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Fig. 6.5. (a) I-V curves of the AOSHIKE Micro Solar without and with one coat of 200 nm silica
nanoparticles (a single coat gives one layer of nanoparticles) applied to the solar cell glass cover.

The coated solar cell is shown in the photographs taken at 30°, 45°, 60°, and 90°, left to right

respectively. (b) SEM image of glass slide coated with 200 nm silica nanoparticles with an inset
of cross section SEM image on top right corner showing one layer of nanoparticles on the
surface.

Table. 6.4 summarizes results of the measurement in Fig. 6.5, which shows a solar cell

power gain of 3.21 % as a result of the application of one layer of 200-nm nanoparticles. The

results show that if the nanoparticles are fabricated on the surface of the solar cell such that a single

layer is formed on the surface, then the film acts as anti-reflective coating. For both 200 and 400-

nm silica nanoparticles, the polycrystalline Si solar cell tested had a power gain of ~3.21 %.

Table. 6.4. Solar cell 1-V before and after coating with a single layer of 200 nm silica nanoparticles.

No.

Coating

VOC Vm ]sc ]m Pmax Fill Pmax
of (mA/cm?) | (mA/cm?) | (mW | factor % | Gain %
coats /em?)
1 Uncoated | 2.55 | 2.08 4.71 4.55 9.46 78.78 321
Coated | 2.36 | 2.05 5.11 4.77 9.77 81.07
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CHAPTER 7
MULTISHELLED NANOPARTICLES
7.1 INTRODUCTION
Color generation by multilayers of transparent materials are common in nature and man-
made materials [34, 36]. To create vividly structured colors, materials with high index of refraction
n are used such as ZnS, TiOz, or ZrOz2. TiO2 is an important photocatalytic material due to its high

stability and efficiency, low toxicity, and low cost and availability [40].

Reflected light Reflected light

Incident light
Incident light

Back-
scattered

light

Transmitted light Transmitted light

Fig. 7.1. Schematic showing light scattering path inside TiOz2 and core-shell (SiO2/TiO2)
nanoparticle based on [45].

Fig. 7.1 illustrates the light scattering path inside the TiO2 and core-shell nanoparticle in
which the light undergoes scattering based on geometric plane of incident light. Light undergoes
modified internal reflection when it passes through core SiOz2 layer and emerges as reflected light
in backward direction resulting in stronger backscattering. When the light passes through the TiO2

layer it does not backscatter [45,46].
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Photonic crystals can only reflect a portion of the visible light in a number of layers on the
surface of the TiOz2 after it has passed through the SiOz layer of the nanometer, thus enhancing the
interaction between air and matter in the nanometer TiO2 layer. The location of the reflectance
spectra for the SiO2/TiO2 PCs can be estimated by the ultraviolet visible absorption spectrum. This
process was explained by Bragg diffraction [39].

The movement of the position of the reflection peak can be explained by the Bragg
equation:

A = 2dp(nips — sin?B)*/? (Egn. 7.1)
where A is the wavelength of the reflection peak, and d;,,is the interplanar spacing of the

1/2
photonic crystal in the [111] direction d,;, = (%) . D is the particle size, and p is the angle of

incidence of light. For densely packed structures, the effective refractive index can be calculated
by the following [39]:
nier = nirf + ngiy(1=f) (Egn. 7.2)
Where, f = 0.74 for fcc crystal, and ngr, and n,;,- are refractive indices of silica@titania
and air respectively. For the SiO2/TiO2 nanospheres, ngr can be expressed by the following
equation:
Nsr = MNgip, % + Nrio, @ (Ean. 7.3)
Where ng;,, and nr;o, are refractive indices of silica and titania respectively. Usually,
refractive index of silica is 1.46, and titania is 2.46 which yields to the equation:

Ness = 2.46 - (r/R)3 (Eqn. 7.4)
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From the above equation it can be inferred that, the position of reflection peak is determined

by n.rr. That s, with an increase in titania shell thickness, total size increases and as the refractive

index of titania is higher than silica the total refractive index increases [39].

