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Abstract

This is a study of the degradation of amorphous silicon solar cells. The study accessed structural defects and the
mechanical stress of solar cells at nanoscale level. Interface morphology, deformation, and internal delamination of
the cells were analyzed. Adequate analysis of roughness parameters was performed to investigate the state of
degradation of the amorphous silicon solar modules (a-Si:H) used in this study. Roughness parametric test is
necessary in thin film solar cells production process because it is used to quantify the relationship that exists
between roughness parameters and electrical efficiencies of solar cells. However, in this study, a roughness analysis
was not only performed to quantify the performance of the a-Si:H module but to also compliment their mechanical
degradation analysis. Roughness indicators such as root means square (RMS) roughness and average roughness
were acquired from line profiles. Measurements were taken with scanning probe microscope (SPM) and PeakForce
Quantitative Nanomechanical (QNM) technique was used through the cross sectional area of the analyzed samples.
The method was validated with adhesive force and deformation analyses; it was established that high roughness
values result from mechanical degradation. Results from the roughness parameters and the mechanical degradation
analysis were further observed from in situ measurements and these showed good compatibility. The benefit of
this technique is that it provides a good procedure for the evaluation of mechanical degradation without
destroying any part of the intrinsic layers in a-Si:H modules.

Keywords: Surface roughness, Scanning probe microscope, Amorphous silicon solar module, Intrinsic layer,
Mechanical degradation

Introduction
It is generally accepted that the performance of
amorphous silicon (a-Si:H) solar cells is a function of
their material properties, production designs and fab-
rication processes (Kabir et al. 2011). While optical
properties are considered to increase the optical band
gap of a-Si:H solar cells, electrical properties are con-
sidered when dealing with issues of degradation in
solar cells. Oftentimes, structural properties are
regarded as inherent in solar cell materials, as such,
they cannot be changed. These structural properties

are significantly influenced by changes in optical and
electrical properties of a-Si:H solar cells as a result of
degradation. In fact, changes in optical and electrical
properties of a-Si:H solar cells can reasonably be at-
tributed to changes in their mechanical properties, as
opposed to it being the other way round. Hydroge-
nated amorphous silicon (a-Si:H) thin film has good
optoelectronic properties due to its high optical ab-
sorption coefficient (> 105 cm−1). These optoelec-
tronic properties depend on the mechanical properties
of a-Si:H materials, meanwhile, mechanical properties
are affected by interface defects. In the past, less em-
phasis was laid on mechanical properties of photovol-
taic modules because most research then was based
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on crystalline silicon solar modules which are believed
to be less prone to mechanical defects. However,
since the last decade, attention has shifted to thin
films and perovskite solar cells. Hence, the need to
concentrate on the mechanical properties of a-Si:H
solar cells and their associative features, such as,
interface roughness and delamination. Therefore, in
this study, focus is on the changes that occur in
interface layers roughness as it has a negative impact
on the electrical output of amorphous solar cells
(Prastani 2015; Su et al. 2003). Consequently, this
paper deals with the micro-structural, defects, and
mechanical properties of amorphous silicon solar
cells. Firstly, it aims to determine which region of the
module is more prone to mechanical degradation and
compare the mechanical properties of the defective
with the non-defective regions of the module. It also
intends to establish if there is any direct relationship
between interface roughness and mechanical degrad-
ation. This work, quantifies mechanical degradation
by the degree of decrease of adhesive force and inter-
layer delamination in the form of deformation. While
roughness in this sense is not the usual surface mor-
phological roughness, but the change in the smooth-
ness of the interface of the different layers that
constitutes the active region of the a-Si:H module.
The degradation of mechanical properties which re-
sults in mechanical defects can be observed as micro-
structural defects when the active region of an a-Si:H
module is mapped with atomic force microscope
(AFM). The belief is that such micro-structural de-
fects are inherent in the substrate of such solar cells
during their manufacturing processes, although there
are very few scientific reports to support this claim
(Su et al. 2003). Nevertheless, as the module starts to
degrade, more its micro-defects start to increase;
hence, the roughness in its defective region is

