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(57) ABSTRACT 
A back contact back junction thin-film solar cell is formed 
on a thin-film semiconductor solar cell. Preferably the thin 
film semiconductor material comprises crystalline silicon. 
Base regions, emitter regions, and front Surface field regions 
are formed through ion implantation and annealing pro 
CCSSCS. 

Phosphorous 

N++ Selective emitter 

Boron (n-type base) 

  



Patent Application Publication Apr. 13, 2017. Sheet 1 of 37 US 2017/O104122 A1 

s 
SC s 
s S Q N 
R R 

S 

S s 
R S s 
S S 
N S 

  

  



Patent Application Publication Apr. 13, 2017. Sheet 2 of 37 US 2017/O104122 A1 

s 

  



Patent Application Publication Apr. 13, 2017. Sheet 3 of 37 US 2017/O104122 A1 

  



Patent Application Publication Apr. 13, 2017. Sheet 4 of 37 US 2017/O104122 A1 

1E21 

1E18 

1E16 

-e-G 
Junction Depth 

FIGURE 5 

  



Patent Application Publication Apr. 13, 2017. Sheet 5 of 37 US 2017/O104122 A1 

  



Patent Application Publication Apr. 13, 2017. Sheet 6 of 37 US 2017/O104122 A1 

  



Patent Application Publication Apr. 13, 2017. Sheet 7 of 37 US 2017/O104122 A1 

  



0 I 3/3I/2591), 

US 2017/O104122 A1 

s. v §§§ *********** 

Apr. 13, 2017. Sheet 8 of 37 Patent Application Publication 

  

      

  

  

  





Patent Application Publication Apr. 13, 2017. Sheet 10 of 37 US 2017/0104122 A1 

180 / Epitaxial Celt 
N template Clean 

182 l 
(-...--- s N Bilayer Porous Si 5 

: Formation d 
184 9. 

: - ! a 
V. A. V. : P-type Si Epitaxy c 

186 or 
- 

: Mechanical Release 
& Cell Laser Border Cut 

g y 

N Backside CMS Removal 
(One-Sided Etch/Clean) + 

: Chemical Oxide (Nitric 
Acid) 

190 --------- sm - - - - - - - - w w Wu Ya Y so s - - - 

N Back-end Processing 

FIGURE 2A 
FIGURE 12B 

    

  



V \ \ \ \ \ \ \ \ \ \ \ \ \ \ V 

US 2017/O104122 A1 Apr. 13, 2017. Sheet 11 of 37 

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^pélye??ä) (~~~~ ~~~~ ~~~~ ~~~~ ~~~~ ~~~~ ~~-* 

Patent Application Publication 

  

  

  

  



US 2017/O104122 A1 Apr. 13, 2017. Sheet 12 of 37 Patent Application Publication 

  



Patent Application Publication Apr. 13, 2017. Sheet 13 of 37 US 2017/0104122 A1 

Epitaxial Silicon 
(n-type base) 

W y 
----------------------------------------- - V 

Bi-layer porous Si 

Bilayer Porous Si 
Formation 

BOrOn 

. . . . . . . . . . . . . . 
p++ selective -- emitter emite - 

Blanket Boron implant for 
P+Emitter and 

P++ selective emitter, 
Maybe angled. 

* Thermal Oxidation for 
Backside Passivation 
Oxide (30 nm - 100 

nm.) 

Mechanical Release 
& Celt Laser Border 

Cut 

FIGURE B 
FIGURE I44 

  