7.2 EXPERIMENTAL DETAILS

The multishell nanoparticles were prepared and analyzed using dynamic light scattering to
determine the size by Dr. Bala Ramjee and his group, Department of Chemistry and Biochemistry,
Old Dominion University. These nanoparticles were analyzed by Dr. Wei Cao, Applied Research
Center, Old Dominion University, using JEM-2100F transmission electron microscope equipped
with an Oxford INCAXx-sight energy dispersive spectroscopy detector. The transmission and
reflection spectra of the nanoparticle layer were characterized using a StellarNet BLACK-Comet
spectrometer connected to a Nikon Ti-U inverted optical microscope where a pre-cleaned glass
slide, similar to those used to fabricate the thin films, is used as a reference. For transmission
measurements, a LED light (~1 mm diameter) from the spectrometer via optical fiber is incident
on the sample and is then plotted using OriginLab software to compare the transmission loss. For
reflectance, an aluminum mirror is used as the reference and another LED light source shines a
light beam (~2mm diameter) from the bottom; for which the sample is placed, with the coated
surface down, to measure the reflectance. A thin layer of gold was deposited using Polaron sputter
coater to produce a conductive surface for scanning electron microscopy (JEOL JSM-6060LV).

The TEM images of the nanoparticles used are shown below in Fig. 7.2.
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From the SEM figures, we observe that the nanoparticles are not stacked well and form
islands or clusters of nanoparticles. This poor stacking is seen in the multishell nanoparticles
terminated with TiOz2 outer shell.

Soda lime glass slide coated with 506 + 13 nm solution

Fig. 7.6 shows photographs of 506 £ 13 nm of SiO2/Ti02/SiO2 multi-shell coated glass
slide taken with the camera lens axis positioned at 30°, 45°, 60°, and 90° (a-d), respectively. The
glass slide was coated by one, two, and three coats (left to right in each set of images). The optical
results. Fig. 7.7 shows SEM images of the stacking and surface morphology of three coats of 506
+ 13 nm on the glass slide.

The optical transmission of the substrates was observed at 30°, 45°, 60°, and 90°, and the
reflectance was measured with the slide positioned at normal to the incident light. The transmission
is reduced with the number of layers. To observe the stacking of nanoparticles, a thin layer of gold

was sputtered on the glass slide to make it conductive and then observed using scanning electron

microscopy, shown in Fig. 7.7.

(a)
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Fig. 7.6. (a) Photographs of soda lime glass slide having three coats of 506 + 13 nm solution
taken with camera lens positioned at (left to right) 30°, 45°, 60°, and 90°. (b) Optical
transmission (left) and optical reflection spectra (right) of glass slide with 3 coats of 506 + 13 nm
solution.

on

Fig. 7.7. (left) SEM image showing stacking of nanoparticles, and (right) is the cross-sectional
SEM image showing the number of layers formed from the surface.

The SEM image shows stacking of nanoparticles with many defects. However, the stacking
of these particles, which are terminated with SiOz2, is much better than the stacking of the 300 £ 11
nm particles that are terminated with TiO2. Applying 3 coats of the 506 £ 13 nm nanoparticles
leads to 3 layers of nanoparticles formed on the surface of the glass slide. There are many clusters

and voids on the surface.
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Solar cell performance with three coats of 506 + 13 nm multishells

Fig. 7.8. shows the I-V curves of the solar cell without and with three coats of 506 £ 13 nm
multi-shell nanoparticles, applied to the solar cell glass cover. The coated solar cells are shown in
the insets of each figure taken at 30°, 45°, 60°, and 90°, left to right respectively. The solar cell
operating parameters without and with the coating are given in Table 7.2. The three coats caused

10.92 % loss in power.

-0.05 - Im Coated
== Uncoated
Isc . Voltage (V)
2.00 -————v———+——f ——
Ho 1.2 1.4 1.6 1.8 2.0 \ 2.2 26 28

Vm Voe

Current (A)
=
=
h

0.10 1

Wisem =N

Fig. 7.8. 1-V curve of the AOSHIKE Micro Solar without and with three coats of multishell
silica-titania nanoparticles (a single coat gives one layer of nanoparticle) applied to the solar cell
glass cover. The coated solar cell is shown in the photographs taken at 30°, 45°, 60°, and 90°,
left to righ respectively. For the 506 = 13 nm coating, the color shows some variation with
viewing angle, particularly when the viewing angle was changed from 60° to 90°.