expected to be more pronounced than the one from
the non-defective (hotspot) region. One of the moti-
vations for this study is the desire to acquire suffi-
cient information on the correlation between the
micro-structural defects and the performance degrad-
ation of a-Si:H modules. Mechanical property variation
at nanoscale level has a way of initiating stresses or dam-
age to the photovoltaic (PV) material, and this can poten-
tially result in premature failure of PV modules. Thus, to
improve the reliability of the amorphous silicon solar cells,
it is essential to increase their layers mechanical
strengthen. Therefore, set a mechanical limit that can re-
duce the cost of production (Popovich 2013) and have a
detailed comprehension of the degradation of mechanical
properties. The results presented hereunder provides a
deeper understanding of the mechanical properties of the
a-Si:H modules.

Materials and methods
The validation process
Some regions of a delaminated single junction amorph-
ous silicon (a-Si:H) module was cleaved, contact fabrica-
tion was performed on them, and measurements were
taken in a relatively isolated room that was free from
acoustic noise. The cleaving of the samples was done
after they were placed in a nitrogen refrigerator to aid
the final cutting process. The initial delaminated sample
had an area of 6 cm2 while the area of interest was 2
cm2. This formed part of the quality control process ob-
served in this study. It was also crucial to obtain a small
part of the a-Si:H module which was scanned with the
scanning probe microscope (SPM) in the laboratory.
The purpose of this aspect of the experiment was to try
to validate the possibility of the SPM to perform in situ
measurements without destroying the active layers of a-
Si:H module during defects investigation.

Fig. 1 Schematic illustration depicting high spot count and low spot count for the determination of peak and surface roughness (adapted from Park, 2011).
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The steps taken in the aforementioned process include
the following:

� Defective and non-defective regions of 6 cm2 each
were identified on a large module of 30 × 93 cm2

� The regions of interest (2 cm2) were selected on a
large sample (6 cm2)

� The region of interest was cleaved and taken to the
laboratory that was isolated from noise and vibration

� Sub-regions were obtained from the aforementioned
(2 cm2) region of interest using the SPM in AFM
mode for portable configuration

� Non-contact mode was used to scan all the a-Si:H
samples and the mechanical and roughness results
of the defective and non-defective regions were
compared

Statistical analysis of samples roughness
Root mean square (RMS) roughness is a useful statis-
tical tool for describing the roughness of the surface
of a material. In this study, statistical analyses were
performed on the images acquired from both the de-
fective and non-defective regions. The effects of deg-
radation on the cross-sectional area of the a-Si:H
samples were examined by analysing different regions
on both the defective and non-defective samples. The
AFM images of the samples showed some differences
between their surface roughness and vertical heights.
In addition, some quantitative information about the
effect of degradation as they relate to defects on the
topography of the inter-layer of the samples were de-
rived Fig. 1 describes some parameters used in the
statistical analysis; this is important since the scale on
the topography image only provides general informa-
tion about roughness without stating how the various
points and locations in the various layers changed
when they were approached by the sharp tip of the
cantilever. The position and definition of profile peak
height (Rp), profile maximum height (RT), and profile
valley depth (Rv) are illustrated in Fig. 1

Procedure for performing roughness and amplitude
parameters analysis (peak and valley)
The height sensor bar is measured from the AFM image;
it indicates the highest height sensor (topography) and
the lowest height sensor of the entire scanned sample
(Voigtländer 2015; Oliver and Pharr 2004). Therefore, it
is not the best way to illustrate topographical variation
across the cross section of the surface of a material since
defects on morphological surface are of utmost import-
ance in this kind of analysis (Dunford 2013; Sahay and
Ghosh 2018). Roughness across the various layers was
calculated from arithmetic average of the heights sensor
through various parameters.

