Journal of Visualized Experiments

Developing High Performance GaP/Si Heterojunction Solar Cells
--Manuscript Draft--

Article Type: Invited Methods Article - JoVE Produced Video

Manuscript Number: JoOVES8292R2

Full Title: Developing High Performance GaP/Si Heterojunction Solar Cells

Keywords: GaP; heterojunction solar cells; MBE; minority-carrier lifetime; MoOx; photovoltaics;
Si

Corresponding Author: Chaomin Zhang

UNITED STATES
Corresponding Author's Institution:
Corresponding Author E-Mail: czhang86@asu.edu
Order of Authors: Chaomin Zhang

Ehsan Vadiee

Som Dahal

Richard R. King

Christiana B. Honsberg
Additional Information:

Question Response

Please indicate whether this article will be Standard Access (US$2,400)
Standard Access or Open Access.

Please indicate the city, state/province, Solar Power Laboratory Arizona State University Research Park 7700 South River
and country where this article will be Parkway Tempe, Arizona 85284-1808
filmed. Please do not use abbreviations.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Cover Letter

Dear Editor,

We would like to submit our manuscript entitled “Developing High Performance
GaP/Si Heterojunction Solar Cells” for publication in JoVE. This manuscript is the detailed
methods of the paper published in the Journal of Materials Research (doi:
10.1557/jmr.2018.14).

In this paper, details are given for the growth, fabrication, and characterization of
different n-GaP/n-Si heterojunction solar cells to explore the effect of GaP as a carrier-
selective contact. The a-Si/n-Si/n-GaP solar cell shows a high Si bulk lifetime (~2.2 ms at
the injection level of 10 cm) and open-circuit voltage of 618 mV and efficiency of
13.1%. In addition to GaP as an electron-selective contact, a MoOx layer was successfully
implemented as a hole-selective contact in the n-Si/n-GaP heterojunction solar cell,
increasing efficiency to 14.1% by improving the short wavelength response. The general
problem of Si bulk lifetime degradation during growth of 11I-V compounds on Si by
molecular beam epitaxy (MBE) was also investigated, and two different approaches to
preserve minority-carrier lifetime and their effects on GaP/Si solar cell performance are

presented.

We confirm that this manuscript is original and has not been published elsewhere
and it is not under consideration by another journal. All authors have approved the

manuscript and agree with submission to JoVE.

Thank you for your consideration, and I look forward to receiving your comments.

Sincerely,

Chaomin
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22 SHORT ABSTRACT:
23 Here, we present a protocol to develop high-performance GaP/Si heterojunction solar cells with
24 ahigh Si minority-carrier lifetime.
25
26  LONG ABSTRACT:
27  Toimprove the efficiency of Si-based solar cells beyond their Shockley-Queisser limit, the optimal
28  path is to integrate them with IlI-V-based solar cells. In this work, we present high performance
29  GaP/Si heterojunction solar cells with a high Si minority-carrier lifetime and high crystal quality
30 of epitaxial GaP layers. It is shown that by applying phosphorus (P)-diffusion layers into the Si
31 substrate and a SiNy layer, the Si minority-carrier lifetime can be well-maintained during the GaP
32  growth in the molecular beam epitaxy (MBE). By controlling the growth conditions, the high
33 crystal quality of GaP was grown on the P-rich Si surface. The film quality is characterized by
34  atomic force microscopy and high-resolution x-ray diffraction. In addition, MoOx was
35 implemented as a hole-selective contact that led to a significant increase in the short-circuit
36  current density. The achieved high device performance of the GaP/Si heterojunction solar cells
37  establishes a path for further enhancement of the performance of Si-based photovoltaic devices.
38
39 INTRODUCTION:
40 There has been a continuing effort on the integration of different materials with lattice
41  mismatches in order to enhance overall solar cell efficiency’?. The 1lI-V/Si integration has the
42  potential to further increase the current Si solar cell efficiency and replace the expensive IlI-V
43  substrates (such as GaAs and Ge) with a Si substrate for multijunction solar cell applications.
44  Among all llI-V binary material systems, gallium phosphide (GaP) is a good candidate for this
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purpose, as it has the smallest lattice-mismatch (~0.4%) with Si and a high indirect bandgap.
These features can enable high-quality integration of GaP with Si substrate. It has been
theoretically shown that GaP/Si heterojunction solar cells could enhance the efficiency of
conventional passivated emitter rear Si solar cells®** by benefiting from the unique band-offset
between GaP and Si (AE, ~1.05 eV and AEc ~0.09 eV). This makes GaP a promising electron
selective contact for silicon solar cells. However, in order to achieve high-performance GaP/Si
heterojunction solar cells, a high Si bulk lifetime and high GaP/Si interface quality are required.