Table. 7.2. Solar cell 1-V characteristics when uncoated and after multishell nanoparticles

coating.
NP Coating VOC Vm ]SC ]m Pmax Fill faCtOI‘ % Pmax
(mA/cm?) | (mA/ | (mMW/cm?) Loss %
cm?)
506 | Coated |2.32|2.08 4.71 4.68 9.73 88.97
+
13 10.92

nm | Uncoated | 2.33 | 2.08 5.34 5.25 10.92 87.77
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CHAPTER 8
CONCLUSION AND FUTURE WORK

A layered micro/nanoparticle coating for selective spectral reflection, while providing high
transmission to an underlying photovoltaic (PV) panel was developed. This coating is to maintain
an attractive color appearance of the exterior surface for architecturally integrated PV. The study
focused on controlled coating of glass surfaces by the nanoparticles to form crystalline structure
on the surface with selective reflection with high transmission in the photon energy range needed
for PV panels, while reflecting a selected part of the spectra to achieve a certain color. The major
results are:

» Using layers of SiO2 nanoparticles with different sizes to form a photonic crystal on Si
solar cell with glass encapsulation is a relatively simple and effective method to produce colored
solar cells with a loss of efficiency of ~ 2.08 — 9.54 %, depending on the color.

* A monolayer of silica nanoparticles on the solar cell cover such that was shown to
increase the maximum power of the Si solar cells as the thin film acts as an antireflective coating.

* Multishell particles layered on the surface is an effective method to color solar cells with
a demonstrated efficiency loss of ~11.1 % for three layers of the multishell particles, which is
expected to be higher for one and two layers. This method is, however, more complicated due to
the required steps in chemical synthesis.

* Roll-coating of layered nano/micro particles is a fast (10s of minutes to dry), cost
effective, repeatable, and highly controllable method of fabricating layers of nanoparticles on solar

cell glass encapsulation.
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APPENDIX A
Roller Coating Procedure
The image of TQC roller is as shown in Fig. A.1., taken from official website of TQC

sheen. The parts are described as per the labelled numbers.

Fig. A.1. Image of TQC automatic glass bed film applicator machine present at ODU, showing
the part numbers (Image taken from official TQC website).

Part names as per the numbering in the image

1. Power switch 4. Applicator weight 7. Display
2. Emergency stop knob 5. Glass bed 8. Traverse
3. Clamp 6. Navigation keys

Procedure

1.) Turn on the power supply using power switch, and the roller coat applicator will turn
on with a message of positioning the applicator. Press Yes on the display screen using OK key
from the Navigator keys, and it calibrates itself.

2.) The display shows the current set limits of speed. Eg. 55 mm/s, with options of SETUP,
RUN, and MENU on the display which you can select using navigator keys.

3.) To change the speed, or the notation of speed (from mm/s to inch/s) navigate to SETUP
option on display and press OK, where you can change the speed or notation using the navigator

keys.
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4.) After setting up the desired value of speed, go to RUN option and press OK, from where
the display will show the RUN MENU with the START option.

5.) To roll coat a sample, press the clamp down to open, and then place the substrate to be
coated all the way under the clamp position, and release the clamp to make sure the substrate is
held in place.

6.) Now place the roller rod below the applicator weight, and on to the substrate to be
coated.

7.) Drop the solution using a pipette on to the roller rod (rather than on to the substrate
itself) to eliminate any non-uniform drying of the solution.

8.) After dropping the solution, press START using OK button from the navigation keys,
and the traverse will start moving at the set speed, coating the substrate with the solution.

9.) After the coating is done, press BACK option using the OK button, and the traverse
will return to its calibrated position.

10.) Remove the substrate by releasing the clamp (Press down the clamp).

Fig. A.2. Image showing the applicator weight, where extra weight can be added (Image taken
from TQC website).

If needed extra weight can be added on the Applicator weight as shown in the Fig. A.2., to make

sure the rod doesn’t rotate, but rather drags the solution on the substrate to create a uniform coating.
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APPENDIX B
Optical Spectroscope

StellarNet BLACK-Comet spectrometer connected to a Nikon Ti-U inverted optical

microscope, is used to perform the transmission and reflection spectra on the coated glass slide.

