (Qtot),
density of defects (DiT) and barrier potential (Vsg) all probed by COCOS.

RESULTS AND DISCUSSION

In this work, we use non-contact atomic force microscopy (nc-AFM) (VT-AFM from
ScientaOmicron interfaced with a Nanonis controller from SPECS Ziirich) operating under ultra-
high vacuum conditions (<107'° Torr). We use here a metal-plated conductive tip (EFM PPP from
Nanosensors) with a resonant frequency fo=67 kHz. fo is mechanically excited to control the tip—
surface distance by nc-AFM with a frequency shift set point equal to -20Hz. Specifically for the
KPFM mode purposes, we use an additional lock-in amplifier (HF2LI from Zurich Instruments),
where KPFM measurements were carried out in a single pass mode using heterodyne amplitude
modulation KPFM (h-KPFM) [25][26][27]. In h-KPFM a bias voltage V. is applied at fi-fo (fo
and fi being the fundamental resonant frequency and its first harmonic respectively) which
generate an electrostatic force at fi if the cantilever V. bias does not match the contact potential
difference (CPD). To measure CPD, feedback loop is introduced to nullify the cantilever
oscillation amplitude at fi. It must be pointed out that the potential sensitivity is enhanced with
increasing quality factor, making h-KPFM under UHV well suited for surface potential
measurement [25]. For SPV measurements we use external fiber-coupled laser (PhoxXplus
module from OmicronLaserage GmBH) at 405nm, 458nm, 515nm and 638nm in order to perform
in depth measurements. The penetration depths for silicon substrate were measured by

ellipsometry and are respectively: 97 nm, 433 nm, 1 um, 3 pm for four used laser wavelengths.



The sample illumination is done through a viewport of the UHV chamber. Additionally, we
measure the photon flux with a power meter (standard photodiode power sensor from Thorlabs) to
know the photon flux in the function of laser power. Furthermore, we set the calibrated laser power
to obtain a constant photon flux for each used here laser wavelength.

Under illumination, the absorption of a photon with an energy higher than the band-gap induces
the generation of electrons-holes pairs. Here trap-to-band absorption is neglected since the
probability of this process is low (i.e. photon energy higher than the silicon band gap), thus, we
consider only super band-gap absorption [28]. After the generation process, electrons-holes pairs
recombine with a time scale defined by the sample electronic properties (i.e. density of defects,
energy of defect, capture cross-section, carrier density) [29]. SPV is the difference between CPD
measured under sample illumination and measured when sample is in dark conditions as
represented on Figure 2a. SPV is a surface quantity based on the reorganization of positive and
negative charges (i.e. separation of electron-holes pairs) in the sample volume, when sample is
under illumination. This charge reorganization and so the origin of SPV can be induced by surface
band bending. Accordingly, one type of carrier diffuses toward the surface causing a partial band
flattening while the other type diffuses toward the bulk. At high photon flux, the band may be
completely flattened. We illustrate this process on Figure 1 with two different laser wavelengths
excitations to show the influence of photon penetration depth on measured SPV. It is important to
mention that SPV is not only highly sensitive to the surface, whereas this parameter can be also

influenced by sample bulk properties due to the generation of carrier in the bulk [30] .
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Figure 1. Schematic band diagram of the surface space charge region under accumulation of a p-
type semiconductor for two different wavelengths. On both cases, under illumination the photo-
generated electrons (holes) diffuse toward the bulk (or surface). In all diagrams, solid and dashed
lines indicate band position under dark and illumination. SPV maximum amplitude is represented
in red. CB and VB refer to conduction band and valence band respectively. (a) The photon
penetration depth is shorter than the space charge region (b) The photon penetration depth is

greater than the space charge region.

Specifically in our experimental protocol we kept the same photon fluxes between the different
lasers wavelengths. Undoubtedly, due to different reflectivity coefficients over the different
passivation layers, the absorbed photon flux cannot be set to ultimate constant values over the
sample set. This effect will be commented later in this article.