US 2017/O104122 A1 Apr. 13, 2017. Sheet 14 of 37 Patent Application Publication 

~~~~~~~~~~~~~~~~~~~~~/ 

    

  

  



US 2017/O104122 A1 Apr. 13, 2017. Sheet 15 of 37 Patent Application Publication 

snouO?dsoud V W V W V W V W V W V W V W V W 

| 

  

  

  

  

  

  



US 2017/O104122 A1 Apr. 13, 2017. Sheet 16 of 37 Patent Application Publication 

JSI GIAI/?5) IAI ~–––––––––––––––––––––––––––––––––––––––––––––––––––––––-... ? 

  

  

  

  



US 2017/O104122 A1 

^) quellis wolleus 

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ u0405 î 

Apr. 13, 2017. Sheet 17 of 37 

- - - - - - - - - - - - - - - - - - - - -· 

| 

  

  

  

  



US 2017/O104122 A1 Apr. 13, 2017. Sheet 18 of 37 Patent Application Publication 

uOO!!!S UOO!!!S 

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ SnOJO?dsoud 

  



§§§ 

p?jn?X3||··············································································· €9S?3);} 

Apr. 13, 2017. Sheet 19 of 37 Patent Application Publication 

  



US 2017/O104122 A1 Apr. 13, 2017. Sheet 20 of 37 

* 

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ \,: snououdsoud 

Patent Application Publication 

  



Patent Application Publication Apr. 13, 2017. Sheet 21 of 37 US 2017/0104122 A1 

emplate Wet Clean Reuse Clean): 
(KOH+ HF/HCI) 

Bilayer Porous Silicon Formation 
a as as a a a a - - - - - - - - - 

PWD AfNiV Metal & BSR-0.5 m) 
Hot A & Niwat 350°C 

Pused Picosecond laser Abation of 
l it A}/NiVfor interdigitated Cell Base & Emitter Al 

g ines 
Epitaxial SiDeposition 35 um): S. 
in-Situ Phosphorus Base oping d 

laminate Backplane to Celor emplate 
is: Release Backplane-laminated Celt 

-- w I APCVO BSG-USGayer 150 nm) Post-Release Template - 
s 

emplate Reuse Reconditioning 
Edge & Surface Grind/Polish 2 

Pused Picosecond laser Ablation of BSG for Base- t; 
Emitter isolation and Patterned Ermitter Formation 

Frontside OMS 8 texture Etch: 
F. Rise Hot Ko Etch 8 extre+ Rise - 

HFfHCl Clean + Final Rinse/Dry 
APCVD Undoped Oxide (100 nm. 

Low-emperature (Ts 209C) 
Pused psaser Cold Ablation of USG Oxide to Open fight:Surfage. Passiyatigp/ARC; 

p Base Cotacts p PECVD (o-Si)Silicon Nitride 4 FGA 

APCVD PSG+USG Layer (150 nm) Laser Drill via Holes in Backplane and Optional 
Laser Areal Frontside: 

Drill holes & and on Ceil Metal Fingers, Reduce 
FSRV by Laser Annea, and Final laser Trim Ceft 

High-temperature oxidizing Anneal for p-- Ennitter Boundary 
Junction & 

+ Base Contact doping Formation 

Electroless Ni and Electropiate Copper: 
Deposit Barrierfseed Electroess Ni Followed by 

Pulsed ps. Laser Cold Ablation of oxide Stack to Copper Electroplating; Rinse and Hot Dry (N2 Anneal 
Open Emitter Contacts & Reopen Base Contacts G100°C) 

FIGURE 7 To cell test8 sort 

  

  

  

  

  

  

  

  

    

    

      

  



US 2017/O104122 A1 Apr. 13, 2017. Sheet 22 of 37 

VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVV 
Patent Application Publication 

  



Patent Application Publication Apr. 13, 2017. Sheet 23 of 37 US 2017/0104122 A1 

" " " All-American-APL" " " 
Template Wet Clean (Reuse Clean): 

(KOH+ HF/HCl) 

Bilayer Porous Silicon Formation 

PWD Al/NiV Metal & BSR (0.5um) 
Hot A & Niwat 350°C 

Pulsed Picosecond laser Ablation of 
Al/Niwfor interdigitated Cell Base & Emitter Al 

lines 

laminate Backplane to Cell on Template 
Release Backplane-laminated Cell 

Post-Release Template 

Epitaxial Si Deposition (35 um): 
in-Situ Phosphorus Base Doping 

APCVD BSG+USG layer (150 nm) 

Pulsed Picosecond laser Ablation of Base isolation 
Regions 

Template Reuse Reconditioning 
(Edge & Surface Grind/Polish) 

Frontside CMS & Texture Etch: 
HF+ Rinse + HotKOHEtch & Texture + Rinse + 

HF/HCl Clean + Final Rinse/Dry High-Temperature Oxidizing Anneal for p-- Emitter 
Formation 

Low-Temperature (Ts 200°C) 
Front-Surface Passivation/ARC: 

APCVd Undoped Oxide (100 nm) PECVD (o-Si-Silicon Nitride + FGA 

ill Via Holes in Backpl dOpti Aligned Pulsedps laser Cold Ablation of USGOxide laser Drill YEEE tional 
to Open Base Contacts drill holes & land on Cell Metal Fingers, Reduce 

Blanket Phosphorous implantation 

FSRV by laser Anneal, and Final laser Trim Cell 
Boundary 

Electroless Niand Electroplate Copper: 
A Deposit Barrier/Seed Electroless NiFollowed by Copper 

Aligned Pulsed pslaser Cold Ablation of Oxide To cell test & sort 
Stack to Open Emitter Contacts 

FIGURE Ig 

  

  

  

  

  

  

  



7/O104122 A1 US 201 37 13, 2017. Sheet 24 of Apr. atent Application Publication 

  



Patent Application Publication Apr. 13, 2017. Sheet 25 of 37 US 2017/0104122 A1 

5. 

c 
c 
CD 

CC 

O 
- 

c 
O . 

  



Patent Application Publication Apr. 13, 2017. Sheet 26 of 37 US 2017/0104122 A1 

Isolated 
N++ Base 
Contacts 

FIGURE 22 

  



Patent Application Publication Apr. 13, 2017. Sheet 27 of 37 US 2017/0104122 A1 

O 
wed 
O 
s 
C 
O 
O 

R (S 3 S 
9 m is t 
c + E s C 
O - O S 
2 2 ( ) S 

S 

  



Patent Application Publication Apr. 13, 2017 Sheet 28 of 37 US 2017/0104122 A1 

  



Patent Application Publication Apr. 13, 2017. Sheet 29 of 37 US 2017/0104122 A1 

Template Wet Clean Reuse Clean: 
(KOH+ HF/HC) PWDA/NEW Metal & BSR (ro.5 km) 

Hot A & NW at 350°C 

Pulsed Picosecond laser Ablation of 
Al/Niwfor interdigitated Cell Base & Emitter Al Epitaxial Si Deposition (35 in): 

In-Situ Phosphorus Base Doping 

APCVD BSG+USG Layer (150 nm) laminate Backplane to Cell on emplate 
Release Backplane-laminated Cels 

Post-Release Template 
Template Reuse Reconditioning 
(Edge & Surface Grind/Polish) 

Frontside CMS & Texture Etch: 
HF+ Rinse + Hot KOH Etch & Texture + Rinse + 

HF/HC Clean + Final Rinse/Dry high-Temperature Oxidizing Annea for p + Emitter 
Formation and Selective Emitter or laser annea 

Low-femperature (Ts 200°C) 
Front-Surface Passivation/ARC: 

PECVD g-Si-Silicon Nitride + FGA 

APCVD Undoped Oxide (100 nm) 

Aligned Pulsed ps laser Cold Ablation of USG Oxide 
to Open Base Contacts 

To backplane processing for interconnects 

To cetest & sort 

FIGURE 25 

  

    

    

  

  

  

  

  

  

    

  

  

  



Patent Application Publication 

  



US 2017/O104122 A1 Apr. 13, 2017. Sheet 31 of 37 Patent Application Publication 

(sioeluoo 

  



Patent Application Publication Apr. 13, 2017. Sheet 32 of 37 US 2017/0104122 A1 

670 - 

660 : -&-FSF depths: 0.5um 
w&FSF depths 0.1 um 
8. FSF depths 0.01um 

850 

640 :- 

83 . Siicon substrate thickness 
Emitter surface concentration (cm-3) 
Substrate doping concentration (cm-3) 
Front Surface: FSRV(cm/s) 

FSF Dopant Concentration (cm-3) Back Surface: BSRV (cm/s) 
Recomibination Current density in emitter 
non-ideal diode: Jo2(nA/cm2) 

23 m. 

3E-15 
24 
640 

620 ------------------------------------ -------------------------- 
E-5 E-8 E-17 E-18 E-19 E+2O 

O 
36.8 ; 

36.6 : 

36.4 : 

36.2 : 
8wFSF depth: 3.5um 

36 : s& FSF depths. O.1 um 

:FSF depths 0.01um 

E+5 E-5 E-- E-3 -19 E-2O 

FSF Dopant Concentration(cm-3) 

FIGURE 28 

  



Patent Application Publication Apr. 13, 2017 Sheet 33 of 37 US 2017/0104122 A1 

S & 
S 
& 

& S S 

S 

S 

& S 
S 
S 

x S S 

  

    

    

  

  

  

    

  

  

  

  

  

  

  

  

  

  

  

  

  



Patent Application Publication Apr. 13, 2017. Sheet 34 of 37 US 2017/0104122 A1 

r r r a cer 

Template Wet Clean (Reuse Clean): 
(KOH+ HF/HCl) PWD A/NiV Metal & BSR (ro.5 in) 

Hot A & NiV at 350°C 

Bilayer Porous Silicon Formation 

Epitaxial Si Deposition (35 km): 
in-Situ Phosphorus Base Doping 

APCVD BSG+USG Layer (150 nm) 

Pulsed Picosecond laser Ablation of BSG for Base 
Emitter solation and Patterned Emitter Formation 

APCVD Undoped Oxide (100 nm) 

Pulsed ps laser Cold Abiation of USG Oxide to Open 
Base Contacts 

APCVD PSG+USG Layer (150 nm) 

high-temperature Oxidizing Annea for p + Emitter 
triction & 

n+ Base Contact Doping Fornation 

Pulsed Picosecond laser Ablation of 
Al/Niwfor interdigitated Cell Base & Emitter Al - 

lines 

Laminate Backplane to Cell on femplate 
Release Backplane-laminated Cel 

Post-Release Template 
Template Reuse Reconditioning 
(Edge & Surface Grind/Polish) 

Frontside CMS & Texture Etch: 
HF-- Rinse + Hot KOH Etch & texture + Rinse + 

HF/HC Clean + Final Rinse/Dry 

low-temperature Ts 200°C 
Front-Surface Passivation/ARC: 

PECVD (a-Si-Siligon Nitride + FGA 

To backplane processing for 
interconnects 

----------------------------------------------------------------------------- 

to cel test & sort 

Pulsed ps laser Cold Ablation of Oxide Stack to 
Open Emitter Contacts & Reopen Base Contacts 

FIGURE 30 

    

    

  

  

  

  

  

  

  



Patent Application Publication Apr. 13, 2017. Sheet 35 of 37 US 2017/0104122 A1 

Template Wet Clean Reuse Clear: 

Bilayer Porous Silicon Formation 

PWDA/NEW Metal & BSR (rO.5 km) 
Hot A & NiV at 350°C 