Fig. B.1. (left) Image of Optical Spectrometer connected tomicroscope at ODU, (right) sample
space showing light irradiation from the top for transmission spectra.

The Fig. B.1. shows, 1.) Sample space, 2.) optical fiber cable from light source for
transmission spectra, 3.) Optical fiber cable from light source for reflection spectra, 4.) Detector,
and 5.) Light source for reflection spectra

Fig. B.2. shows, schematic of spectrometer connected to Nikon TI-U inverted microscope,
showing the path of light for transmission measurement on glass slides. The light source intensity
can be varied using the knob, and the adapter tube contains a lens that focuses the transmitted light

to the optical fiber connected to spectrometer.



67

14 4
2 &
Concave __ { 1 —7
irror o
A 4 Light
Eye Fiece Source
A 4
Adapter Y
tube | |

P‘l.rlx;lruhnlm Orprical |
Miken TI-U
B Fiber Inverted Microscope

Lens

Fig. B.2. Schematic of spectrometer connected to Nikon TI-U inverted optical microscope.
The optical spectroscope is connected to a spectroscopy software StellarNet. Inc,
corresponding to stellarnet detector which detects the electromagnetic spectrum ranging from 200
nm to 800 nm. The software shows the spectra only from 400 nm to 750 nm (<400 nm and > 750

nm is junk value).

i SpectraWiz Spectrometer 0S v5.0 (c) 2011 www.StellarNet.us
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Fig. B.3. Image of Stellarnet spectrometer software showing Toolbar options (Image taken from

manual).
1.) File open 7.) Move data cursor left 13.) Detector integration time
2.) Save sample spectrum  8.) Move data cursor right ~ 14.) Integration time bar
3.) Print graph 9.) Zoom wavelength 15.) Solar Monitor
4.) Snapshot spectra 10.) Re-scale Y axis 16.) CIE color measurement
5.) Save dark spectrum 11.) Compute area 17.) ChemWiz Chemistry

6.) Save light reference 12.) Auto-integration 15.), 16.), and 17.) are Application Icons
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Procedure
For transmission spectra:

1.) Turn off the lights in the room for accurate spectroscopy measurements, turn on the
system connected to the stellarnet detector and press Save dark spectrum, to save the minimum
transmission value.

2.) Now, turn on the light source for transmission analysis, and a light of around 1 mm
diameter is irradiated from the top of the optical spectrometer (from point 2 in Fig.B.1).

3.) Place an uncoated slide in the sample space similar to the glass slide used for fabricating
the thin film to set it as a 100 % reference, and make sure the light is passing through the glass
slide towards the detector. Press Save Light reference from the tool bar in the software.

4.) Now place the coated glass slide in the sample space with the coated side facing
upwards towards the light irradiation, and select File --> Save --> Save Spectrum, and save the
spectrum in .TRM format to use it again to plot using Origin software.

5.) To do transmission analysis at different angles, repeat the same steps but hold the
sample at the required angle with respect to the light irradiation direction.

For reflectance spectra:

1.) Follow steps 1 and 2 from the procedure for transmission spectra, but the light in this
case is irradiated from the bottom of the optical spectroscope (from point 3 in Fig. B.1)

2.) Place the uncoated glass slide, with an aluminum mirror on top of it covering the glass
slide in the sample space and press Save light spectrum to save the 100 % reflection reference.

3.) Now place the coated glass slide with face down towards the light irradiation and place
a dark sheet (in our case we used a black cardboard) to eliminate any secondary reflections. Now
select File ---> Save ---> Save spectrum, and save the spectrum in .TRM format to use it again to

plot using Origin software.
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APPENDIX C
Atomic Force Microscope
A Digital Instrument Dimension 3100 Atomic Force Microscope (AFM) operating in
tapping mode connected to a NanoScope Illa Scanning Probe Microscope Controller, and
NanoScope Dimension 3100 Controller operating with NanoScope SPM software. The AFM

machine is setup on a vibration resistant bench as it is a vibration sensitive equipment.

I

Fig. C.1. Image of Atomic Force Microscope at ODU facility showing different parts.

