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ABSTRACT: Thin-film silicon solar cells are often deposited on
textured ZnO substrates. The solar-cell performance is strongly correlated
to the substrate morphology, as this morphology determines light
scattering, defective-region formation, and crystalline growth of hydro-
genated nanocrystalline silicon (nc-Si:H). Our objective is to gain deeper
insight in these correlations using the slope distribution, rms roughness
(0ums) and correlation length (1) of textured substrates. A wide range of
surface morphologies was obtained by Ar plasma treatment and wet
etching of textured and flat-as-deposited ZnO substrates. The o, I. and
slope distribution were deduced from AFM scans. Especially, the slope
distribution of substrates was represented in an efficient way that light
scattering and film growth direction can be more directly estimated at the
same time. We observed that besides a high o, a high slope angle is
beneficial to obtain high haze and scattering of light at larger angles,
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resulting in higher short-circuit current density of nc-Si:H solar cells. However, a high slope angle can also promote the creation
of defective regions in nc-Si:H films grown on the substrate. It is also found that the crystalline fraction of nc-Si:H solar cells has a
stronger correlation with the slope distributions than with o, of substrates. In this study, we successfully correlate all these

observations with the solar-cell performance by using the slope distribution of substrates.
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1. INTRODUCTION

Light management is a key technique for obtaining high-
efficiency thin-film silicon solar cells."”> For this purpose light
scattering needs to be optimized. This light scattering is
strongly dependent on the substrate morphology.® Experiments
and simulations have shown that rough interfaces increase the
light scattering, resulting in better light absorption compared to
flat substrates.*> However, in the literature, it has been reported
that defective regions are formed in hydrogenated nanocrystal-
line silicon (nc-Si:H), especially when the film is grown on a
very rough substrate.”” Nasuno et al. observed that for nc-Si:H
grown on rough substrates columnar growth is limited by
collision of columns and that many grain boundaries are
present.® Python et al. showed that defective regions were
present in the valleys of the steep surfaces and could estimate
the density of cracks by taking into account the valley curvature
radii.” The presence of these defective regions in nc-Si:H is
known to decrease the open-circuit voltage (V,.) of nc-Si:H
solar cells and subsequently decreases device performance.®™ "
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It is well-known that the crystalline silicon growth can be
controlled by varying the hydrogen dilution during silicon film
growth.">™'* On the other hand, it is also reported that the
chemical and crystallographic nature, and the morphology of
substrates largely influences the crystalline growth resulting in a
different crystalline fraction (X.) of nc-Si:H.">'® X_ affects the
mobility gap (E,) of intrinsic nc -Si:H, which in turn influences
the V,. of nc-Si:H solar cells."® nc-Si:H consists of amorphous
and crystalhne mixed phases and each phase has a different
absorption coeflicient. Therefore, when nc-Si:H films have
different X, they will absorb sunlight quite differently and, as a
result, J,. as well as V. can be different. To summarize, the
substrate morphology is linked to three particularly important
factors, which strongly influence the solar-cell performance: (1)
light scattering (J,.); (2) defective regions (V,. and FF); and
(3) crystalline fraction (V,. and J,.).
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The substrate morphology is generally characterized by the
root-mean-square (rms) roughness (6,y), which is a measure
for vertical feature size.'”2° This o,,,, however, describes only
the height distribution of substrates; their unique character-
istics, such as a slope of surfaces, are not taken into account.
This slope represents the degree of steepness and, con-
sequently, a slope distribution of substrates over entire area can
be considered as their fingerprints. Nevertheless, the slope
distribution of substrates has been hardly used to describe their
morphology.”** Numerous studies have shown partial
correlations of substrate morphology with (a) light scattering,
(b) defective region formation, or (c) crystalline growth.
However, an investigation covering all these aspects at the same
time has not been carried out yet.

In this contribution, we provide a deeper overview of how
the substrate morphology, especially the slope distributions of
the substrates besides 6,y and correlation length (1.),** affects
light scattering, defective-region formation, crystalline growth,
and thereby nc-Si:H solar cell performance. First of all, we
characterize substrate morphologies using various parameters
such as 6, I, and surface slope distributions of substrates. In
particular, we show surface slope distributions in an efficient
way, from which film growth directions and light scattering can
be estimated more directly. Subsequently, we correlate these
substrate morphologies to light scattering, crystalline growth
and defective region formation. Finally, we show that the
external parameters of nc-Si:H solar cells can all be understood
in terms of the above-mentioned observations.