Pulsed Picosecond laser Ablation of 
Al/NiVfor interdigitated Ceil Base & Emitter Al 

Laminate Backplane to Cell on femplate 
Release Backplane-laminated Cel: 

Post-Refease Template 
Template Reuse Reconditioning 
(Edge & Surface Grindi/Polish) 

Epitaxial Si Deposition 35 in): 
in-Situ Phosphorus Base doping 

APCVD BSG+USG Layer (150 nm) 

Frontside CMS & Texture Etch: 
HF-- Rinse + Hot KOH Etch & Texture + Rinse + 

HF/HC Clean + Final Rinse/Dry High-Temperature Oxidizing Annea for p-- Emitter 
Formation 

low-temperature TS 200°C 
Front-Surface Passivation/ARC: 

PECVD (o-Si-Silicon Nitride + FGA APCVD Undoped oxide (100 nm) 

Aligned Pulsed psaser Cold Ablation of USG oxide 
to Open Base Contacts 

To backplane processing for interconnects 

w 
To cetest & sort 

FIGURE 31 

  

  

  

  

  

    

  

  

  

    

  

  

    

  



Patent Application Publication Apr. 13, 2017. Sheet 36 of 37 US 2017/0104122 A1 

Template Wet Clean Reuse Clean: 
(KOH+ HF/HCI) PWD Al/Niv Metal & BSR (ro.5um) 

Hot A & Niwat 350°C 

Bilayer Porous Silicon Formation 

Epitaxial Si Deposition (35 un: 
in-Situ Phosphorus Base Doping 

Pulsed Picosecond laser Ablation of 
Alf NiVfor Interdigitated Cell Base & Emitter Al 

aminate Backplane to Cell on Template 
Release Backplane-laminated Cell 

Post-Release Template 
Template Reuse Reconditioning 
(Edge & Surface Grind?polish) 

Frontside OMS & Texture Etch: 
HF. Rise - HotKOHEtch & Texture - Rinse - 

HF/HC Clean + Final Rinse/Dry 

APCVD BSG+USG Layer (150 nm) 

Pulsed Picosecond Laser Ablation of Emitter 
Contacts 

Blanket Boron implantation 

high-Temperature oxidizing Anneal for p-- Emitter 
Formation and Selective Emitter or laser anneal 

Low-Temperature (Ts 200°C) 
Front-Surface Passivation(ARC: Pulsed Picosecond Laser Ablation of Base isolation 

Regions PECVD (a-Si-Silicon Nitride + FGA 

BlanketPhosphorous implantation 

To backplane processing for interconnect 

APCVD Undoped Oxide (100 nm) 

Aligned Pulsed pslaser Cold Ablation of USG Oxide 
to Open Base Contacts 

Blanket Phosphorous implantation 

Laser Anneal 

Aligned Pulsed pslaser Cold Ablation of Oxide 
Stack to Open Emitter Contacts 

To cell test & sort 

FIGURE 32 

    

  

  

    

    

    

    

  

  

  

  

  

  

  

  



US 2017/0104122 A1 Apr. 13, 2017. Sheet 37 of 37 Patent Application Publication 

  



US 2017/01 04122 A1 

ION MPLANTATION AND ANNEALING 
FOR THIN-FILMI CRYSTALLINE SOLAR 

CELLS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. patent 
application Ser. No. 13/483,024 filed May 29, 2012 which 
claims the benefit of U.S. Provisional Patent App. 61/490, 
859 filed on May 27, 2011, all of which are hereby incor 
porated by reference in their entirety. 
0002 This application is also a continuation-in-part of 
U.S. patent application Ser. No. 12/774,713 filed May 5, 
2010 now U.S. Pat. No. 8,420,435 issued Apr. 16, 2013 
which claims the benefit of U.S. Provisional Patent App. 
61/175,698 filed May 5, 2009, all of which are hereby 
incorporated by reference in their entirety. 

FIELD 

0003. This disclosure relates in general to the field of 
photovoltaics and Solar cells, and more particularly to meth 
ods for manufacturing thin-film solar cells (TFSCs). More 
particularly, the present disclosure provides ion implantation 
applications for manufacturing Thin-Film Crystalline Sili 
con Solar Cells (TFSC). 

BACKGROUND 

0004 Ion implantation involves implantation of ions of 
certain elements into a solid and is a standard technique used 
in the fabrication of semiconductor devices. The implanta 
tion of dopant atoms such as phosphorous (P), arsenic (AS), 
and boron (B) may be used to form semiconductor junctions, 
while the implantation of oxygen may be used in silicon 
on-oxide (SOI) devices. Additionally, it has been reported 
that crystalline silicon (c-Si) solar cells have been manufac 
tured using ion implantation methods to form the p-n 
junctions. However, these efforts are directed towards planar 
crystalline silicon wafers. In current manufacturing methods 
for thin-film crystalline silicon solar cell (TFSC), either 
planar or three dimensional cells, the p-n junctions are often 
formed by either POCl3-based doping, or a phosphorous 
compound deposition or spray-on followed by annealing. 
0005 Ion implantation of P and B for forming emitters in 
a p-type or n-type silicon substrate followed by a suitable 
annealing treatment have been shown to yield Solar cells 
with high efficiency. However, current ion implantation 
efforts are limited to planar, thick c-Si wafers (typically 
>200 um). 
0006 High efficiency c-Si solar cells have been made on 
very thin wafers, down to 45 um, by thinning down the 
conventional c-Si wafers from bulk silicon ingots or bricks, 
using integrated circuits (IC) packaging techniques. How 
ever, this approach is often not practical because of the high 
cost. C Si Thin-Film Solar Cells (TFSC) may be advan 
tageously made by depositing a thin layer of c-Si on a 
Suitable Substrate or by slicing a c-Si ingot into thin wafers 
using advanced wire sawing or other known techniques such 
as hydrogen implantation followed by annealing to cause 
thin wafer separation. 
0007 Often, high performance thin-film silicon sub 
strates (TFSS) are made by depositing an epitaxial crystal 
line silicon layer according to chemical vapor deposition 
(CVD) process. Solar cells created in this epitaxial silicon 
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deposition method may be planar or have a well defined 
structure. Although, in principle, any three-dimensional Sur 
face structure is possible for 3-D cells, various performance 
limitations make certain 3-D structures more advanta 
geous—such as pyramidal or prism based three-dimensional 
Surface features. 
0008. The current standard technique for the formation of 
selective emitters involves several steps. Usually, the full 
front Surface of a p-type wafer is lightly doped using the 
POCl3 based process or a process involving spraying a 
phosphorous-compound followed by anneal. Then a passi 
vating dielectric is deposited on the front surface of the 
silicon substrate. The regions that are desired to be metal 
lization contacts are then selectively opened in this dielec 
tric, usually by a laser ablation or an etch gel process. A 
second doping process is then carried out to selectively dope 
these localized regions with a high concentration of phos 
phorous. However, this process is often lengthy, costly, and 
inefficient. 
0009. When forming homogeneous emitter layers on a 
TFSS, controlling the dopant profile may provide higher 
efficiency. To maximize current collection from the solar 
cell, a good blue response is required. This requires the 
maximum phosphorous content near the Surface to be less 
than 1 E21 cm-3 from the surface and the depth of the emitter 
to be preferably in the range of 0.3 to 0.5 um thick. Because 
of this, there is a growing need in the Solar industry for 
shallow emitters. However, the current industrial emitter 
formation processes, such as POCl3-based doping, phos 
phosilicate (PSG) deposition, or phosphoric acid spray-on 
followed by in-line anneal, do not provide control of the 
phosphorous concentration and depth independently. Thus, 
the emitter characteristics are solely determined by the 
temperature and time used for the doping anneal. 
0010 Further, the lifetime of minority charge carriers is 
greatly reduced at concentrations above 1E18 cm-3. For 
maximum blue response this would appear to be the upper 
limit of the dopant concentration in the emitter. However, 
this would lead to very high emitter sheet resistance and high 
series resistance and low fill factor (FF) and low current 
density (JSc). Therefore, a thin higher doped region near the 
surface is desired. However, current dopant profile control 
ling methodology is limited. 

SUMMARY 

0011. Therefore a need has arisen for a simplified manu 
facturing method for forming a thin-film solar cell. The 
method must include improved methods for forming emitter 
regions, base regions, and back/front Surface fields in shal 
low Surface regions of thin-film Solar cells. 
0012. In accordance with the disclosed subject matter, 
applications of ion implantation in the manufacturing of 
thin-film crystalline silicon (c-Si) solar cells are provided 
that Substantially reduce disadvantages of prior art methods. 
0013 Technical advantages of the disclosed method 
include utilizing the combination of the implantation anneal 
ing process with a passivation processes. Such as oxidation, 
to simultaneously obtain high quality Surface passivation. 
Yet another technical advantage includes the utilization of 
the field effect to enhance passivation this may be 
achieved by Suitably charging the overlying dielectric using 