The sensitive nature of the interfaces of the a-Si:H
layer necessitated the choice of non-contact mode in
scanning the samples. Theoretically, the AFM mode
employed depends on the surface characteristics of a
sample’s material and how hard/sticky the sample is.
The contact mode is mostly useful for hard surfaces
where a tip is in contact with a surface. But to avoid
contamination of a material on a surface, the non-
contact mode is preferred. Excessive force in the con-
tact mode can damage the surface or blunt the probe
tip. The only challenge in this non-contact mode is
its high sensitivity to external vibrations and issues
with tip to sample engagement and retraction of tips.
The statistical analysis of surface roughness is nor-
mally done via roughness average (Ra) and root mean
square (RMS). Equation (1) defines surface roughness
average (Park 2011).

Ra ¼ 1
L

Z L

0
Z xð Þj jdx ð1Þ

Where Z(x) and L are the surface profile describing
the function expressed in terms of height (Z) and the
position (x) and the length of the sample being analysed
respectively. The root mean square roughness is similar
to the average roughness, since RMS (Rq) is the absolute
mean square of the surface roughness (De Oliveira et al.
2012). Therefore, the Rq value depends on the size of
sample scanned and it is more sensitive in analysing
peaks and valleys compared to Ra, as defined by Eq. 2
(Gadelmawla et al. 2002). The differences between peak
height, valley depth, and maximum profile height illus-
trated in Fig. 1 are defined by Eqs. 3, 4, and 5,
respectively.

Rq ¼ RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

Z L

0
Z2 xð Þ�� �� dx

s
ð2Þ

Rp ¼ maxZ xð Þj j for 0≤x≤L ð3Þ

Rv ¼ maxZ xð Þj j for 0≤x≤L ð4Þ

RT ¼ Rpþ RV ð5Þ
where Ra is roughness average, Rq is root mean square
(RMS) roughness, RT is maximum height of the profile,
Rv is maximum profile valley depth, and Rp is maximum
profile peak height. A statistical analysis of the different
parameters is presented below. It includes the root mean
square roughness (RMS or Rq), mean height roughness
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Fig. 2 Height sensors for the non-defective sample (a) and defective sample (b). Inphases of the following: non-defective sample (c) and
defective sample (d); non-defective and defective samples inphase 3D images respectively

Fig. 3 Topography images of the samples from the : (a) non defective and (b) defective region
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(Ra), and arithmetic average absolute values for the
height deviations. Every calculation was done with refer-
ence to the Zi deviation, which is the mean plane of the
surface.

Results and discussion
Inphase and phase as tools for mechanical analysis
The instrument used in this study is a special ICON
scanning probe microscopy (ICON-SPM). This system
has a PeakForce tapping mode as a standard option,
unlike the SPM previously used by researchers. The
ICON-SPM has more scanning modes, such as the
contact mode, the non-contact mode, and the tapping
mode. In PeakForce tapping mode, the system ex-
hibits a sinusoidal signal with the probing tip under-
going up and down vibrations. With the aid of a
lock-in amplifier, the inphase and quadrature which
are the ‘x’ and ‘y’ outputs, respectively, are acquired.
A similar output known as ‘phase’ is also obtained
from the AFM tapping mode (Saive 2014). This phase
has a direct physical meaning; this makes it different
from the inphase obtained from the PeakForce Quan-
titative Nanomechanical (QNM) which has no direct
physical meaning. The topographical images of sam-
ples from the defective and non-defective regions are
presented in Fig. 2. The sample from the defective

region is presented in Fig. 2b, and it has a size (scale)
that is different from the non-defective sample pre-
sented in Fig. 2a. In addition, the height sensor and
the inphase for both the defective and non-defective
regions are indicated in Fig. 2a–d, respectively. While
the scanned area for the defective region was 2 μm ×
2 μm, that of the non-defective sample was 5 μm×
5 μm. Although a direct physical interpretation of de-
fect could not be derived from inphase images but
such images helped to effectively monitor the adhe-
sive force to know if the structural change was due
to defects or from different substrates which differ
from the analysed a-Si:H samples. In the 3D images
in Fig. 2e,f. Fig. 2e appears to have a larger grain than
Fig. 2f; this may be due to the higher potential differ-
ence and sample-tip indentation resulting from the
AFM tip.
PeakForce QNM inphase and quadrature is mainly