1.) NanoScope Illa Scanning Probe Microscope Controller 6.) Photodetector adjustment knobs

2.) NanoScope Dimension 3100 Controller 7.) Laser adjustment knobs
3.) Atomic Force Microscope 8.) Vacuum Switch

4.) Vibration resistant bench 9.) Tip head

5.) Camera Adjustment knobs 10.) Sample stage
Procedure

1.) Turn on the system and turn on the switches behind Nanoscope Scanning Probe
microscope, and Nanoscope Dimension controllers.
2.) Click on the Nanoscope SPM software icon on desktop and go into imaging mode by

clicking on the imaging icon in toolbar.
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Fig. C.2. Nanoscope SPM control software tool bar.

1.) Tip Engage 7.) Auto-tune
2.) Tip retract 8.) Capture on
3.) Image mode 9.) Capture off
4.) Scope mode 10.) Focus surface
5.) Extend tip 11.) Locate tip

6.) Retract tip
3.) Imaging mode of the software opens, and the above controls are available to start the
scan for surface roughness. Make sure that the AFM is operating in Tapping mode.
4.) If the operating mode is in Tapping mode, then turn off the vacuum switch, and place
the sample on the sample stage. After placing the sample on the stage turn the vacuum switch back
to ON, and manually rotate the sample stage such that the sample is approximately under the tip

head.

Fig. C.3. Image showing the sample stage, and track boi the parts for operating.

1.) Sample holder space for larger samples 3.) Track ball
2.) Sample holder space for small samples 4.) Lock button to keep stage moving
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5.) Now, click on the focus surface icon (point 10 in Fig. C.2.), and use the trackball to move
the sample precisely under the tip head.
6.) After moving the sample under the tip head, click the locate tip icon to locate the tip and

use the camera adjustment knobs to center the tip on the screen as shown in the Fig. C.4. below.

This 1s where the tip

Fig. C.4. Image of schematic of cantilever and tip position.

7.) After locating the tip and centering the tip position using the camera knobs, click on the
focus surface icon and focus the surface by holding the focus button and using the trackball on
trackball control.

8.) Now as the surface is focused, click on the auto-tune icon to see if the tip is tuned to the

frequency to operate in the tapping mode and the sweep should appear as seen below.

Fig. C.5. Example of a good trace for tuning sweep.

9.) After the tune sweep is as shown in the Fig. C.5., click on Engage tip icon to lower the

tip in-order to start a scan.
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10.) After starting the scan, click on the scope mode to check the trace and retrace signals
if they’re overlapping one another as shown in Fig. C.6.

Scope Trace

Height
10.00 nm/div

™R ~ &
0.88 rm \’J N/

SCJ" ?4.‘)9

4\“\/, 0.0§ Lll\/div

These two lines should track cach
other well (i.c., look similar)

Fig. C.6. Image showing how the trace and retrace line should appear.

11.) If the trace and retrace lines are not as shown in the image, there are many parameters
that can be changed such as the Integral gain, Proportional gain, and Amplitude setpoint. The
Proportional gain should be twice that of integral gain, and if the trace lines are tracking each other
well but not perfectly you can reduce the Amplitude setpoint by factor of one or two. If the trace
lines are not tracking at all in the worst case, you can use the extend and retract tip but should be
very cautious as it may break the tip if it is extended more than it should be.

12.) If the scan is good, and the image is looking clear, click on the Capture ON icon to
capture the image of the sample, and make sure there are no vibrations caused from closing the
door or so.

13.) After the capturing is done, the software automatically saves the image and the image

can be viewed and any corrections needed can be done using the Nanoscope software.
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APPENDIX D
Sample preparation for Scanning Electron Microscope:
A thin layer of gold is deposited using polaron sputter coater equipment to make the
samples conductive to study the layer morphology and stacking by a JEOL JSM-6060LYV scanning

electron microscope.

Fig. D.1. Polaron sputter coater equipment at ODU.