2. SURFACE MORPHOLOGY OF ZNO SUBSTRATES

In this work, various transparent conductive oxide (TCO)
substrates were investigated and characterized. These samples
were fabricated by Delft University of Technology (TU Delft,
The Netherlands) and Ecole Polytechnique Fédérale de
Lausanne (EPFL, Switzerland), respectively. ZnO:B from
EPFL was fabricated by low-pressure chemical vapor deposition
(LPCVD)** and the ZnO:Al from TU Delft was fabricated by
radio frequency (RF, 13.56 MHz) sputtering using a 2% Al-
doped ZnO target. The sheet resistance (Rg) of these as-
deposited ZnO:B and ZnO:Al are 8.0 and 6.0 £/[] at nominal
thickness of 5.0 and 1.3 um, respectively. Atomic force
microscopy (AFM) scans of 256 X 256 points over an area
of 10 X 10 um? on the ZnO substrates were taken to determine
the substrate morphologies, which in turn were used for
deducing the o, and .. The fundamental information on all
ZnO substrates used in this study is summarized in Table 1.
The as-deposited ZnO by EPFL (A-0) is known to be very

Table 1. Fundamental Information of ZnO Substrates Used
in This Study

deposition Oms I texturing
ID institute system nm) (nm) conditions
A-0  EPFL LPCVD 158 315 as-deposited
A5 EPFL LPCVD 156 358 5 min Ar plasma
A-20 EPFL LPCVD 145 377 20 min Ar plasma
A-45  EPFL LPCVD 113 500 45 min Ar plasma
B-0  TU Delft  RF sputtering <$ as-deposited
B-20 TU Delft  RF sputtering 122 370 20 s wet etching
B-40 TU Delft  RF sputtering 137 683 40 s wet etching
B-60 TU Delft RF sputtering 162 860 60 s wet etching

B-80 TU Delft  RF sputtering 200 1270 80 s wet etching

rough. In this case the roughness is reduced by surface
treatment under Ar plasma. In A-5 to A-45, the treatment time
was varied from S to 45 min, which reduces o,,, while
increasing I.. The thickness of ZnOs is almost unchanged after
the treatment; the nominal thickness of A-0 to A-45 is 5.0 ym.
The as-deposited ZnO by TU Delft (B-0) is flat and the
roughness was increased by wet etching in 0.5% HCI. In B-20
to B-80 the etching time was varied from 20 to 80 s. The results
shown in Table 1 confirm that wet etching of the sputtered
ZnO increases both 6, and I.. Note that the Ry of B-80 (10.3
Q/[) is slightly higher than that of B-0 (6.0 Q/[]) because its
thickness is reduced from 1.3 to 0.7 um after 80 s of wet-
etching.

From this height data obtained from AFM, a surface
consisting of triangular facets was created that accurately
represents the scanned surface morphology. Subsequently, we
determined the surface normal vector (SNV) distributions from
all facets in the AFM scan. The slope of a facet is defined as the
angle between the surface normal and the z-direction (height
direction). In Figure la—d, slope distributions of A-0, A-4S, B-
20, and B-80 are shown with AFM images (the inset of the
figure), respectively. The absolute value of the surface normal
vectors represents the number of vectors having the same
angles. Note that in the figures of this paper, we consistently
use different colors for specific samples.

From the AFM image of the inset in Figure 1a, it can be seen
that the surface morphology of A-0 is sharp and steep, and that
it has a pyramidal shape. In this case the overall slope
distribution of this ZnO surface mainly ranges from 20 to 50°
with an average slope angle (6,,) of 30.6°, which is fairly steep.
After the Ar plasma treatment (A-45) the surface is
smoothened as can be seen from the inset of Figure 1b. For
A-4S, dominant slopes are distributed at 0 to 10° and the
density of steep slopes has been significantly reduced, meaning
that the surface becomes smoother. This A-45 substrate does
not have a clear pyramidal shape anymore but rather an
intermediate shape between pyramidal and craterlike. Never-
theless, it should be noted that A-45 still has a considerable
fraction of slopes higher than 20°, resulting in 6,, of 11.4°.