used to identify changes in the material properties of
solar cells; hence, it was used in this work. Although
its tapping mode phase is similar to its inphase, it re-
veals more about the distribution of various compo-
nents in the doped solar cell than the inphase.
Nevertheless, when the PeakForce QNM is well cali-
brated, it can provide useful information about mech-
anical properties required for material characterisation

Fig. 4 Defective samples: (a) phase images, (b) phase image, at different mapping angle at set-point amplitude of A/A0 = 0.75

Fig. 5 Quantification of average amplitude error with PFQNM measurement in (a) 2 D image, (b) 3 D image
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such as adhesion, Young’s modulus, and deformation.
Hence, the inhomogeneity in the regions of the sam-
ples can be investigated and correlated with changes
in the defect levels. In plain terms, the lock-in ampli-
tude produces two kinds of outputs described by
Rcos(θ) (inphase) and Rsin(θ) (quadrature); these out-
puts are acquired when the system oscillates in a fre-
quency different from the cantilever resonance
frequency (Saive 2014; Drijkoningen et al. 2014).
Therefore, the PeakForce QNM was used to monitor
the difference between the material properties of the
samples from the defective and non-defective regions.

PeakForce QNM as a tool for mechanical properties
analysis
In the preliminary part of this study, the amplified lock-in
feedback was used to check the degree of authenticity of
the results. Nonetheless, it is necessary to ensure that the
results of the measurements are accurate by crosschecking
the output of the lock-in amplifier. The changes in the
mechanical properties at the cross-sectional areas of the
samples were measured using PeakForce QNM. A nitride
doped silicon probe cantilever (SNL-D, Brusker, USA) of

spring constant k = 1.2 was used in this study. Though
most authors use lower spring constants, those kinds of
constants make it difficult to measure topographies. With
the spring constant used in this study, both topography
imaging and lock-in amplifier outputs were measured sim-
ultaneously. These outcomes are reasonable, considering
the high resolution of the tip-force interaction in the
PFQNM mode. Figure 3 presents the topography of
2.1 μm× 2.1 μm for both the defective and non-defective
samples.
To further examine the moon-like defect seen in the

defective region, a large area of 3.8 μm× 3.8 μm is
scanned from the defective sample and this is shown in
Fig. 4. The inserted monogram in Fig. 4a is the same as
Fig. 3b image.
Figure 4a,b shows the non-contact (nC) mode phase

image of the sample from the defective region of a-Si:
H module. The circular features seen in both the
height and phase images are blister clusters which oc-
curred as a result of thermal stress. However, the
crack vertical line which runs from top to bottom in
Figs. 3b and 4 corresponds with the intrinsic layer
and the interface is clearly shown. In Fig. 4a, the

Fig. 6 3D images of the topographies for the non-defective sample (a) and the defective region of the non-defective (b) sample

Fig. 7 Non-defective sample image in (a) 3D and, (b) 2D

Meyer and Osayemwenre International Journal of Mechanical and Materials Engineering            (2020) 15:9 Page 6 of 11