During the growth of IlI-V materials on a Si substrate by molecular beam epitaxy (MBE) and
metalorganic vapor phase epitaxy (MOVPE), significant Si lifetime degradation has been widely
observed>. It was revealed that the lifetime degradation mainly happens during the thermal
treatment of the Si wafers in the reactors, which is required for surface oxide desorption and/or
surface reconstruction before the epitaxial growth®. This degradation was ascribed to the
extrinsic diffusion of contaminants originated from the growth reactors®’. Several approaches
have been proposed to suppress this Si lifetime degradation. In our previous work, we have
demonstrated two methods in which the Si lifetime degradation can be significantly suppressed.
The first method was demonstrated by the introduction of SiNy as a diffusion barrier’ and the
second one by introducing the P-diffusion layer as a gettering agent!! to the Si substrate.

In this work, we have demonstrated high-performance GaP/Si solar cells based on the
aforementioned approaches to mitigate the silicon bulk lifetime degradation. The techniques
used to preserve the Si lifetime can have broad applications in multijunction solar cells with active
Si bottom cells and electronic devices such as high-mobility CMOS. In this detailed protocol, the
fabrication details of GaP/Si heterojunction solar cells, including Si wafer cleaning, P-diffusion in
the furnace, GaP growth, and GaP/Si solar cells processing, are presented.

PROTOCOL:

CAUTION: Please consult all relevant material safety data sheets (MSDS) before dealing with

chemicals. Please use all appropriate safety practices when performing a solar cell fabrication
including the fume hood and personal protective equipment (safety glasses, gloves, lab coat,
full-length pants, closed-toe shoes).

1. Si Wafer Cleaning

1.1. Clean Si wafers in Piranha solution (H202/H2S04) at 110 °C.

1.1.1. To produce Piranha solution, fill the acid bath (high-density polyethylene tank and
hereafter) with 15.14 L of H,S04(96%) and then 1.8 L of H,0, (30%).

1.1.2. Wait for the temperature of the solution to stabilize at 110 °C.

1.1.3. Place 4-inch-diameter, float-zone (FZ), n-type, and double-side-polished Si wafers in a
clean 4” wafer cassette (polypropylene and hereafter), and place the boat in the Piranha bath for
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10 min.
1.1.4. Rinse for 10 min with deionized (DI) water.
1.2. Clean Si wafers with RCA cleaning solution at 74 °C.

1.2.1. Prepare a diluted solution of HCI:H,0,. Fill the acid bath with 13.2 L of DI H,0 and 2.2 L of
HCI. Spike the solution with 2.2 L of H,02 and turn on the heater.

1.2.2. Wait for the temperature of the solution to stabilize at 74 °C before use.

1.2.3. Put Si wafers in a clean 4” wafer cassette and place wafers in the RCA solution for 10 min.
1.2.4. Rinse with DI water for 10 min.