On the other hand, for B-series ZnOs (B-0 to B-80), we
observed two phases during wet etching. First, the flat regions
(slope 0°) are reduced and with increasing etching times
relatively shallow slopes appear as the flat-as-deposited ZnO is
roughened. In Figure 1c, it can be seen that for sample B-20 (i)
a slope of 0° is relatively uncommon, (ii) dominant slopes are
distributed at angles below 10°, and (iii) no slopes above 20°
are observed. This result reveals that after 20 s of etching
relatively smooth regions with a small crater size are prevalent.

When increasing the etching time further, the flat region
(slope 0°) again increases and slopes between 10° and 20°
become dominant as larger crater-like surfaces are formed. We
found that after 80-s etching (B-80) the slopes below 10° are
considerably reduced, as shown in Figure 1(d). This substrate
has the highest o,,,, but overall slopes are relatively shallow.

3. LIGHT SCATTERING PROPERTIES

In order to investigate the optical properties of these samples,
we measured haze in transmission (Hr) for the A-0, A-45, B-20,
and B-80 samples as shown in Figure 2a. It is observed that the
Hp of A-0 is much higher than that of A-4S over the entire
wavelength range. This significantly higher Hy for A-0 is due to
its rougher surface morphology. This result is accompanied by
preferential light scattering into very large angles, as can be seen

dx.doi.org/10.1021/am5054114 | ACS Appl. Mater. Interfaces 2014, 6, 22061—-22068
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Figure 1. Surface normal vector (SNV) distribution (or slope distribution) and AFM images of (a) A-0, (b) A-4S, (c) B-20, and (d) B-80 ZnO
substrates. The gray line is a guide for the eyes showing the angle of SNVs to vertical direction.
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Figure 2. (a) Haze in transmission (Hy) and (b) angular intensity distribution in transmission (AIDy) of A-0, A-4S, B-0, and B-4S ZnO substrates
measured in air. For the AID; measurement, a light wavelength of 850 nm was used.

from the angular intensity distribution in transmission (AIDy)
of these ZnO substrates shown in Figure 2b.

Similar behavior is observed for B-20 and B-80. The Hy of B-
80 is much larger than that of B-20 because B-80 has higher
O Interestingly, we observe that the increase in Hy for B-80
arises from light scattering into relatively small angles, which is
quite different from the results observed for A-0. It is clear that
the AID; shown in Figure 2b has a strong correlation with
slope distributions shown in Figure la—d. As the slope
distribution becomes dominant at higher angles, resulting in
higher 6,,, the transmitted light is also found to be more
pronounced at larger scattering angles (see red and orange lines
in Figure 2b). On the other hand, when the average slope of the
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surfaces becomes small and the density of flat regions increases,
resulting in lower 6,,, the light is preferentially scattered into
smaller scattering angles (see blue and green lines). Jiger et al.
observed similar trends from optical simulations carried out
using the scalar scattering theory.”® These simulations showed
that the lateral feature size, which is proportional to [, strongly
influences the photocurrent of thin-film silicon solar cells when
O.ms 18 kept constant (i.e., effectively changing the average slope
for randomly textured morphologies, which corresponds to the
ratio between 0,,,,; and I.). Our experimental results are in good

agreement with the simulation trends.
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Figure 3. TEM cross sections of p-i-n nc-Si:H solar cells grown on C-80 (a) without fitted growth vectors and (b) with fitted growth vectors; and
grown on D-0 (c) without fitted growth vectors and (d) with fitted growth vectors.
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Figure 4. TEM images of D-0 (a) without fitted growth vectors, (b) with fitted growth vectors, and (c) EF-TEM image of D-0. TEM images of D-45
(d) without fitted growth vectors, (e) with fitted growth vectors, and (f) EF-TEM image of D-45..

4. NC-SI:H FILM GROWTH AND DEFECTIVE REGION
FORMATION

In order to study the growth of nc-Si:H on different substrate
morphologies, we measured transmission electron microscopy
(TEM) cross-section of solar cells and used the growth model
developed by Sever et al. that considers both conformal and
isotropic growth.25 In this model, the g-value, which is an
indication of the degree of the isotropic growth, is a fit
parameter. The isotropic growth vector which is perpendicular
to the surface® is identical to the SNV discussed above.
Therefore, the slope distributions shown in Figure la—d can
also be interpreted as the isotropic growth vector distributions

of substrates. Hence, this can be an approximate measure of
how deposited films will grow.