ion implantation. 
0014 Further, the disclosed ion implantation methods 
may be used to selectively retard oxidation for metal point 
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contacts to optimize the front metal patterns and to obtain 
the PERL (passivated emitter rear local contacts) structure 
on the back side of the TFSC. 
0015. Additionally, the ion implantation applications dis 
closed may be used to make solar cells with the standard 
configuration (known as a front contact Solar cell) of con 
tacts on the front and back surface of the cell, or the an 
alternative configuration (known as a back contact Solar cell) 
where all the contacts are on the backside of the solar cells. 
Back contact solar cells may be best designed as inter 
digitated back contact Solar cells. 
0016. These and other advantages of the disclosed subject 
matter, as well as additional novel features, will be apparent 
from the description provided herein. The intent of this 
Summary is not to be a comprehensive description of the 
subject matter, but rather to provide a short overview of 
some of the subject matter's functionality. Other systems, 
methods, features and advantages here provided will 
become apparent to one with skill in the art upon examina 
tion of the following FIGURES and detailed description. It 
is intended that all Such additional systems, methods, fea 
tures and advantages included within this description, be 
within the scope of the claims of subsequently filed appli 
cations based on this provisional. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0017. The features, nature, and advantages of the dis 
closed subject matter will become more apparent from the 
detailed description set forth below when taken in conjunc 
tion with the accompanying drawings, wherein: 
0018 FIGS. 1A and 1B show a top and cross-sectional 
view, respectively, of an example of a pyramidal three 
dimensional thin-film silicon substrate (TFSS): 
0019 FIGS. 2A and 2B show a top and cross-sectional 
view, respectively, of an example of a three-dimensional 
thin-film silicon substrate (TFSS) with prism surface fea 
tures; 
0020 FIG. 3 illustrates a pyramidal three-dimensional 
thin-film solar cell with a standard configuration of frontside 
and backside contacts; 
0021 FIG. 4 illustrates a prism three-dimensional thin 
film solar cell with a standard configuration of frontside and 
backside contacts; 
0022 FIG. 5 is a graph representing an idealized dopant 
profile for homogeneous emitters; 
0023 FIG. 6 shows an ion implantation process for 
variable doping on pyramidal three-dimensional TFSS: 
0024 FIG. 7 shows an angled ion implantation process 
on pyramidal three-dimensional TFSS: 
0025 FIG. 8 illustrates a pyramidal three-dimensional 
thin-film solar cell with selective frontside emitters; 
0026 FIG. 9 illustrates a pyramidal three-dimensional 
thin-film solar cell with all backside contacts; 
0027 FIG. 10 illustrates a planar thin-film solar cell with 
all backside contacts; 
0028 FIGS. 11A through 11B FIG. 11A show a process 
flow for the formation of a reusable template for forming a 
crystalline thin-film silicon solar cell; 
0029 FIGS. 12A through 13D show the process flow for 
the formation of a front contact crystalline thin-film silicon 
Solar cell in accordance with the disclosed Subject matter; 
0030 FIGS. 14A through 15D show the process flow for 
the formation of a back contact crystalline thin-film silicon 
Solar cell in accordance with the disclosed Subject matter; 
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0031 FIGS. 16A through 16H show the process flow for 
the formation of a back contact planar crystalline thin-film 
silicon Solar cell in accordance with the disclosed subject 
matter, 
0032 FIG. 17 is a process flow for commercially manu 
facturing an all back contact back-junction Solar cell using 
planar thin films; 
0033 FIG. 18 is a cross section of a back contact/back 
junction Solar cell structure; 
0034 FIG. 19 is a modified process flow for the forma 
tion of islands (discrete) of isolated base contacts; 
0035 FIGS. 20 to 24 are diagrams of a solar cell after key 
fabrication steps of FIG. 19: 
0036 FIG. 25 is a process flow embodiment for forming 
a selective emitter; 
0037 FIG. 26 shows a cell pattern with discrete isolated 
base and emitter, 
0038 FIG. 27 shows an alternative cell pattern embodi 
ment; 
0039 FIG. 28 are graphs showing simulation results of 
FSF dopant concentration; 
0040 FIGS. 29 A-C are cross sections of a solar cell after 
FSF formation process steps: 
0041 FIG. 30 is process flow to form a solar cell with an 
FSF layer; 
0042 FIG. 31 is a combined process flow in accordance 
with the disclosed subject matter; 
0043 FIG. 32 is a process flow in accordance with the 
disclosed subject matter; and 
0044 FIG. 33 is a diagram of a cross section of the solar 
cell formed in accordance with the disclosed subject matter. 

DETAIL DESCRIPTION 

0045. The following description is not to be taken in a 
limiting sense, but is made for the purpose of describing the 
general principles of the present disclosure. The scope of the 
present disclosure should be determined with reference to 
the claims. And although described with reference to the 
manufacture of planar thin-film Solar cells and three-dimen 
sional thin-film Solar cells with pyramidal and prism Surface 
features, a person skilled in the art could apply the principles 
discussed herein to the manufacture of all structural types of 
thin-film solar cells. 
0046 Although described with reference to specific 
embodiments, one skilled in the art could apply the prin 
ciples discussed herein to other areas and/or embodiments. 
A preferred semiconductor material for the 3-D TFSS is 
crystalline silicon (c-Si), although other semiconductor 
materials may also be used. One embodiment uses monoc 
rystalline silicon as the thin film semiconductor material. 
Other embodiments use multicrystalline silicon, polycrys 
talline silicon, microcrystalline silicon, amorphous silicon, 
porous silicon, and/or a combination thereof. The designs 
here are also applicable to other semiconductor materials 
including but not limited to germanium, silicon germanium, 
silicon carbide, a crystalline compound semiconductor, or a 
combination thereof. Additional applications include copper 
indium gallium selenide (CIGS) and cadmium telluride 
semiconductor thin films. 
0047. Further, in this application the term “front” and 
“back” are used to refer to the position of the metal contacts 
on the solar cell. A front contact solar cell, or frontside 
contact, is one which positioned on the Solar cell side facing 
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towards the light. A back contact Solar cell, or backside 
contact, is one which is positioned on the Solar cell side 
facing away from the light. 
0048 Although the disclosure describes phosphorous ion 
implantation to form emitters and born implantation to form 
BSFs for p-type TFSCs, the same principles apply to B 
implantation to form emitters and P implantation to form 
BSFs for n-type TFSCs. 
0049. Although the disclosure has typically described P 
and B implantation for n and p doping, respectively, other 
elements such as AS and Sb may be used for n doping, and 
Al. Ga, In, may be used for p doping. 
0050 Those with skill in the arts will recognize that the 
disclosed embodiments have relevance to a wide variety of 
areas in addition to those specific examples described below. 
0051. The present disclosure describes the use of ion 
implantation technique in the manufacture of 3-dimensional 
thin-film crystalline silicon solar cells (TFSC), including 
those with pyramidal and prism unit cell structures. The 
present disclosure also describes the use of ion implantation 
technique in the manufacture of planar thin film crystalline 
silicon (c-Si) solar cells (TFSC). The present disclosure 
describes the use of ion implantation to form emitter regions, 
selective emitter regions, base regions, selective base 
regions, back Surface fields, and front Surface fields in a 
TFSC and the application of ion implantation methods to 
form the p-n junction for TFSC. 
0052 Further, the present disclosure enables the use of 
ion implantation to independently control the dopant con 
centration and the emitter depth. The dopant profile control, 
Sometimes referred to as profile engineering of emitters, is 
used to maximize the Solar cell performance including but 
not limited to blue response, Voc, and current collection. 
0053 FIGS. 1A and 1B show a top and cross-sectional 
view, respectively, of an example of a pyramidal three 
dimensional thin-film silicon substrate (TFSS), which also 
may be referred to as a wafer. FIG. 1A is a top view of an 