1.3. Clean Si wafers in Buffered Oxide Etch (BOE) solution.

1.3.1. Pour 15.14 L of BOE solution in the acid bath.

1.3.2. Place the 4” wafer cassette in the bath for 3 min.

1.3.3. Rinse for 10 min with DI water.

1.3.4. Dry the wafer by dry N,.

2. P-diffusion in the Diffusion Furnace

2.1. Put a cleaned wafer in a diffusion quartz boat.

2.2. Lload it into a quartz tube that has a base temperature of 800 °C. Ramp the furnace
temperature to 820 °C in the N; environment. At 820 °C, start flowing the N; carrier gas that
bubbles through phosphorous oxychloride (POCI3) at 1000 sccm. After 15 min, turn off the N3

carrier gas and ramp the temperature down to 800 °C before taking the samples out.

2.3. Place the samples in a BOE solution for 10 min to remove phosphorus silicate glass (PSG) and
then perform a 10-min rinse in DI water.

3. SiNx coating by PECVD

3.1. Put the wafer in a clean boat and dip it in a BOE bath for 1 min to remove the native oxide
on the surface.

3.2. Rinse for 10 min with DI water.
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3.3. Dry the wafer with a dry N2 gun.

3.4. Place the Si wafer on a clean Si carrier (156 mm monocrystalline Si).

3.5. Load the sample into the plasma enhanced chemical vapor deposition (PECVD) chamber.
3.6. Deposit 150 nm-thick (38.5 s) SiNx at 350 °C in the chamber. Deposit SiNx at 300 W RF power
with a base pressure of 3.5 Torr and 60 sccm of SiHs as a silicon source and 60 sccm of NH3 as a
N source (2000 sccm of N, was used as a diluent).

3.6.1. Confirm the growth rate of SiNx (3.9 nm/s) by depositing SiNx films with different
deposition times on polished wafers and measure the thicknesses by variable angle spectroscopic
ellipsometry (VASE).

4. GaP Growth by MBE

4.1. After SiNy deposition, load the wafer into the MBE chamber.

4.2. Outgas in the introductory chamber (180 °C for 3 h), then outgas in the buffer chamber (240
°C for 2 h). Load in to the growth chamber and bake at 850 °C for 10 min.

4.3. Decrease temperature to 580 °C. Increase Ga effusion cell temperature to produce ~2.71x10°
’ Torr beam-equivalent pressure (BEP) and Si effusion cell temperature to 1250 °C.

4.4. Adjust the p-valved cracker positioner to achieve ~1.16x10® Torr BEP. Open the Ga, P, and
Si shutters and grow 25 nm-thick GaP with an interrupted growth method (10 cycles of 5 s open
and 5 s closed) followed by 121 s of unshuttered growth (i.e., open Ga and p shutters

simultaneously).

4.5. Decrease the substrate temperature to 200 °C and unload the sample from the vacuum
chamber.

5. Remove Back n+ and SiNy Layers by Wet Etching

5.1. Cover the GaP surface with a protective tape to protect it from the HF damage.
5.2. Prepare ~300 mL of 49% HF solution in a plastic beaker.

5.3. Place the sample in the HF solution for 5 min to fully remove the SiNy layer.
5.4. Remove the protective tape, rinse with DI water, and dry by N,.

5.5. Cover the GaP surface with a new protective tape.
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5.6. Prepare HNA solution in a plastic beaker (a mixture of HF (50 mL), nitric acid (HNOs) (365
mL), and acetic acids (CHsCOOH) (85 mL)) at room temperature.

CAUTION: Carefully place the wafer in the solution to avoid HNA penetrating into the GaP surface.
5.7. Put the sample in the HNA solution for 3 min.

5.8. Remove the protective tape and rinse by DI water. Dry by N».

6. Hole-Selective Contact Formation on the Bare Si Side

6.1. Cleave the wafer with a diamond pen into four quarters.

6.2. Thoroughly clean the samples in a DI water tank.

6.3. Clean the samples in a BOE bath for 30 s to remove the native oxide from the surface.

6.4. Rinse in the wafers in DI water and then dry by N».

6.5. Deposit a 50 nm-thick a-Si: H by PECVD on one of the samples to check the Si lifetime.

6.5.1. Deposit the a-Si: H layer at 60 W RF power with a pressure of 3.2 Torr and 40 sccm of SiHa
as the silicon source (200 sccm of H, was used as a diluent).