For this study, the solar cells were fabricated by TU Delft,
hereafter named C-0 to C-80 (on B-0 to B-80 substrates), and
EPFL, hereafter referred to as D-0 to D-45 (on A-0 to A-45
substrates), depending on the used substrates. The solar cells
fabricated by EPFL have the following structure: front ZnO/p-
nc-SiO,:H/i-nc-Si:H/n-nc-Si0,:H/back ZnO/Ag contact,*®
whereas solar cells by TU Delft have a similar structure, but
no back ZnO deposited.

We measured energy-filtered transmission electron micros-
copy (EF-TEM) to obtain element distributions, especially Zn,
in solar-cell cross sections. The TEM and EF-TEM of solar
cells were measured at Forschungszentrum Jiilich (FZJ).

dx.doi.org/10.1021/am5054114 | ACS Appl. Mater. Interfaces 2014, 6, 22061—-22068
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In Figure 3a we show the original TEM cross-section of C-
80. In Figure 3b, the fitted growth vectors are included on this
TEM image. In this case the slopes of C-80 are relatively
shallow and therefore the isotropic growth vector is very similar
to the conformal growth vector. As a result the simulated
growth is not very sensitive to the g-value. In any case, Figure
3b shows that the fitted growth vectors hardly overlap each
other. On the other hand, for D-0 a g-value of 0.6 is used to
obtain the best fit and it is clearly observed that the fitted
growth vectors largely overlap, as shown in Figure 3d. In this
case, huge defective regions are present exactly at the same
locations where the growth vectors overlap, as can be seen in
Figure 3c. The most likely reason for this is that nc-Si:H
columns collide more easily with each other during the
columnar growth, leading to the formation of defective regions.
Therefore, it is clear that these defective regions are directly
related to the overlap of growth vectors and, therefore,
substrate morphologies. This result is in good agreement with
earlier observations.*™'%*%%7 Considering the o0, of A-0 (158
nm) and B-80 (200 nm), the formation of defective regions is

22065

apparently not so much dependent on o,,, but more on the
slope distributions of the substrates.

In Figure 4a, b, we again show TEM images of D-0 with and
without fitted growth vectors, respectively. However, this time,
an EF-TEM image of the same part of the sample is also
presented in Figure 4c.

In EF-TEM, only electrons with particular kinetic energies
contribute to the output image. Therefore, the chemical
composition of the sample can be studied by EF-TEM. In
Figure 4c, bright regions represent a layer containing Zn atoms,
which are assumed to originate from the back ZnO:B when
deposited on top of the nc-Si:H layer as indicated by the yellow
circles. As mentioned above, there are specific locations where
fitted growth vectors overlap substantially and defective regions
are formed, which are known to be porous.”® The EF-TEM
image now reveals that Zn is mainly present at those locations,
which is similar to results reported elsewhere in the literature,
where it is reported that this Zn is mainly present in the form of
Zn0.*® This implies that these defective and porous regions are

dx.doi.org/10.1021/am5054114 | ACS Appl. Mater. Interfaces 2014, 6, 22061—-22068
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prone to favor inclusion of ZnO:B when depositing the back
ZnO:B by LPCVD.

In Figure 4d—f, TEM and EF-TEM images of D-45 are
shown. In this case, the growth of nc-Si:H deposited on this
relatively smooth substrate (A-45) is found to be conformal.
The overlap of fitted growth vectors and the formation of
defective regions are considerably reduced. In this case, we did
not observe the defective regions where ZnO can be
incorporated.