height sensor image of the defective sample is
inserted while the entire Fig. 4a,b present the phase
images at different phase angle (Voigtländer 2015;
Oliver and Pharr 2004). The height and phase images
show similar structural features that can be used to
identify defect locations in the mapped samples. The
horizontal lines indicated by dark arrows in both
phase images in Fig. 4a,b do not indicate a rise in
heights but indentation artefacts (Knoll et al. 2002).
Details of indentation artefacts can be found in Erike
Christian’s work. This phenomenon can be linked to
the nature of the cantilever used (Melitz et al. 2011;
Barbet et al. 2014). The results presented in this work
reveal that line of indentation artefacts are peculiar to
phase images; hence, their absence in the height im-
ages. Therefore, the occurrence of indentation does
not have any concrete physical meanings. Indentation
artefacts are severe in the region marked with arrow
as seen Fig. 4. The fact that this line also appears in
Fig. 5 and absent in Fig. 3 implies the factures are in-
duced; hence, there is no proof that it is a defect.
Meanwhile, the use of a setpoint of 0.75 in the ana-
lysis may also contribute to this observation. To
check the integrity of the identified defect spot, a
qualitative system error measurement was done, the
data collected was analysed and the resulting micro-
gram is displaced in Fig. 5. Figure 5a is the 2D error
image while the 3D error image is presented in Fig.
5b.
The low amplitude error recorded for this measure-

ment, as shown in Fig. 5, connotes a high level of

accuracy due to good communication signal between the
instrument and the calibration. In Fig. 6, the region of
interest, which encompasses the active region, is indi-
cated by a green box for the non-defective and defective
sample in Fig. 6a,b respectively.

Statistical analysis
Figure 6 presents the 3D images of both the non-
defective and defective of the a-Si:H samples; the ac-
tive region is indicated by the green box. These im-
ages help to visualize the cross-sectional area of the
active region. The investigation of the smoothness
and topography across the interface of the non-
defective sample is represented with Fig. 7. From this
result, the absolute spatial dimension of the cross-
sectional area of the sample is observed. The 3D
image in Fig. 7 shows slight variations and detailed
features of the samples structure. The roughness in
terms of the root mean square (RMS) and the average
roughness previously defined were calculated. The cal-
culated value for the maximum RMS and average
roughness are presented in Table 1 below. In Table 1,
the measured parameters are written in black, while
the parameters in red are constant derivatives ob-
tained after system calibration. The positions where
the lines profile for the non-defective sample were
taken are indicated in Fig. 7b while the color code
helps to link Fig. 7b with Fig. 8a. The intrinsic part
of the image and the deep gaps between successive
peaks are seen in the lines profile in Fig. 8 as indi-
cated with color codes; such detail could not have

Table 1 Statistical parameters of the non-defective sample

Horizontal
distance
(μm)

Vertical distance
(nm)

Surface distance
(μm)

Rmax
Ra
(nm)

RMS Rq
(nm)

Ave. height (Ra)(nm) Radius
(μm)

Radius sigma
(μm)

0.116 1.189 0.317 8. 63 1.227 9.17 4.035 0.001

0.120 3.917 0.421 7.29 0.447 8.511 7.098 0.685

0.116 7.016 0.3 17 7.16 1.238 4.890 5.933 0.825

Fig. 8 Line profile of topography from the non-defective sample (a) and the net profile acquired from three lines (b)
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been visible without line profile analysis. The max-
imum value of the RMS and average roughness are
1.23 nm and 8.63 nm, respectively. From Fig. 8, the
total topography graph is presented in (b) while (a)
shows the three lines marked in Fig. 7b. The choice
of these line positions is based on their high rough-
ness when compared to the other regions. This fur-
ther buttresses the importance of statistical analysis at
nanoscale level because roughness data, as acquired,
does not make room for point-point depth analysis of
the material topography. It is noteworthy that Fig. 7b
is the same as Fig. 8a; however, in addition to its
height sensor, it indicates the location used for calcu-
lating the interface roughness.
To further investigate interface roughness, statistical

analysis of various parameters was performed using stat-
istical tools. The result for the non-defective sample is
presented in the table below. On the other hand, Fig. 9
shows SPM images of the defective sample in 2D and
3D respectively.
To compare the results of the defective and the non-