6.5.2. Confirm the growth rate of a-Si: H (1.6 nm/s) by depositing a-Si films with different
deposition times on polished wafers and measuring the thickness with VASE.

6.6. Deposit (i)a-Si (9 nm) and (p+)a-Si (16 nm) on the etched (front) side of a separate Si sample
by PECVD.

6.6.1. Deposit the p-type a-Si layer at 37 W RF power with a pressure of 3.2 Torr and 40 sccm of
SiH4 as the silicon source and 18 sccm of B[CH3]s as the boron dopant (197 sccm of H; was used

as a diluent).

6.6.2. Confirm the growth rate of p-type a-Si (2.0 nm/s) by depositing a-Si films with different
growth times on the polished wafers and measuring the thicknesses with VASE.

6.7. Deposit a 9 nm-thick MoOx layer at the room temperature by the thermal evaporation from
a MoOs (99.99%) source with a deposition rate of 0.5 A/s.

7. External Contact Formation

7.1. Deposit 75 nm-thick Indium Tin Oxide (ITO) (In203/Sn0; = 95/5 (weight percent), 99.99%)
layers on the GaP side of the samples by RF sputtering (RF power of 1 kW and pressure of 5 Torr)
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with an oxygen flow rate of 2.2 sccm.

7.2. Unload the samples and turn them over. Then use the mesa shadow mask on the samples
for ITO mesa deposition.

7.3. Deposit 75 nm-thick ITO by RF sputtering. Deposit 200 nm-thick silver (RF power of 1 kW and
pressure of 8 Torr) for the fingers covering the finger shadow mask. Deposit 200 nm-thick silver
on the GaP side of the samples as the back contact.

7.4. Anneal the samples in a furnace under atmospheric pressure at 220 °C.

REPRESENTATIVE RESULTS:

Atomic force microscopy (AFM) images and high-resolution x-ray diffraction (XRD) scans,
including the rocking curve in the vicinity of the (004) reflection and the reciprocal space map
(RSM) in the vicinity of (224) reflection, were collected for the GaP/Si structure (Figure 1). The
AFM was used to characterize the surface morphology of the MBE-grown GaP and XRD was used
to examine the crystal quality of GaP layer. The effective minority-carrier lifetime of the GaP/Si
structure and Si bulk were measured to examine the effectiveness of the lifetime preserving
methods used in this work. External quantum efficiency (EQE), surface reflection, pseudo light J-
V (Suns-Voc), and light J-V of the GaP/Si final devices were collected (Figure 2). The internal
guantum efficiency (IQE) was generated from the reflection corrected EQE data. The light and
pseudo J-V parameters are listed in Table 1. Efficiencies of 13.1% and 14.1% with an open-circuit
voltage (Voc) of 618 mV and 598 mV are achieved from Structure A and B, respectively. The MoOx
layer in Structure B as a hole-selective contact performed better than better than the a-Si: H in
Structure A.

FIGURE AND TABLE LEGENDS:

Figure 1. Characterization of the GaP layer of the GaP/Si structure. (a) 1 x 1 pm? AFM image of
the 25 nm-thick GaP surface. (b) The coherent double crystal (DC) w-26 rocking curve (black) in
the vicinity of Si and GaP (004) reflections (a fitted curve (red) of the structure is also presented).
(c) Reciprocal space map of (224) diffraction spots.

Figure 2. Electrical characteristics of the GaP/Si heterojunction devices. (a) The effective
minority-carrier lifetime of GaP/Si structure (black dots) and Si bulk lifetime (red dots). (b) The
IQE and surface reflection spectra of a-Si/Si/GaP (Structure A) (black) and MoOx/Si/GaP
(Structure B) (blue). (c) Light J-V (black) and pseudo light J-V (red) of a-Si/Si/GaP device. (d) Light
J-V (black) and pseudo light J-V (red) of MoO./Si/GaP device.