1.) Voltage supply to target 5.) Mode control

2.) Specimen chamber 6.) Leak valve

3.) Target holder 7.) Voltage control
4.) Vent valve 8.) Time setting knob

Procedure
1.) Make sure that the vent valve and leak valve are closed and open the chamber lid.
2.) Place your samples to be coated in the specimen chamber and close the lid.
3.) Turn the mode control knob to PUMP position and the pump starts to vacuum the

chamber.
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4.) When the vacuum pressure reaches 0.1 mbar, open the Argon gas valve, and then using
the leak valve- leak the chamber for 30 seconds, then close the leak valve and wait for the vacuum
pressure to reach 0.01 mbar. (Repeat this step for 3 times)

5.) Now, after flushing the chamber with argon gas, turn the MODE selector knob to SET
HT, and turn the voltage control slowly to 2.5 KV.

6.) Open the leak valve slowly, such that the current reading shows ~20 mA. At this point
you will observe plasma generated in the specimen chamber.

7.) Turn the MODE knob to control and use the timer knob to set time for say 60 seconds,
and then press the button on timer. At this point the deposition starts. Maintain the current at 20
mA by using leak valve.

8.) After the timer ends, the deposition process will automatically stop. Bring the voltage
back to zero slowly. Close the leak valve completely and bring the MODE to OFF position.

9.) Open the vent valve to vent the chamber and close the Argon gas valve. Your samples
will be coated with thin film of Au/Pd depending on the target you use.

The coating film thickness is determined by this simple equation:
X=751t (atV=2.5KkV, and target to specimen distance of 50 mm)
Where, | = current in mA
t = time in minutes

X = Thickness in A°
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APPENDIX E
Scanning Electron Microscope
JEOL JSM 6060 Scanning Electron Microscope is used to study the morphology of

samples after coating them with thin layer of Au/Pd using Polaron sputter coater.

Fig. E.1. Photograph f Scannin.g Electron Microsope at ODU facility with an inset of sample
substrate holder on top left corner.

1.) Stage drawer 5.) Sample stage tilting
2.) Controls for image adjustment 6.) Stage rotation
3.) Objective aperture 7.) Knob to move stage in X direction (left or right)

4.) Working distance knob
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Procedure

1.) Turn on the system connected to Scanning Electron Microscope, and then click on the
sample icon, a dialogue box appears with VENT and EVAC options. Click on the VENT option
and wait for 10 minutes till the chamber vents.

2.) After the chamber is vented, put on gloves and slide the stage drawer out to keep the
prepared sample on the sample stage in the direction of dove tail making sure the sample doesn’t

move inside the chamber.

(@)
U EEREPPREER R BRI
(b)
Acc Yol Emlﬂu-.-‘.:-m: .:_I'.-'al. rr--||-. h..lr:h--'l.l.l'r Eﬁm
i ,f 1110 1w mlﬂul al Ea Preszure Mole mllﬂ: O4/MOVIOE

Fig. E.2. (a) Image of tool bar showing options available in SEM software, (b) Image of controls
available in the software to control electron beam.

3.) Making sure the sample height is below the detector, slowly slide the stage drawer
inside. The sample height should be less than the detector position as it may knock down the
detector and will cost >3000$ if done so.

4.) After the stage drawer is closed completely, click on the SAMPLE icon, and click on
EVAC option from the dialogue box. This will again evacuate the chamber and vacuum it.

5.) After EVAC is done, click on the READY icon that appears on the top left corner of
the software’s toolbar. At this point, the electrons are emitted by the cathode, and you can see your
sample at a magnification of 30X.

6.) You can change the Acceleration voltage, by clicking on the Acc. Volt icon and select
the desired voltage. Generally, to analyze samples deposited with silica nanoparticles acceleration

voltage of 15 — 20 KV is used.
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7.) Also, the spot size can be changed by clicking on the SPOTSIZE icon and selecting the
desired spot size (diameter of electron beam). The trade-off for high acceleration voltage and large
spot size is that the image looks clear but doesn’t show each and every detail. In my case, the spot
size used was 30.

8.) Set the optimum working distance to 10 mm (Specimen to target distance). The working
distance can be set by clicking on WD icon and selecting 10 mm. If the specimen is too close to
the detector (<10 mm) the image you see is blurred and you should increase the size by turning the
working distance knob in clockwise direction. If the distance is large (>10 mm), then the image
appears blurry and the working distance knob is to be rotated anti-clockwise direction slowly till
the image appears to be focused.