embodiment of a pyramidal TFSS comprised of large pyra 
midal cavities 10 and small pyramidal cavities 12 on a 
silicon substrate. FIG. 1B is a cross-section of the substrate 
shown in FIG. 1A, substrate 14, showing small pyramidal 
cavities 16 and large pyramidal cavities 18. It should be 
noted that the pyramidal structures may have flat top and 
bottom regions or may end in an angled apex/tips (as shown 
in FIG. 1B). 
0054 FIGS. 2A and 2B show a top and cross-sectional 
view, respectively, of an example of a three-dimensional 
thin-film silicon substrate (TFSS) with prism surface fea 
tures. FIG. 2A is a top view of an embodiment of a prism 
TFSS comprised of hexagonal prism structures 20 on a 
silicon substrate. FIG. 2B is a cross-section of the substrate 
shown in FIG. 2A, Substrate 22, showing hexagonal prism 
cavities 24. 
0055 One method for forming planar or three-dimen 
sional TFSSs involves using an initial thick wafer as a 
substrate. The substrate may be mono- or multi-crystalline. 
To obtain a 3-D structure, the substrate surface may be 
patterned using techniques such as lithography. Next, a 
porous silicon structure is created on the Surface. This is 
followed by epitaxially depositing the desired thickness of 
the silicon using techniques such as chemical vapor depo 
sition (CVD). The epitaxial silicon layer is then dislodged 
from the porous silicon layer by mechanical or chemical 
means. This results in a wafer with a desired thickness and 

Apr. 13, 2017 

a planar or 3-D structure. The example thin-film silicon 
substrates shown in FIGS. 1 and 2 may be formed using this 
method. 
0056. In one embodiment, the present disclosure employs 
thin film solar cells that have a three-dimensional structure 
where a desired structural pattern has been formed using 
MEMS type processing. 
0057 FIG. 3 illustrates a pyramidal three-dimensional 
thin-film solar cell with a standard configuration of frontside 
(the Solar cell side facing the light) and backside contacts 
positioned on the surface of the cell. P-type (P+) base 30, 
often an epitaxial silicon layer, has been doped according to 
an ion implantation process to create N-type (N+) emitter 
layer 32 and p-type (P++) back surface field 34. Emitter 
metal 38 and base metal 40 is an electroplated or electroless 
plated single or multilayer high-conductivity metallized 
regions (silver, aluminum, nickel, titanium, cobalt, or tan 
talum)—shown, emitter metal 38 is silver and base metal 40 
is aluminum. Alternatively, the metal layer could be inkjet 
dispensed. Anti-reflection coating 36 may also serve as a 
frontside passivation layer given a controlled thickness. In 
this embodiment, the emitter metal contacts are formed in 
continuous metal lines, i.e. fingers and busbars on the 3-D 
TFSC top surface. However, because the base metal contacts 
have been formed on the inverted pyramidal apex regions on 
the backside of the 3-D TFSS, the base metal contacts are 
isolated regions. 
0058. The following describes the formation of N+ emit 
ter for a p-type base c-Si TFSC material. The same proce 
dures may be used to make P+ emitter for an n-type base c-Si 
TFSC material. To form an N+ emitter in a p-type silicon 
TFSC, the dopant species may be P. As, and Sb, while B, Al, 
Ga, and In may be used to form P+ emitter in an n-type 
silicon TFSC substrate. 
0059. Ion implantation of P and B for forming the emitter 
in a p-type and n-type silicon, respectively, followed by a 
Suitable annealing treatment, have been shown to yield Solar 
cells with high efficiency. The present disclosure provides a 
similar P and B ion implantation combined with a suitable 
annealing treatment to form emitters in thin-film planar and 
three-dimensional Solar cells in p-type or n-type silicon, 
respectively. 
0060. In one embodiment, the ion implantation methods 
for forming a homogenous emitter layer 32 and back Surface 
field 34 include forming a homogeneous phosphorous doped 
emitter in the front surface of the substrate by using ion 
implantation after manufacturing a 3-D thin-film c-Si p 
type wafer. The back surface field is created by implanting 
a P-type dopant such as boron. The cell is then completed 
using standard passivation and metallization techniques. 
0061 FIG. 4 illustrates a prism three-dimensional thin 
film solar cell with a standard configuration of frontside 
(light side) and backside contacts positioned on the Surface 
of the cell. P-type (P+) base 50, often an epitaxial silicon 
layer, has been doped according to an ion implantation 
process to create N-type (N+) emitter layer 52. Back surface 
dielectric 54 acts as a passivation layer. Shown, emitter 
metal 58 is silver and base metal 60 is aluminum. Anti 
reflection coating 56 is an optical coating is an optical 
coating applied to the surface of the TFSC to reduce 
reflection. 
0062. As in FIG. 3, emitter layer 52 may be created using 
phosphorous implantation and back surface dielectric 54 
may be created using boron implantation. The TFSC 
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depicted in FIG. 4 shows the metal to contact the back 
Surface through a number of localized contacts opened in the 
back surface dielectric. The contact resistance of these 
contacts may be lowered using boron implantation. Alter 
natively, instead of these localized contacts a back Surface 
field may be created using boron implantation. 
0063 For homogeneous emitter layers, using blanket 
implantation control of the dopant profile can provide higher 
efficiency. To maximize current collection from the solar 
cell, a good blue response is required. This requires the 
maximum phosphorous content near the Surface to be less 
than 1 E21 cm-3 and the depth of the emitter to be preferably 
in the range of 0.3 to 0.5 um. Hence, the solar industry is 
moving to shallow emitters. However, the current industrial 
emitter formation processes, such as POCl3-based doping or 
PSG deposition or phosphoric acid spray-on followed by 
in-line anneal, do not provide the control of the phosphorous 
concentration and depth independently. The emitter charac 
teristics are solely determined by the temperature and time 
used for the doping anneal. On the other hand, ion implan 
tation provides the ability to make shallow junctions of 
desired dopant concentrations by the control of ion dose and 
energy. The use of the disclosed ion implantation process 
thus makes it possible to obtain emitters with the desired 
Surface dopant concentration, profile, and depth. Implanted 
emitters also eliminate the phosphorus dead layer and other 
complications commonly associated with POCls-doped 
emitters. 

0064 FIG. 5 is a graph representing an idealized dopant 
profile for homogeneous emitters in dopant concentration 
(atoms/cm) over junction depth. Such a precise control of 
the dopant profile, sometimes referred to as profile engi 
neering, may be only possible using a precision technology 
Such as ion implantation. Shown, a verythin layer (<0.1 um) 
near the Surface of the wafer has a high dopant concentration 
(up to le21/cm3) while the rest of the emitter has a dopant 
concentration close to 1E18 atoms/cm3. 
0065. Alternatively, higher efficiency of solar cells may 
be obtained using the selective emitter approach. The 
current standard technique for the formation of selective 
emitters involves several steps. First, the full front surface of 
a p-type wafer is lightly doped using the POCl based 
process or a process involving spraying a phosphorous 
compound followed by anneal. Then a passivating dielectric 
is deposited on the front surface. The regions that are desired 
to be contacted by metal are then selectively opened in this 
dielectric, either using laser ablation or etch gel. A second 
doping process is then carried out to selectively dope these 
localized regions with a high concentration of phosphorous. 
However, this process is often lengthy and costly. 
0066 FIG. 6 shows an ion implantation process for 
variable doping on pyramidal three-dimensional TFSS 62. 
Shown, pyramidal three-dimensional TFSS 62 has inverted 
pyramidal cavity walls aligned along the (111) crystallo 
graphic plane—thus 0 is about 54.7°. The relative angular 
orientation of the implanted surface with respect to the 
incoming ion beam makes it possible to obtain a desired, 
variable doping by using an ion implantation process for 
doping the pyramidal three-dimensional TFSS 62. The 
regions on the 3-D TFSS which have surfaces perpendicular 
to the incident ion beam are heavily doped. Such as Region 
A, thus, creating a lower sheet resistance junction. However, 
regions on the 3-D TFSS which receive ions at an angle, 
such as the (111) inverted pyramidal cavity wall surfaces, 
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shown as Region B, are doped effectively at a lighter dose, 