Table 1. Light and pseudo J-V values for GaP/Si heterojunctions solar cells.

DISCUSSION:

A nominal 25 nm-thick GaP layer was epitaxially grown on a P-rich Si surface via MBE. To grow a
better quality of GaP layer on Si substrates, a relatively low V/Ill (P/Ga) ratio is preferable. A good
crystal quality of GaP layer is necessary to achieve high conductivity and low density of
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recombination centers. The AFM root-mean-square (RMS) of the GaP surface is ~0.52 nm
showing a smooth surface with no pits, indicative of high crystal quality with a low threading
dislocation density (Figure 1a). Further, pendellosung fringes were observed from the w-26
rocking curve (Figure 1b) indicative of smooth interfaces. The full width at half maximum (FWHM)
of the GaP peak measured from the triple crystal w rocking curve is ~14 arcsec and the threading
dislocation density calculated is ~2x10° cm™. The RSM (Figure 1c) in the vicinity of (224)
diffraction spots of the GaP/Si sample shows coherent GaP and Si peaks, which indicates GaP is
fully strained to the Si substrate with good crystalline quality.

The critical step of achieving high-performance Si-based solar cells is to maintain high Si minority-
carrier lifetimes throughout the deposition of GaP. It is shown that by inserting the n+ layer
before the GaP growth, the Si bulk lifetime can be well-maintained (up to a milliseconds level).
In addition, the GaP/Si lifetime was measured to be ~100 us after GaP growth in the MBE
chamber. The achieved high lifetime of Si indicates a promising device performance (as shown in
the Figure 2c). The light and pseudo J-V parameters for GaP/Si heterojunctions solar cells (a-
Si/Si/GaP (Structure A) and MoOy/Si/GaP (Structure B)) are listed in Table 1, measured under an
AM1.5G condition with irradiation intensity of 1 kW m2. While ITO and Ag were applied as the
contact layers to the GaP layer in this work, however, to achieve better performance of GaP/Si
solar cells, it is recommended to optimize ITO thickness, transparency, and its conductivity.

In this work, MoOyx was also used as a hole selective contact to further improve the carrier
collection efficiency at short wavelengths. Benefitting from the higher bandgap of MoOy
compared to the a-Si layers, the IQE shows a boost at the short wavelength regime (300 — 600
nm). The MoO,/Si/GaP solar cell demonstrated a better performance than the best performing
MoO,/Si solar cells reported in the literature? without inserting the passivation layer between
MoOy and Si interface.

Although a high Si bulk lifetime can be achieved from the aforementioned approach, the
minority-carrier lifetime of GaP/Si structure is still not comparable to a-Si passivated structures,
which implies that the GaP layer quality should be further improved. The demonstrated approach
which requires a diffusion step and SiNx coating layer could affect the surface quality of the Si;
hence, the subsequent GaP crystal quality can be impacted. Furthermore, x-ray photoelectron
spectroscopy (XPS) and secondary-ion mass spectrometry (SIMS) can be conducted to investigate
the P-diffusion profile in this structure.

In this work, we have demonstrated the high-performance GaP/Si heterojunction solar cells by
inserting n+ layers into Si substrates before the GaP growth. This protocol can be applied to
maintain a high minority-carrier lifetime of Si while epitaxially growing not only GaP (presented
here) but also to other 1lI-V or II-VI materials to achieve heterojunction devices. Furthermore,
multijunction solar cells with high-performance Si bottom cells can be realized by this approach.

ACKNOWLEDGMENTS:
The authors would like to thank L. Ding and M. Boccard for their contributions in processing and
testing of the solar cells in this study. The authors acknowledge funding from the U.S. Department



309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345

of Energy under contract DE-EE0006335 and the Engineering Research Center Program of the
National Science Foundation and the Office of Energy Efficiency and Renewable Energy of the
Department of Energy under NSF Cooperative Agreement No. EEC-1041895.

DISCLOSURES:
The authors have nothing to disclose.