9.) Using the controls, you can zoom the surface, focus, and also set brightness-contrast/
XY stigmatism by selecting the STIG mode on the control.

10.) After magnifying to the desired value (Eg. 5000X), focus the surface till you observe
a clear image of the nanoparticles. After focusing the sample, you should check the beam stability
in XY direction by clicking on WOBB icon in toolbar. If the beam is not consistent and is moving,
then the image although is focused, has its edges blurred.

11.) After clicking on WOBB icon, use the objective aperture lens in XY direction to make
the beam constant. After setting the objective aperture lens, click on SCAN 2 icon to go to scanning
mode and then click on the STIG button on the control and use the X knob to set stigmatism in the
X direction. After correcting the stigmatism in X direction, once again FOCUS the surface by
using the FOCUS knob on control. After the surface is focused at its best, correct stigmatism in Y

direction and again focus the surface.
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12.) After wobbling and stigmatism are corrected, you can now use SCAN 4 (High
resolution image scan) to freeze your surface and SAVE it in the desired folder on computer.

13.) After scanning is done reduce the magnification to 30X (or to the minimum) and then
click on SAMPLE icon and select VENT option from the dialogue box. Wait for 10 minutes till
the chamber vents and pull out the stage drawer and remove the sample holder.

14.) Make sure to close the stage drawer and again EVAC the system before leaving the

y ‘oo..“

Fig. E.3. Images of Scanning electron microscop—y showing (a) over-focused image, (b) under-
focused image, (c) astigmatic image of the sample.
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APPENDIX F

Solar simulator operation and active area of AOSHIKE solar cell

An Oriel 150 W solar simulator equipped with an AM 1.5 spectral filter was used for solar
cell testing under an irradiance of one sun. The solar cells used in this report are purchased from
AOSHIKE, and every solar cell has dimensions of 45 mm x 45 mm including frame encapsulating
the 4 solar cells which have dimensions ~ 35 mm x 7.6 mm. The schematic of AOSHIKE solar
cell is shown in Fig. F.1 (a) One sun is given as input power of 100 mW/cm?. The schematic of
solar simulator is shown in Fig. F.1 (b). with ARC power supply where the intensity of power

provided to lamp is set to be 100.

(a) 45 mm [:b}
35 mm & Integrated Lens .%}
1 <"‘:; l -:5.%
I} v —
E . & I H >,
= 1 P
- Collimating
AM 1.5G filter Lens
2 B
N 2
=
— Hg/Xe arc lamp q
Ellipsoidal reflector Soler cell
i ARC lamp power
I.5mm 1.5mm 1.5 mm supply

Fig. F.1. (a) Schematic of AOSHIKE solar cell showing the dimensions of actual solar cell and
frame encapsulating the solar cells, (b) schematic of AM 1.5 solar simulator showing the ARC
lamp power supply connected to Hg/Xe arc lamp

Solar simulator uses a F/1 single element fused silica condenser as collimating lens for a
33 mm diameter collimated light beam at the target. This means that the diameter of light beam
coming out from the solar simulator is ~33 mm in diameter (D) and it covers 2rr? of the solar cells

area; wherer = D/2 =16.5 mm.
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The calculations are made based on the area of solar cell covered by light to get the actual
efficiency of solar cells. For better understanding we’ve divided the total area of solar cell into

active area and non- active area.

The non- active solar cell areas include ~35 mm x 1.5 mm gap between individual solar
cells, and white lines (indicated as ‘FINGER’ in solar cell terminology) which are ~35 mm x 0.1
mm dimensions. All these non- active region areas are calculated based on the area of light incident

on the solar cell. This calculation is done as explained in Fig. F.2.