thus, creating a higher sheet resistance junction. Since the 
(111) Surface (or any oblique orientation Surface) is inclined 
at angle 0 (which is the angle with respect to the flat 
horizontal Surfaces—shown these flat surfaces are aligned 
along the (100) crystallographic plane making 0 about 
54.7), the dopant concentration is reduced to cos 0 of the 
horizontal Surface. After the deposition of a passivating 
dielectric such as SiN.H., only the selectively highly doped 
ledges of Region A on top of the 3D TFSS (or a fraction of 
them) are then contacted by metal for emitter contact 
metallization. This may be carried out by using one the 
several techniques such: as an Ag paste that etches through 
the passivating dielectric; by making openings using laser 
ablation of the passivating dielectric: by removal using etch 
paste, followed by plating-based and/or PVD metal deposi 
tion. Thus, the ion implantation process for variable doping 
to form selective emitters on the 3-D structure shown 
facilitates one step selective doping and the formation of 
dual-doped emitter junctions without a need for a more 
complex process flow using lithography or screen printing 
patterning. 
0067 FIG. 7 shows an angled ion implantation process 
on pyramidal three-dimensional TFSS 64. This ion implan 
tation process may be used to selectively dope the regions 
around the tips/ledges of the three-dimensional Surface 
features (shown as Region A) of TFSS 64. The low doped 
emitter is first uniformly formed using an implantation 
direction normal to the plane of the TFSS 64 or by standard 
industrial techniques. Next, angled ion implantation is used 
to selectively heavily dope the tips of the structure (Region 
A in FIG. 7) which are then selectively contacted by the 
metal. 

0068. The present disclosure also describes implantation 
of B and Pions to produce suitable back surface field (BSF) 
in thin-film planar and three dimensional Solar cells in 
p-type or n-type silicon, respectively. 
0069. The current industrial practice of making the back 
surface field (BSF) using Al-paste firing and forming the 
Al Si alloy to provide the P+ layer has severe limitations. 
The p?p-- interface is not sharp but is instead diffused— 
resulting in low reflectivity for minority carrier electrons. 
The Si/Al Si interface is also diffused, resulting in low 
optical reflectivity for long wavelength photons. Addition 
ally, there are manufacturing problems such as the low 
conductivity of Al paste and the wafer bow resulting from 
the intimate mixing of the thick paste with silicon wafer. 
Using the implantation of B ions for p-type Substrates (and 
Pfor n-type) eliminates these issues. As explained above for 
emitters, a sharp BSF of a desired profile may be easily 
obtained using the ion implantation methods of the present 
disclosure. 

0070. To achieve uniform doping of the tip or ledges of 
the 3-D TFSC, the wafer may be rotated during implantation 
so that all sides or faces of the structure are uniformly doped. 
0071 Similar to the profile engineering disclosed above 
for the emitter, any desired profile of BSF may be obtained. 
The structure of 3-D TFSC may be used to obtain selective 
doping for the BSF. The heavily doped tips are then selec 
tively contacted by a back metal. Such as aluminum. 
0072 Similar to the case of emitter formation discussed 
in above, an angled ion implantation of the 3-D TFSC may 
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be also used to obtain selective doping for the BSF. The 
heavily doped tips are then selectively contacted by back 
metal. 

0073. After the formation of the emitter and BSF, either 
homogeneously or selectively doped, the implant anneal 
process may be combined with oxidation to produce high 
quality front and back passivation of cells. 
0074. It is known that the passivation on N+ surfaces is 
enhanced when the passivating dielectric has extra positive 
charge. The SiN.H typically used in the solar industry has a 
Surplus positive charge which, when controlled properly, can 
help provide superior passivation of N+ surfaces. Similarly, 
the dielectric layer passivating the back surface field may be 
implanted with a negatively charged ion to further reduce the 
surface recombination due to the field effect. 

0075. The ion implantation methods of the present dis 
closure may also be used to obtain localized openings in the 
dielectric layer for metal contacts. For this, the tips or ledges 
of the 3-D TFSC are selectively implanted with an ion 
species, such as nitrogen, that retards/slows the growth of 
oxide during a Subsequent thermal oxidation process. Dur 
ing oxidation the passivating oxide grows everywhere 
except for these high, tip regions which have been selec 
tively implanted. The small amount of SiN formation due 
the implantation of N is easily removed in a cleaning 
sequence involving dilute HF followed by phosphoric acid 
etch. These regions are then selectively contacted by metal. 
On the front surface the selectively opened regions can be 
selectively contacted with metal using plating, ink-jet or 
other techniques. This facilitates the optimization of front 
metal pattern to improve the cell performance. On the back 
side these regions can be selectively plated or contacted 
upon the blanket deposition of aluminum using PVD or 
evaporation schemes. Such localized contact scheme leads 
to the well know PERL type of cell structure and with it well 
known performance benefits. 
0076 FIG. 8 illustrates a pyramidal three-dimensional 
thin-film solar cell with selective frontside emitters. P-type 
(P+) base 70, an epitaxial silicon layer, has been doped 
according to an ion implantation process to create N-type 
(N+) emitter layer 72 and p-type (P++) back surface field 74. 
Selective emitter 82 is formed through an angled ion implan 
tation process. The cell is then completed using standard 
passivation and metallization techniques to form emitter 
metal contacts 78 (silver) and base metal contacts 80 (alu 
minum). Anti-reflection coating 76 is an optical coating is an 
optical coating applied to the surface of the TFSC to reduce 
reflection. FIGS. 12A-13D depict a detailed process flow 
describing the formation of the three-dimensional thin-film 
solar cell shown in FIG. 8. 

0077 FIG. 9 illustrates a pyramidal three-dimensional 
thin-film solar cell with all backside contacts. N-type (N+) 
base 90, an epitaxial silicon layer, has been doped according 
to an ion implantation process to create N-type (N+) front 
side field 92 and p-type (P+) emitter layer 94. Selective 
emitter 104 and selective base 102 are formed through 
angled ion implantation processes. The cell is then com 
pleted using standard passivation and metallization tech 
niques to form emitter metal 98 (which may be cobalt, 
copper, or nickel) and passivation dielectric layer 100. 
Anti-reflection coating 96 is an optical coating is an optical 
coating applied to the surface of the TFSC to reduce 
reflection. 
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(0078 Selective emitter 104 is conveniently obtained dur 
ing the blanket implantation of emitter layer 94. The n-type 
wafer with a pyramidal 3-D structure is implanted with 
boron to form emitter layer 94 lower doped on the side 
walls but highly doped on the flat surface. Front side field 92 
is obtained by blanket implantation of phosphorous. FIGS. 
14A-15D depict a detailed process flow describing the 
formation of the three-dimensional thin-film solar cell 
shown in FIG. 9. 

(0079 FIG. 10 illustrates a planar thin-film solar cell with 
all backside contacts. N-type (N+) base 110, an epitaxial 
silicon layer, has been doped according to an ion implanta 
tion process to create N-type (N+) front side field 112 and 
p-type (P+) emitter layer 114. Selective emitter 124 and base 
122 are formed through angled ion implantation processes 
and use plated metals, such as nickel and copper, as contacts. 
The cell is then completed using standard passivation and 
metallization techniques to form base and emitter contact 
metals and backside passivation dielectric layer 118. Anti 
reflection coating 116 and reflective insulator 120 help to 
increase the light trapping capabilities of the planar TFSC. 
0080. The planar back contact TFSC in FIG. 10 may be 
made from planar thin-film c-Si wafers. N-type material is 
advantageous to when forming planar backside TFSC with 
methods of the present disclosure. P-type (P+) emitter layer 
114 is first made using a blanket implantation of the back 
surface of the wafer with boron. Next, backside passivation 
dielectric layer 118 is grown or deposited. Base 122 is made 
by opening contacts in this dielectric and then implanting 
with phosphorous. Selective emitter 124 is made next by 