SPV parameter measured by KPFM can be compared to COCOS measurement which is rather
standard technique to characterize dielectrics for microelectronic technologies [19]. In this work
the measurements are performed on 300 mm whole wafers using a FAaSTTM 230 from

Semiconductor Diagnostics Incorporation. COCOS method is based on a sequential corona charge



(Qc) deposition followed by the measurement of CPD in dark and under strong illumination (i.e to
obtain flat band condition - V), similarly to SPV measurement by KPFM. However, it must be
noted that measurements are carried out with a macroscopic Kelvin probe. Corona charges are
used to sweep interface from depletion to week accumulation. The difference between CPD under
illumination and dark condition leads to the potential barrier (Vsg) as a function of deposited
corona charges. The corona charges needed to obtain Vsg=0 represent the total amount of fixed
charges (algebraic sum — including interface with silicon) (Qiot). Thus, it corresponds to the total
amount of corona charges needed to switch Vsg from its initial value (Vsginit) to 0 (VFB). VB init
refers to the potential barrier before charge deposition. Figure 2b shows CPD probed by COCOS
under dark and illumination condition with respect to Q.. The density interface trap (DiT) is
calculated from the ratio AQi/AVss, where AQj is the charge trapped at the interface due to a
quanta of corona charges and AVsg is the change in barrier potential due to a quanta of corona
charges. AQj is calculated from the difference between space charge region charges and corona
charges.

DiT, Qi and Vsg presented in this report correspond to the averaged value of nine measurements
per sample. The standard deviation will be presented to give information about the dispersion of

the parameters measured.
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Figure 2. (a) h-KPFM measurements under dark condition and illumination conditions. After
illumination, CPD comes back to its initial value. SPV amplitude is represented by the red arrow.

(b) CPD with respect to the corona charge deposition probed by COCOS.

To study the passivation of buried interface we analyzed silicon substrates with five different
passivation layers. Precisely, 10.5 nm-thick SiO», 50 nm-thick SiN, 7 nm-thick Al>O3, 7 nm-thick
HfO; and double layer of 7 nm-thick Al>O3 below 53 nm-thick Ta>Os were used as passivation
layers on boron doped (100) oriented 300 mm CZ silicon wafer (Np=1E15 at/cm?®). Samples were
prepared by various processes, specifically, SiO> were prepared with Rapid Thermal Oxidation

(RTO), SiN with Plasma Enhanced Chemical Vapor Deposition (PECVD), Al,O3 and HfO, were



grown using Atomic Layer Deposition (ALD) using H>O as reactant and respectively Al(CH3)3
and HfCly as precursor. Ta;Os layers were deposited by Plasma Enhanced ALD (PEALD) using
(Tert-Butylimido Tris(DiEthylamino) Tantalum) as Ta precursor and O plasma. Subsequently, all
samples were annealed at 400°C during 120 min under nitrogen.

On Figure 4. we present the experimental results from COCOS and KPFM measurements
for all five passivation layers. Firstly, on Figure 4a and Figure 4b we present respectively Qqot and
Vsg measurements by COCOS. The amplitudes of these two quantities are self-dependent since
the band-bending is caused by the presence of defects and fixed charges present at the silicon
surface and within the passivation layer. In other words, in order to respect the charge neutrality,
the bands are bent in the vicinity of the surface. Negative (or positive) charges contained in the
passivation stack involve upward (or downward) band bending. The Qo and Vsg quantities can be
compared with KPFM measurements on Figure 4d and Figure 4e where we present respectively
the evolution of the normalized SPV with respect to the laser power (i.e. photon flux) at wavelength
of 638 nm and the maximum SPV amplitude (i.e. when saturation of the SPV is obtained) for 405
nm, 457 nm, 515 nm and 638 nm wavelengths. In the case of KPFM under illumination, photo-
generated charges diffuse toward the surface accordingly to the direction of the band-bending.
Consequently, the positive (or negative) SPV probed with KPFM is consistent with a downward
(or upward) band bending probed with COCOS since under illumination, it implies diffusion of
holes toward the surface for HfO,, AlbO3 and Al,O3/Ta>Os and electrons toward the surface for
SiN and Si0,. We want to emphasis that this phenomenon of charge transfers which is at the origin
of the SPV is reversible when switching the light on and off and observing that SPV values are