REFERENCES:

1. Friedman, D. J. Progress and challenges for next-generation high-efficiency multijunction
solar cells. Current Opinion in Solid State & Materials Science 14, 131-138 (2010).

2. Vadiee, E. et al. AlGaSbh-Based Solar Cells Grown on GaAs: Structural investigation and
device performance. IEEE Journal of Photovoltaics (2017).

3. Wagner, H. et al. A numerical simulation study of gallium-phosphide/silicon
heterojunction passivated emitter and rear solar cells. Journal of Applied Physics 115,
044508 (2014).

4, Limpert, S. et al. Results from coupled optical and electrical sentaurus TCAD models of a
gallium phosphide on silicon electron carrier selective contact solar cell. in 2014 IEEE 40th
Photovoltaic Specialist Conference (PVSC) 836—840 (2014).

5. Ding, L. et al. On the source of silicon minority-carrier lifetime degradation during
molecular beam heteroepitaxial growth of 1lI-V materials. in 2016 IEEE 43rd Photovoltaic
Specialists Conference (PVSC) 2048-2051 (IEEE, 2016).

6. Ding, L. et al. Silicon minority-carrier lifetime degradation during molecular beam
heteroepitaxial IlI-V material growth. Energy Procedia 92, 617-623 (2016).

7. Zhang, C., Kim, Y., Faleev, N. N. & Honsberg, C. B. Improvement of GaP crystal quality and
silicon bulk lifetime in GaP/Si heteroepitaxy. Journal of Crystal Growth 475, 83—-87 (2017).

8. Garcia-Tabarés, E. et al. Evolution of silicon bulk lifetime during IlI-V-on-Si multijunction
solar cell epitaxial growth. Progress in Photovoltaics: Research and Applications 24, 634—
644 (2016).

9. Varache, R. et al. Evolution of bulk c-Si properties during the processing of GaP/c-Si
heterojunction cell. Energy Procedia 77, 493-499 (2015).

10. Ishizaka, A. & Shiraki, Y. Low temperature surface cleaning of silicon and its application to
silicon MBE. Journal of The Electrochemical Society 133, 666 (1986).

11. Zhang, C., Vadiee, E., King, R. R. & Honsberg, C. B. Carrier-selective contact GaP/Si solar
cells grown by molecular beam epitaxy. Journal of Materials Research 33, 414-423 (2018).

12. Battaglia, C. et al. Hole Selective MoOxContact for Silicon Solar Cells. Nano Letters 14, 967—

971 (2014).



Figure1

()

Click here to download Figure Figure1b.tif

Qy* 10000(rvy)
5760
5740
57204
57004
s S At e e d
(b) Height 200.0 nm oo
 jamm T Y Y T T Y
0" Si (004)
—— Measured | | s
) ——— Simulation
= 10 1
5
: 56004
€
s w
&
g 10’ 5620
5]
£
o '
2 10
> S5O0
10'

- i A A A )

336 338 30 342 344 346 348 350 352 354 3886
Angle (%)

0

- 40:..)(‘.

4040 4050
Q" 10000(1k:)

*


http://www.editorialmanager.com/jove/download.aspx?id=869223&guid=417e6855-68b3-4061-b80b-080f174e0eb2&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=869223&guid=417e6855-68b3-4061-b80b-080f174e0eb2&scheme=1

Figure2

g 8

Effective minority-carrier lifetime (us)
=)

+ GaP/Sva-Si structure
._@ _Silifetime after etching

A A

PR W TP |

S

BRERS

vTYTTYTTYY

i e

1

| —e—LightJv |

—»— Pseudo light J-V

™Yy

.
.

cCohowmwo

| B |

.

Current density (mA/cm’)

YTy

Ag (200 nm) (p*) a-Si (16 nm)
" Ay (75 nm)

25 nm)

RYTIIT

Click here to download Figure Figure2.tif =

100 r—r— 100
) %0 - : _gﬂiw
. 3 [
£80F ¢ F e |QEofaSiSIGaP 8 & 480
.1 * & ——RofaS/SiGaP &8 i
grr ] = -*- IQE of MoOWSUGaP & 70F
é 60 . : R
2 ol 25 4
3 “
- ’
30 & H
2 » ]
2 4
< 10 !