passivating with a dielectric layer and opening contacts and 
implanting with boron. Front surface field 112 is then 
obtained using the blanket implantation of phosphorous. 
FIGS. 16A-16H depict a detailed process flow describing 
the formation of the planar thin-film solar cell shown in FIG. 
10. 

I0081 FIG. 11A is a process flow showing the formation 
of a reusable template for forming a crystalline thin-film 
silicon solar cell (such as that shown in FIGS. 8 and 9). FIG. 
11B is a corresponding illustrative depiction of the process 
steps in FIG. 11 A. FIG. 11A is an embodiment of a process 
flow depicting major fabrication process steps for manufac 
turing an inverted pyramidal silicon template and three 
dimensional thin-film silicon Substrate for use in forming a 
thin-film silicon solar cell in accordance with the ion 
implantation methods of the present disclosure. In this 
embodiment, a template for manufacturing inverted pyra 
midal solar cells is formed. 
I0082. The silicon template making process starts with a 
mono-crystalline (100) silicon wafer (142). The starting 
wafer may be in circular or square shapes. Step 160 involves 
forming a thin hard masking layer (144) on the exposed 
wafer Surfaces. The hard masking layer is used to mask the 
silicon surface areas that do not need to be etched in the later 
steps—the surface areas that will become the top surface of 
the template. The properhard masking layer includes, but is 
not limited to, thermally grown silicon oxide and low 
pressure vapor phase deposited (LPCVD) silicon nitride. 
Steps 162 and 164 involve a photolithography step, which 
consists of photoresist coating, baking, UV light exposure 
over a photomask, post baking, photoresist developing, 
wafer cleaning and drying. After this step, the pattern on the 
photomask (146) depicting an array or a staggered pattern of 
inverted pyramidal base openings, will be transferred to the 
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photoresist layer. The patterned photoresist layer is used as 
a soft masking layer for the hard masking layer etching of 
step 166. Step 166 involves further transferring the photo 
resist pattern to the hard masking layer layered underneath 
by chemical etching, such as etching a thin silicon oxide 
layer with buffered HF solution. Other wet etching methods 
and dry etching methods as known in semiconductor and 
MEMS wafer processing may also be used. In step 168 the 
remaining soft masking layer, i.e. the photoresist layer (150), 
is removed and the wafer (148) is cleaned. Examples of 
photoresist removal process include wet methods, such as 
using acetone or piranha Solution (a mixture of Sulfuric acid 
and hydrogen peroxide), or dry methods such as oxygen 
plasma ashing. Also in step 168 the wafers are batch loaded 
in an anisotropic silicon wet etchant Such as KOH solution. 
The typical etch temperature is in the range of 50° C. to 80° 
C. and etch rate is about 0.2 um/min to 1 um/min. TMAH 
(tetramethylammonium hydroxide) is an alternative aniso 
tropic silicon etching chemical. The KOH or TMAH silicon 
etch rate depends upon the orientations to crystalline silicon 
planes. The (111) family of crystallographic planes are 
etched at a very slow rate and are normally “stop' planes for 
the anisotropic etching of a (100) silicon wafer with pat 
terned hard mask. As a result, the intersection of two (111) 
planes or a (111) plane with a bottom (100) plane produce 
anisotropic etching structures for (100) silicon wafers after 
a time-controlled etch. Examples of these structures include 
V-grooves and pyramidal cavities with sharp tip cavity 
bottom (where (111) planes meet) or a small flat cavity 
bottom (a remaining (100) plane). In step 170, silicon 
template 154 is ready for processing. 
0083 FIG. 12A is a process flow showing the formation 
of a epitaxial silicon cell used for forming a crystalline 
thin-film front contact silicon solar cell (such as that shown 
in FIG. 8). FIG.12B is a corresponding illustrative depiction 
of the process steps in FIG. 12A. 
0084. In step 180 the remaining hard masking layer is 
removed, by HF solution in the case the hard masking layer 
is silicon dioxide. Next, the wafer may be cleaned in 
standard SC1 (mixture of NH-OH and H2O) and SC2 
(mixture of HCL and HO) wafer wet cleaning solutions 
followed by a thorough deionized wafer rinsing and hot N. 
drying. The disclosed process results in a silicon template 
with inverted pyramidal cavities. 
0085 Step 180 marks the beginning of a silicon template 
re-use cycle. In step 182, a porous silicon layer (192) is 
formed by electrochemical HF etching on the silicon tem 
plate front Surfaces. The porous silicon layer is to be used as 
a sacrificial layer for epitaxial silicon layer release. The 
porous silicon layer preferably consists of two thin layers 
with different porosities. The first thin porous silicon layer is 
a top layer and is formed first from the bulk silicon wafer. 
The first thin layer preferably has a lower porosity of 
10%-35%. The second thin porous silicon layer is directly 
grown from the bulk silicon and is underneath the first thin 
layer of porous silicon. The 2" thin porous silicon layer 
preferably has a higher porosity in the range of 40%-80%. 
The top porous silicon layer is used as a crystalline seed 
layer for high quality epitaxial silicon growth and the bottom 
underneath higher porosity porous silicon layer is used for 
facilitating TFSS release due to its less dense physical 
connections between the epitaxial and bulk silicon interfaces 
and its weak mechanical strength. Alternatively, a single 
porous silicon layer with a progressively increased or graded 
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porosity from top to bottom may also be used. In this case, 
the top portion of the porous silicon layer has a low porosity 
of 10% to 35% and the lower portion of the porous silicon 
layer has a high porosity of 40% to 80%. Before step 184, 
the epitaxial silicon growth, the wafer may be baked in a 
high temperature (at 950° C. to 1150° C.) hydrogen envi 
ronment within the epitaxial silicon deposition reactor in 
order to form coalesced structures with relatively large voids 
within the higher-porosity porous silicon layer (or portion of 
a single layer) while forming a continuous Surface seed layer 
of crystalline silicon on the lower-porosity porous silicon 
layer (or portion of a single layer). In step 184, a mono 
crystalline silicon epitaxial layer with n-type base (194) is 
deposited on the front side only. The bulk base of the 
epitaxial layer is p-type, boron (BH) doped. The thickness 
of the epitaxial layer is preferably in the range of 5 um to 60 
um. Prior to the release of the epitaxial silicon layer, an 
encompassing border trench may be made on the peripheral 
of the active wafer area to facilitate the release of the TFSS. 
The encompassing trenches may be formed by controlled 
laser cutting and their depths are preferably in the range of 
5um to 100 um. The trenches define the boundary of the 3-D 
TFSS to be released and allow initiation of the release from 
the trenched region. The remaining epitaxial silicon layer 
may be removed by mechanical grinding or polishing of the 
template edges. In step 186, the epitaxial layer of silicon 
(200) is released and separated from the silicon template. 
The released epitaxial silicon layer is referred to as a 3-D 
thin film silicon substrate (3-D TFSS). The epitaxial layer 
release methods disclosed in U.S. patent application Ser. No. 
12/473,811 entitled, SUBSTRATE RELEASE METHODS 
AND APPARATUS are hereby incorporated by reference. 
The 3-D TFSS may be released in an ultrasonic DI-water 
bath. Or in another release method, the 3-D TFSS may be 
released by direct pulling with wafer backside and top 
epitaxial vacuum chucked. In another release method, the 
epitaxial layer is released by direct pulling with wafer 
backside and top epitaxial vacuum chucked. Using this 
method the porous silicon layer may be fully or partially 
fractured. The chucks may use either electrostatic or vacuum 
chucking to secure the wafer. The wafer is first placed on 
bottom wafer chuck with TFSS substrate facing upwards. A 
bottom chuck secures the template side of wafer, and the top 
wafer chuck is gently lowered and secures TFSS substrate 
side of the wafer. The activated pulling mechanism lifts top 
chuck upwards, and the movement may be guided evenly by 
slider rails. 

I0086. In step 188, the released 3-D TFSS backside sur 
face is cleaned by short silicon etching using KOH or 
TMAH solutions to remove the silicon debris and fully or 
partially remove the quasi-mono-crystalline silicon (QMS) 
layer. After removal of the epitaxial silicon layer from the 
template, the template is cleaned in step 175 by using diluted 