reproducible under illumination and the surface potential always goes back to the initial value



under dark conditions. Due to such reversibility, we can assume the negligible contribution of

charge trapping phenomenon in the case of these five passivation layers.
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Figure 3. Reflectivity of SiO», SiN, HfO,, A1>O3 and Al>O3/Ta>Os on p-type Si (100) in the 400-

650 nm range

for different laser power and is dependent of the passivation layer. To explain this phenomenon,
we must address the possible effects of different reflectivity coefficient over the visible range.
Since the number of generated electron-hole pairs is related to the number of absorbed photons
under illumination, SPV can be potentially influenced by change of reflectivity in the function of
wavelength presented on Figure 3. However, the variation of the SPV amplitude seems not to be
correlated to the optical properties since Al2O3, HfO> and SiO; present the same reflectivity
coefficient over the visible range. Moreover, Al203; and Al203/Ta20s samples present significantly
different reflectivity coefficient. Accordingly, we would expect a higher SPV amplitude for
Al203/Ta20s since a higher photon flux reaches the silicon surface than for Al>Os. Nevertheless,

experimental measurements show the opposite behavior with lower SPV for AlOs3/Ta0s
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comparing to Al,Os. Consequently, we consider that maximum SPV at flat band regime is rather

not linked (or not considerably influenced) with different reflectivity coefficients.

5.0x10%

Zev-l)

DIT (cm

1.0x10"*-

2x10%?1

e 1x101
s
S 0
&

= 3.0x10"-

3.94x10"

-1.07x10"?

4.50x101%

-1.34x10%?

(a)

1.84x10%
1.49x10%

(b) 2.16x10'2

-1.54x101

1.73x10M

1.53x10%

-0.022

-0.05
N o
?\95 /@9@ é\om 2\ Q§
.0V
O 23
?\ﬁ,

Normalized SPV (a.u.)

=
o

o
o

o
o

o
o1

B
o

R . ALO,

"t (d) = ALO,/Ta,05

w" = HfO,
e = SiN

) = SO,

N,
..l ] : - H [] : - - -

0 10 20 30 40 50

I 405 nm
B 457 nm
I 515 nm
I 638 nm

o”

v\m <2V
3

9

(o)l

Figure 4. All diagrams aims to compare COCOS (a),(b),(c) with KPFM (d),(e). (a) Total amount

of all dielectric charges (algebraic sum — including interface with silicon). (b) Barrier potential

across the surface space charge region. (c) Density of defects at the interface between silicon

and dielectric. (d) Evolution of the normalized SPV with respect to the laser power at 638nm.