defective samples, a statistical analysis was performed for
the defective sample. The position of the line profile used
for the analysis is shown in Fig. 9 above. It is noteworthy
that Fig. 9 a is the same as Fig. 3b above; however, it indi-
cates the line profile used for the analysis presented in
Table 3. The defective sample was analyzed as the non-
defective sample, and an area measured 2.1 μm× 2.1 μm
was investigated for the defective sample as illustrated in
Fig. 9a. Three lines were drawn and plotted to compare

the surface morphologies. The acquired data for both
samples were obtained at the spectral parameters given in
Table 2. The spectral parameters were found to be differ-
ent for both samples even though the same calibration
was maintained throughout the measurements. These
measurement conditions needed to be adhered to for the
reproducibility of the experiment. Thus, to estimate the
actual roughness of the morphologies of the samples, root
mean square (Rq) and average cross-sectional area rough-
ness (Ra) were calculated for the three-line profiles shown
in Fig. 9a. The calculated values and some measured pa-
rameters of the samples are presented in Table 3. It is im-
portant to note that the same calibration was used for the
defective and non-defective samples as earlier mentioned.
More so, the maximum value of the Rq and Ra of the de-
fective sample are 19.184 nm and 4.843 nm, respectively.
The image of the defect cluster observed in the defective

sample was analyzed with three line colors as indicated in
Fig. 9b. In order to estimate the average topography of this
spot, the room mean square (RMS) and average roughness
(Ra) were calculated. The RMS and Ra (max) calculated
value are 9.683 nm and 10.035 nm, respectively; these
values are quite high compared to values obtained from
their neighbouring regions. The high value obtained for
the average roughness (Ra) of the defect cluster which is
observed to be more than that of the Ra of the defective
sample is as a result of the reduced cross-sectional area
and similar phase value of the defective sample. A line
profile through the medium of the defect cluster is plotted
in Fig. 10a below, while Fig. 10b presents the graph of the
three lines used for the roughness analysis of the defect

Fig. 9 Topography of the defective sample: a 2.1 μm× 2.1 μm, 2D image, and b 3.6 μm× 3.6 μm, 3D image with 3 lines across defective cluster

Table 2 PFQNM measured spectral parameters observed during
measurements

Sample Spectral
period
(μm)

Spectral
frequency
(μm)

Temporal
frequency(Hz)

Spectral RMS
amplitude (nm)

Non-
defective

1.05 0.957 25.9 2.56

Defective 0.331 3.35 2.80 0.0825

Table 3 Statistical analysis of the defective sample

Horizontal
distance
(μm)

Vertical
distance
(nm)

Surface
distance
(μm)

Rmax
Ra
(nm)

RMS
Rq
(nm)

Average
height
(Ra)(nm)

Radius
(nm)

Radius
sigma
(nm)

0.516 9.022 0.517 19.184 4.843 2.910 9.417 0.227

0.516 10.790 0.517 17.212 2.939 3.939 3.310 0.003

0.520 6.753 0.521 7.778 2.098 2.580 6.765 0.471
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cluster. It is important to note that the position of the de-
fect cluster is indicated by the red circle in Fig. 10a. This
circular defect cluster is best visualized from a PFQNM
image. Hence, Fig. 11a,b below shows the phase images of
the defective sample with different phase values. The pos-
ition of the cluster and the deformation effect of the clus-
ter in different phases are clearly seen.
In Fig. 10b, the difference in the curves at the right

side of the graph is due to the presence of an interface,
which has an Rv value that is different from the average
surface value of the image. This also shows how import-
ant such analysis is, because such defects are close to re-
combination centers and can act as trap centers for
shallow defects. Detail analysis of this region is pre-
sented in Table 4 and more information about the de-
fective region is presented in “PeakForce Quantitative
Nanomechanical analysis of the defective cluster”
section.
To verify the authenticity of the measurement, the

phase image of the amplitude error was checked, and an
error amplitude of – 3 nm was recorded as presented in
Fig. 4 above; this value is reasonable for a measurement
of this kind.