0
300 400 500 600 700 800 90O

g
0
1000 1100 1200
Wavelength (nm)

)
3

cm
-t
oo
oy

o
M

—o— Light J-V
—»— Pseudo light J-V

o -
homo

“rYTTTTTY

Current density (mA/

Ag (200 nm

O (75 nm)
MoOx (9 nm)

n+ layer
GaP (25 nm)
ITO (75 nm)

Ag (200 nm)

A ' A 1 A L A A A A

RITTL.

00

01 02 03 04
Voltage (V)

07


http://www.editorialmanager.com/jove/download.aspx?id=869224&guid=f9381ab5-3e3b-4368-adff-aaa7c26c7f7c&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=869224&guid=f9381ab5-3e3b-4368-adff-aaa7c26c7f7c&scheme=1

Table 1 Click here to download Table GaP-jv-table.xIsx 2

Voc Jsc FF FFo Woc n Mo
(mV) (mA/cm?) (%) (%) (mv) (%) %)
Structure A 618 33.1 64 80 522 13.1 16.5

Structure B 598 34.3 69 80 542 14.1 16.9
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Materials Table

Name of Material/ Equipment
Hydrogen peroxide, 30%
Sulfuric acid, 96%

Hydrochloric acid, 37%
Buffered Oxide Etch 10:1
Hydrofluoric acid, 49%

Acetic acid

Nitride acid, 69.5%

Company

Honeywell
KMG electronic
chemicals, Inc.
KMG electronic
chemicals, Inc.
KMG electronic
chemicals, Inc.
Honeywell
Honeywell
KMG electronic
chemicals, Inc.

Catalog Number
10181019

64103
64009
62060
10181736

10180830

200288

Click here to download Table of Materials JoVE_Materials.xls

Comments/Description
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Item 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/author) via: X' Standard Access

Item 2 (check one box):

Open Access

X The Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MylJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in ltem 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and

to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 belqw, the exclusive,
royalty-free, perpetual (for the full term of copyright in the

Article, including any extensions thereto) license (a) to publish, )

reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JOVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,

or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JOVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and

* hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JOVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s

ARTICLE AND VIDEO LICENSE AGREEMENT

expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses OF
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents of
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:
Name: CL\&O M
Department:
Institution: |

Article Title:

Signature:

Zl«ayﬂ
ool o Eluctrial , Coapebe, nk Envag Fngivsstn
N T ons W&Z Wil/m(*j
()91/8[5)7;'\_7 MfJL P@v]CoVMmm (ul/s; |’(€'fuojmc{:ou & bar Ol

éw %Lj ‘ Date:

q’/(o/b(&,

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe document to +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Rebuttal Letter

Click here to download Rebuttal Letter Editorial comments.docx

Dear Editor,

Thank you so much for taking the time for this manuscript. Your valuable comments
improve the manuscript significantly. We have addressed the comments as below.

Editorial comments:
1. Long Abstract: Do you mean the ‘Shockley-Queisser limit’?

R: We have corrected the typo.

2. 1.1.1: Can you double-check your proportions here? I don’t see how this is a 3:1
solution, especially if you mean to use 4 gallons of H2SO4.

R: We have double-checked through the entire manuscript and minimize the error.

3.5.6/5.7: What is ‘Dimond’ here for?

R: It is a typo and we have remove it.

4. Currently your protocol exceeds 2.75 pages, which is our limit for filming and video
length reasons. Please highlight 2.75 pages or less of the protocol, including headers and
spacing.

R: We have highlighted the protocol for filming.

5. Discussion: This should largely be written to inform someone who wishes to replicate
your protocol; therefore, please include more information on critical steps in the protocol,
modifications, troubleshooting methods, and limitations.

R: We have revised the discussion section.
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