(e) SPV amplitude under flat band condition laser 405nm, 457nm, 515nm and 638nm.
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Another parameter which can be considered to influence the SPV is the minimum DiT over
silicon band gap. DiT values for the five passivation layers are presented on Figure 4c. We notice
that SiN present the lowest and Al>O3/Ta20Os the highest DiT of our five sample set. DiT correlates
with SPV since a high DiT requires stronger illumination power to reach the saturation regime and
the maximum SPV amplitudes appears to be lower when the DiT increases. For the more accurate
analysis of SPV amplitude the simple comparison with DiT is not sufficient and all three
parameters Quwt, Vs and DiT must be taken to account. We notice that SiN and SiO; present nearly
the same DiT and Vsg, and even if we consequently observe similar variation of the SPV amplitude
with respect to the laser power, SPV maximum amplitude for SiN appears to be two-times higher
than for SiO». This observation seems to be correlated to the total amount of fixed charges which
is one decade higher for SiN than for SiO». The last remark suggests that in order to respect charge
neutrality, the larger quantity of fixed charges contained within SiN induces a larger reorganization
of the photo generated charges in silicon (i.e. increase of the SPV maximum amplitude).
Additionally on Figure 4e we indicate an evolution of SPV amplitude according to the wavelength
of the illumination source (i.e. four penetration depths). This effect might be due to the change of
the penetration depth. In fact, the 405nm light source generates in-depth carriers in over 100 nm,
in comparison to 3 um with 638 nm light source. So here we expect the penetration depth to be a
limiting factor to the SPV amplitude. As well, we expect the diminution of the penetration depth
to increase the contribution of the Auger recombination process due the confinement of the
carriers.

Thus, this correlative analysis shows that SPV signal can be very useful for the band bending
sign (downward or upward) verification, as well as the analysis of the maximum value of SPV

which corresponds to the quantity of charges necessary for flat bands regime. However, for more
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accurate analysis of SPV the additional Q, Vs and DiT parameters from COCOS measurement
should be taken to account to evaluate the impact of each of these parameters.

Furthermore, we point out that a previous study reports as well the relation between
photovoltage, laser intensity and defects on silicon (7x7) surface [31]. From Figure 4d, we notice
the logarithmic evolution of the SPV with respect to the laser power, and thus, we can fit the SPV
evolution with the following equation: SPV = A*In(1+BI) where A is proportional to the band
bending and BI describes the ratio of carrier generation rate to the recombination rate [31]. Fitted
parameters are presented on Figure 5a and Figure 5b respectively. We notice that when Qo (or

Vsg) decreases the amplitude of the A parameter decreases as well. This dependence is particularly
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Figure 5. The SPV evolution with respect to the laser power can be fitted with the following
model, SPV=A*In(1+BI) [31]. (a) and (b) represent the evolution of A and 1/B over our sample

set which depends on the local band bending and the recombination rate respectively.

pronounced on SiN and SiO> due the large density of fixed charges contained in SiN with strongly
influence the local band bending. Additionally, we remark that the 1/B parameter variation can be

attributed to the DiT variation. In fact, increase of the recombination rates (i.e. increase of 1/B) is
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consistent with an increase of the DiT since defects present at the interface act as recombination
center.

Concerning the contribution of this correlative analysis for silicon-oxide interfaces it comes out
that local measurements through the KPFM tip and macroscopic measurements through the
COCOS probe indicates both that HfO» present the best chemical passivation under the
accumulation regimes (i.e. lowest DiT and recombination rate). On top of that we confirm by
KPFM that the addition of the Ta,0Os layer on top of Al>O; increases the recombination rate which
is consistent with an increase of DiT. Such degradation appears to be consistent with the use of O2
plasma for Ta,Os deposition [32]. Finally, SiN shows to be clearly the worst case in term of field
effect passivation for p-type silicon as shown by a positive potential barrier (i.e. accumulation
regime) and so a negative SPV (i.e. diffusion of electrons toward the surface).

CONCLUSION

In this article we presented the correlative analysis by COCOS and KPFM showing to be a
relevant and a straightforward method to study embedded silicon interface in the field of
passivation. This analysis shows that SPV sign and amplitude is related to defects density, local
band bending and to the distribution of fixed charges in the nearest surface volume. Additionally,
by the KPFM analysis of the SPV as a function of laser power as well as the analysis of COCOS
results, we confirm that it is possible to differentiate the effects due to local band bending (i.e. field
effect passivation) from the effects due to the local recombination rates (i.e. chemical passivation)
by KPFM.

This correlative analysis by COCOS and KPFM can be useful for other developments and
especially can conduct correlative analysis of SPV images or can be helpful for charge carrier

dynamical phenomenon analysis.
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