Collemated beam ootlese with 33 mm dismeter

CALCULATING LENGTH OF WHITE LINES INSOLAR CELLS 1,2, 5, AND 4
For Solar cell 4:

Approximasely, the length of first white line after stnip EH 15 23 33 pan™
}Lomldcnrx width of white line as 0.1 man:

Arca of white lines in Solar cell 4 = 787 men'
Simnilarly for Solar cell | = 7.57 mum*

Length of Sccond whate line after st EH 15 1132 *2 = 22 64 man
Length of Third whate line after strip EH is 9.48 *2 = |9 mm
Length of fourth white lime after stnp EH is 6.87 *2 = 13,74 mm
Solar cell 1 is covered by the same arca of light as solar cell 4 so the values

of lengths aze equal for the white lines going from steip DI towasds point A

For Solar cell 3

Length of first white line after strip CJ towards point B = 16.43 *2 = 32 86 mm
Length of sccond white line after strip CJ sowards posst B = 16,22 % 2 = 32,44 mm
Length of third white lme after strip CJ sowards poimt B = 15.87 * 2 = 31.%4 mm
Length of fourth whate line after strip CJ towards point B = 1537 * 2 = 30.74 mm
Length of Gifith white line afier strip CJ towards point B = 14,7 2 = 29.39 sam
Length of sixth white line after strip CJ towards point B = 13,52 *2 = 2765 mm -

Considering width of white line 25 0.1 men
Area of white lines in Solar cell 3 ~ 18.48 mm?
Simalarly for Solar cell 2 = 15,48 moy’

Solar cell 2 is covered by same area of light &s of Sodar cell 3 so the length of
whito fine in solar cell 2 are similar to length of whate lines in solar cell 3 starting
from strip CJ towards point A

L) TOTAL INPUT POWER OF ACTIVE SOLAR CELL

1) LENGTH OF NON-ACTIVE 1) AREA OF NON-ACTIVE REGION OF SOLAR rirt=

REGION STRIPS COVERED IN LIGHT CELL COVERED IN LIGHT For | sun it ls grven by 100 mW/ om?

For riangle OEG (applying Pythagoeas theorem) Area of strip EH is ~ 25,45 * 1.5 = 38178 mm®

(OE) = (0G) +EGY (Eqn. 1) Area of strip DI is ~ 38,175 mm' Area of active region > (Arca of circular portion covered by light)
where O is radiss, and Area of strip CJ is ~ 33 mm *1.5 mm = 49.5 moy? (Area of noa active regices) -{area of white lines)

OG=0B -GB» (165 pm) - (1.5 mem * 4) » 10.5 e g .
From Eqn. | Area of active region = (8553 mm?) — (35,17 s’ + 3817 muwy
(165 = (10.5) + (EG)y + 495 man’) - (52.7 mm?) = 676.75 mam*

Thercfor, EG = 12.7 mm ’ .

Therefoee. EH = EG * 2 = 26,45 mm Total input power for area of 6.75 cov® = 0.675 W/ cm?

Fig. F.2. Schematic showing the outline of collimated beam (33 mm diameter) covering the
surface of solar cell including non-active areas and active areas, and calculations to determine
total input power of solar cell.

The solar cell is placed under the light such that the collimated beam is centered on the
solar cell as shown in Fig. 2. The calculations are done based on the geometric and Pythagoras
theorem. An example is illustrated considering one part of the solar cell covered in light in Fig.
F.3. Considering the collimated light beam having its center at ‘O’, and the length ‘OC’ is ‘r’

which is equal to 16.5 mm.
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To determine the length of white line ‘AD’,

_....
according to Pythagoras theorem;
(04)?= (AB)?+ (OB)?
Where, OA = radius, OB = active solar cell

I width = 1.5 mm, and AD =2 * AB.
" (16.5)?>= (AB)?*+ (1.5)?

(AB)? =270
AB =16.43 mm

Therefore, length of AD =2 * AB = 32.86
mm

Fig. F.3. Schematic showing the collimated light beam covering two individual solar cells to
calculate the length of first line covered inside the collimated beam.

Similarly, the length of all other white lines is calculated as per addition of width of active

solar cell in between the white lines.

After calculating each and every line area, and gaps between the individual solar cells —
these areas are removed from the total area of solar cell covered under the beam as shown in point
3 in Fig. F.2. and the active area covered under solar cell responsible for input power is 676.75

mm?.

To calculate the total input power:

The input power for efficiency calculations is given as 100 mW/ cm?. So, for 6.76 cm? the

input power is 676 mW/cm?.
Let us calculate the efficiency of uncoated solar cell from Table. 6.1.;

n =V,.ls. FFI Py, (Egn. F.1)

n=1092%=~11%
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