PeakForce Quantitative Nanomechanical analysis of the
defective cluster
An analysis of the scanned area of the defective sample was
done below the initial position observed in Fig. 9; the pur-
pose was to ensure that the acquired images cut across the
defective cluster. This act made it possible to visualize what
was behind the cluster. The importance of these image
mappings is that they provide a derivative insight into the
cluster, and this is seen as a hole in Fig. 12b,d. Thus, it can
be said that this blister-like defect is an accumulation of de-
fects, which is probably due to thermal induced precipita-
tion and migration of particles. The accuracy of these
mappings can be seen in the image of the amplitude error
presented in Fig. 12e below. It only has a peak height of 3
nm (Rp) and a peak valley (Rv) of – 7 nm. Below are the de-
rivative images obtained from PFQNM and they include
phase, quadrature, and error image.
Figure 12a–f shows the PFQNM quandrature, phase,

and error amplitude of a section of the defective sample.
The results presented in Tables 1, 2 and 3 are the average
values for both measurements from the defective and
non-defective samples. These results are justified by the
fact that calibrations were constant throughout the

Fig. 10 Line profile across the circular defective cluster, observed from the defective sample: a line profile through the middle of the defect
cluster and b three lines across the defect cluster as indicated in Fig. 9b used for the calculation of RMS and Ra.

Fig. 11 PFQNM image for the defective sample in different phases
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measurements. However, the resulting images of their
inphase and phase measurements do not have direct cor-
relation with the images of their tapping mode phases, but
they have significant influence on the mechanical proper-
ties of the samples (Barroso-Bujans et al. 2009). A useful
imaging technique that can be used for physical interpret-
ation is the phase image from the AFM tapping mode
(Maturova et al. 2009). Although it cannot be used directly
in most cases, such as when the right mechanical calibra-
tion of the specific sample to be characterized has not
been done and proven accurate. In this section, only

Table 4 Statistical analysis for the blister defective cluster

Horizontal
distance
(μm)

Vertical
distance
(nm)

Surface
distance
(μm)

Rmax
Ra
(nm)

RMS
Rq
(nm)

Average
height
(Ra)(nm)

Radius
(nm)

Radius
sigma
(nm)

0.265 12.731 0.265 9.971 9.683 9.880 3.625 0.136

0.221 10.613 0.221 11.515 7.322 7.296 3.878 0.102

0.258 10.494 0.258 10.173 9.244 10.035 3.435 0.137

Fig. 12 PFQNM phase derivative images taken from the defective region (a-b); 2D and 3D phase images (c-d); 2D and 3D quadrature images (e-f);
2D and 3D images of the measured amplitude error
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results from the defective sample are analyzed and pre-
sented. This is because of the similarities between the
phase images taken with the PFQNM and the phase im-
ages of the non-defective sample. In the case of the defect-
ive sample, more insight is shown from the PFQNM
image, whereas, this is invisible from the AFM imaging.
Importantly, a significant change or reduction in these re-
sults could have reduced the lifetime of the antireflective
film in the region of the module where the samples were
taken. These kinds of changes could occur because of
water ingress adsorption in the encapsulation layer of de-
graded a-Si:H modules which influence layers’ degradation
(Osayemwenre et al. 2017).

Conclusion
This research is a comparative study of several statistical
parameters obtained using SPM and QNM instruments
for interface defects analysis. This study has revealed the
need to employ other interface roughness parameters to
access the mechanical properties of a-Si:H modules by
using all the dynamic AFM modes which can properly
represent the material properties of solar modules. Some
of these AFM modes include in phase, phase, quadra-
ture, and DMT modules; however, they cannot be solely
and conclusively used to represent the mechanical prop-
erties of analyzed samples. Notwithstanding, the AFM is
one characterization technique that can be used to sub-
stantiate the variation and quality of a-Si:H materials.
The results presented in this paper demonstrate that
SPM and PQNM are useful tools for accessing micro-
defects and their profiles in a-Si:H modules.
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