5. NC-SI:H CRYSTALLINE FRACTION

To evaluate the crystalline fraction (X_) of nc-Si:H solar cells
on different substrates, we carried out Raman measurements
with a 514 nm laser. The X_ is subsequently determined by

_ Iy + Lo
Iy + Lo + Liso (1)

where Iy, L5, and Ig, indicate the integrated area of fitted
Gaussian peaks centered at 520, 510, and 480 cm},
respectively.”* ' In order to obtain the X, at different depths
in the nc-Si:H solar cells, we measured Raman spectra of solar
cells from the n-layer side by alternating Raman measurements
and reactive ion etching (RIE) processes repetitively. For this
RIE process, we used a gas mixture of CF, (70 sccm), SF (10
sccm), and O, (10 sccm) as an etchant source at room
temperature. The process pressure and radio frequency (RF)
power density were kept constant at 0.05 mbar and 340 mW/
cm?, respectively. In Figures Sa and 6b, X, of nc-Si:H solar cells
fabricated on different substrates are presented, which are
measured at a positions of ~30 and ~800 nm from the front
ZnO. In most cases we observe that X_ is at least 15% larger at a
distance of ~800 nm from front ZnO compared to X_ near the
front ZnO (distance ~30 nm) regardless of the substrate
roughness. This means that in all cases the crystalline fraction
gradually increases during film deposition, which is well-known
phenomena for nc-Si:H growth.'>** For the C-series, X,
increases as o0,,, increases, whereas for the D-series, X.
decreases as o, increases. This implies that X_ cannot be
simply correlated to o, of the substrates only, but that other
factors play a role as well.

There are two possible ways to explain this observation. First,
it could be related to the slope distribution. We observe that the
density of flat regions (slope 0°) increase for C-series solar
cells, whereas they decrease for D-series solar cells as o,y
increased (see Figure la—d). This implies that crystalline
silicon growth is favorable for surfaces with more flat regions.
The nucleation density (n,) affecting X, of nc-Si:H is nearly
independent of substrate morphologies.'”> We therefore
speculate that when flat regions are less frequent, the collision
of nc-Si:H columns becomes more frequent. This frequent
collision of columns likely suppresses crystalline growth,
resulting in lower X_.

Second, the different crystallographic nature of substrates can
influence X.">** It should be noted that C-0 (as-deposited)
shows the lowest X, at initial growth stage even though it is
deposited on the flattest substrate. Considering the fact that X,
of both C- and D-series solar cells increases with increasing
etching time, we think that after either wet etching or Ar plasma
treatment different crystallographic planes might be exposed.
Consequently, the crystallographic nature of A-0 and B-0 is
changed in a way favorable for crystalline silicon growth.

6. SOLAR-CELL PERFORMANCE

In Figure 6, we present the external quantum efficiency (EQE)
of nc-Si:H solar cells prepared in this study. We also measured
illuminated current density versus voltage (J—V) characteristics
under standard test conditions (AM 1.5, 1000 W/m?, and 25
°C) for solar cell samples. All the external solar cell parameters
tabulated in Table 2 are the average values of the best 5 solar

Table 2. Photovoltaic Parameters of nc-Si:H Solar Cells
Grown on Different Substrates

V. Jse efficiency
ID  substrate institute V) (mA/cm?) FF (%)
C-0 B-0 TU Delft  0.536 16.30 0.68 5.96
C-20 B-20 TU Delft  0.544 22.20 0.68 821
C-80 B-80 TU Delft  0.544 23.02 0.69 8.64
D-0 A-0 EPFL 0.468 23.64 0.63 6.97
D-45 A-45 EPFL 0.564 22.74 0.71 9.11

cells for each substrate. The maximal standard deviation in the
measured parameters is 2 mV for the V,, 0.05 mA/cm? for the
Jso 0.01 for the FF, and 0.07% for the efficiency #.

For both the solar cells prepared by EPFL and TU Delft,
EQEs are enhanced over the entire measured wavelength range
and thereby ] are increased as o,,,,; increases. We ascribe these
enhancements of EQEs mainly to the improved light in-
coupling and light scattering by the rougher surface.>* It is well-
known that the EQE can be reduced by absorption in the TCO
especially when the light is trapped or when the TCO is thick.
Therefore, because of the decreased ZnO thickness after the 80
s wet-etching process (B-80), the parasitic absorption of ZnO is
reduced and this may also explain a part of observed increase in
EQEs. Although the Rg of B-80 was higher than that of B-0
because of the reduced ZnO thickness as mentioned in Section
2, the FF of C-80 is unaffected because the Rg of B-80 is still
sufficiently low. In addition, we did not observe any defective
regions for C-80 and therefore the FF is not reduced. One
would expect cells with higher X_ to show lower V.. However,
C-0 and C-80 show the opposite trend. Since the V_ is
proportional to the logarithm of the photogenerated current
and reciprocal to the dark saturation current,® the increase in
V,. could be attributed to the increase in photogenerated
current. On the other hand, even though X_ of D-0 was lower
than that of D-45, V. and FF are lower. It should be noted that
there are large defective regions in the nc-Si:-H grown on the
rough substrate (D-0). This can reduce V. and FF of solar cells
by increasing the density of shunt paths, and thereby the
leakage current density'® and carrier recombination at those
defects.® Moreover, we observed the presence of Zn in the
defective regions of the nc-Si:H absorber layer for D-0,
originating from the deposition of the back ZnO:B. We think
that the decreased V. and FF of the solar cell can be attributed
to the presence of the defective regions and likely also to the
ZnO which is contained in these defective regions.28’3’6
Therefore, the performance of D-0 is significantly deteriorated,
even though D-0 produces a high photo current density due to
better light scattering. To summarize, these solar-cell results can
be understood deeply in terms of light scattering, the presence
of defective regions, and the crystalline growth.

7. DISCUSSION

We have provided a deeper overview of the ways in which the
ZnO substrate morphology affects light scattering, defective

dx.doi.org/10.1021/am5054114 | ACS Appl. Mater. Interfaces 2014, 6, 22061—-22068
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region formation and crystalline growth of nc-Si:H and thereby
nc-Si:H solar-cell performance. These correlations now enable
us to propose design guidelines for fabricating the most suitable
nc-Si:H solar cell substrates. When ZnO substrates have o,
larger than 15 nm, light scattering begins to be observed.®’
Once light scattering occurs, one also needs to consider the
slope distribution of the substrate. Slopes larger than at least
20° are required to scatter a significant fraction of the incident
light into oblique directions to promote light trapping.
However, the dominant slopes should remain below 20—30°
to avoid defective region formation. These slopes of 20—30°
correspond to opening angles of 120—140°, which are similar
to the critical opening angles found in literature.*®** Finally
substrates with steeper slopes can give rise to reduced
crystalline fractions under identical deposition conditions,
resulting in higher V.. However, with dominant slopes above
20—30° V,. can drop substantially because of the defective
region formation. Using A-45 substrate, which is smooth but
still enables sufficient light scattering, Hinni et al. already
reported the 10.69% world-record nc-Si:H solar cell with i-layer
thickness of 2 ym.** In addition, Sai et al. reported a 10.50% nc-
Si:H solar cell on a honeycomb-textured substrate with an
optimized aspect ratio and i-layer thickness.*' They observed
that defective regions could be formed depending on the aspect
ratio and i-layer thickness.*” From these articles, it is clear that
substrate morphology must be carefully studied and controlled
(i) to ensure defect-less nc-Si:H growth, (ii) to maintain
sufficient light scattering, and ultimately (iii) to obtain a high-
performance nc-Si:H solar cell.

8. CONCLUSION

In this study, we investigated the effect of surface morphologies
of different ZnO substrates on light scattering, nc-Si:H film
growth, defective region formation and thereby solar cell
performance. In particular, we characterize the morphology
using slope distributions of the substrates, obtained from AFM
scans. When a substrate contains dominant slope distributions
at very high angles and hardly any flat regions, light is efficiently
scattered into very large angles resulting in high J,. However,
modeled growth vectors were also found to be largely
overlapping each other and we confirmed that defective regions
are present exactly at those locations of overlap (D-0). In this
case, we also confirmed by EF-TEM that in those locations Zn
atoms were distributed within nc-Si:H and that presumably the
ZnO layer at the back contact is the source for this Zn. We also
observed that the crystalline fraction of solar cells correlates
more strongly to the slope distribution than to o,,. We
speculate that flat surfaces are favorable for crystalline growth in
nc-Si:H whereas crystalline growth is suppressed by rough
substrates. It is found that the V. and FF dropped for the nc-
Si:H solar cell deposited on the rough substrate, because of the
presence of defective regions and Zn in the nc-Si:H layer. In
this contribution, we present the correlation between substrate
morphologies, light scattering, film growth, crystalline growth,
defective region formation. This gives a deeper overview of all
the ways in which substrate morphology affects the perform-
ance of nc-Si:H solar cells. It allowed us to propose design rules
for fabricating suitable substrate morphologies for nc-Si:H solar
cells.
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