HF and diluted wet silicon etch solution, such as TMAH 
and/or KOH to remove the remaining porous silicon layers 
and silicon particles. Then the template is further cleaned by 
conventional silicon wafer cleaning methods, such as SC1 
and SC2 wet cleaning to removal possible organic and 
metallic contaminations. Finally, after proper rinsing with 
DI water and N drying, the template is ready for another 
re-use cycle. 
I0087 FIG. 13A is a process flow showing the formation 
of a front contact crystalline thin-film silicon solar cell (such 
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as that shown in FIG. 8). FIG. 13B is a corresponding 
illustrative depiction of the process steps in FIG. 13A. 
0088 FIG. 13C is a continuation of the process flow in 
FIG. 13A showing the formation of a front contact crystal 
line thin-film silicon solar cell (such as that shown in FIG. 
8). FIG. 13D is a corresponding illustrative depiction of the 
process steps in FIG. 13C. 
0089 FIG. 14A is a process flow showing the formation 
of a epitaxial silicon cell used for forming a back contact 
crystalline thin-film silicon solar cell (such as that shown in 
FIG.9). FIG. 14B is a corresponding illustrative depiction of 
the process steps in FIG. 14A. 
0090 FIG. 14C is a continuation of the process flow in 
FIG. 14A showing the formation of a epitaxial silicon cell 
used for forming a back contact crystalline thin-film silicon 
solar cell (such as that shown in FIG. 9). FIG. 14D is a 
corresponding illustrative depiction of the process steps in 
FIG. 14C. 
0091 FIG. 15A is a process flow showing the formation 
of a back contact crystalline thin-film silicon solar cell (such 
as that shown in FIG. 9). FIG. 15B is a corresponding 
illustrative depiction of the process steps in FIG. 15A. 
0092 FIG. 15C is a continuation of the process flow in 
FIG. 15A showing the formation of a back contact crystal 
line thin-film silicon solar cell (such as that shown in FIG. 
9). FIG. 15D is a corresponding illustrative depiction of the 
process steps in FIG. 15C. 
0093 FIG. 16A is a process flow showing the formation 
of a planar back contact crystalline thin-film silicon solar 
cell (such as that shown in FIG. 10). FIG. 16B is a corre 
sponding illustrative depiction of the process steps in FIG. 
16A. 
0094 FIG. 16C is a continuation of the process flow in 
FIG. 16A showing the formation of a planar back contact 
crystalline thin-film silicon solar cell (such as that shown in 
FIG. 10). FIG. 16D is a corresponding illustrative depiction 
of the process steps in FIG. 16C. 
0095 FIG. 16E is a continuation of the process flow in 
FIG. 16A showing the formation of a planar back contact 
crystalline thin-film silicon solar cell (such as that shown in 
FIG. 10). FIG. 16F is a corresponding illustrative depiction 
of the process steps in FIG. 16E. 
0096 FIG. 16G is a continuation of the process flow in 
FIG. 16A showing the formation of a planar back contact 
crystalline thin-film silicon solar cell (such as that shown in 
FIG. 10). FIG. 16H is a corresponding illustrative depiction 
of the process steps in FIG. 16G. 
0097. In operation, the disclosed subject matter provides 
ion implantation methods for forming emitter regions, selec 
tive emitter regions, front surface fields, back surface fields, 
and base regions for the formation of crystalline thin-film 
silicon Solar cells. 
0098. The following disclosure more directly relates to 
the present application and further discloses a unique struc 
ture and manufacturing method for all a back-contact, back 
junction crystalline (preferably monocrystalline) semicon 
ductor (including but not limited to silicon) solar cells using 
using laser annealing along with ion implantation. Impor 
tantly, the ranges disclosed are for exemplary purposes only. 
Together, the use of laser and ion implantation technologies 
provides for a simpler cell fabrication process flow that 
enables low-temperature passivation layer formation, mini 
mizes electrical shading, and results in a high open circuit 
Voltage (Voc), short circuit current (JSc), thus leading to a 
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higher solar cell efficiency. Herein, the formation of local 
ized, isolated base regions for pin junction and front Surface 
field (FSF) to improve minority carrier lifetime, using ion 
implantation followed by laser annealing, is disclosed. 
These techniques are highly Suited to forming high-effi 
ciency back-contact back-junction Solar cells using thin 
crystalline silicon films obtained using epitaxial silicon 
deposition, or other techniques known in the industry, that 
may have any thickness in the silicon thickness range of 
from a few microns up to 100 microns (and more preferably 
in the range of about 5 microns to 50 microns). Furthermore, 
these techniques are particularly Suited to Solar cells that for 
various reasons, including but not limited to the thin cell 
lamination with a reinforcement plate, cannot be heated to 
high temperatures during part of their fabrication process, 
particularly during the formation of a surface passivation 
and anti-reflection coating layer. 
0099 Processes for back contacted cells with interdigi 
tated metallization, herein called a NBLAC cell, have been 
described in PCT applications such as P.C.T. App. Nos. 
PCT/US 10/59783, PCT/US10/59759, and PCT/US 10/ 
59748 by inventors Mehrdad Moslehi, et al. and filed Dec. 
9, 2010. 
0100 FIG. 17 is a process flow for commercially manu 
facturing an all back contact back-junction Solar cell using 
planarthin films (e.g., monocrystalline silicon film thickness 
of from a few microns to about 100 microns) of crystalline 
silicon epitaxially deposited on reusable crystalline silicon 
templates. After cell formation, the thin silicon films are 
Supported on backplanes that connect the Solar cell to 
interconnects in the module. 

0101 FIG. 18 is a cross section of a back contact/back 
junction solar cell structure such as that formed by the 
process described in FIG. 17. As can be seen, the all 
back-contact back-junction Solar cells have isolated emitter 
and base regions on the same side (non-Sunnyside or back 
side) in the silicon Substrate that are contacted separately to 
interdigitated metal lines using contact openings in the 
dielectric overlying the silicon substrate and underneath the 
metal. The efficiency of these cells is critically dependent on 
the dimensions of these features with smaller dimensions 
leading to higher efficiency. In traditional all back-contact/ 
back-junction Solar cells, the n and p regions form alternate 
stripes. The minority charge carriers, holes in case of n-type 
base, have to traverse across the base region where there can 
be heavy recombination, as shown in FIG. 18, where h. 
denotes holes, the minority charge carriers. This phenom 
enon is termed electrical shading. Hence, reducing the width 
of the base region reduces the electrical shading, which 
reduces the recombination of these minority charge carriers 
and increases the solar cell efficiency. If areas of the base 
regions could be reduced to the bare minimum needed, the 
electrical shading will be reduced to the bare minimum and 
efficiency of the solar cell will be maximized. The use of 
pulsed laser processing enables formation of Small features, 
in particular, isolated base regions. The application of laser 
processing in Solar cell manufacturing has been disclosed, in 
U.S. Patent Pub. No. 2012/0028399 by Virendra V. Rana and 
filed May 27, 2011 for example, which is herein incorpo 
rated by reference in its entirety. 
0102 Ion implantation process involves implantation of 
ions of dopant element in the silicon Substrates. Ions of 
phosphorous (P), arsenic (AS), and antimony (Sb), are 
implanted to form n-type silicon regions, while boron (B), 
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aluminum (Al), Gallium (Ga), and Indium (In), are used to 
form p-type silicon regions. The most commonly used ions 
are P and AS for n-type, and B for p-type doping of silicon. 
Advantages of using ion implantation are the ability to 
control the concentration and the depth of implanted ions by 
controlling the ion implantation dose and energy. Also, the 
implanted ions may be placed in silicon in any desired 
concentration profile (for instance, by a combination of 
multiple implants at different dose and energy levels). This 
technique is a non-contact, dry technique. Since the ion 
implantation is performed essentially at room temperature, 
this technique is suitable for solar cells that, for various 
reasons, cannot be heated to high temperatures after the ion 
implantation process step. 
0103 For implanted ions to produce the desired doping 
of crystalline silicon, they need to be activated. Although, 
the typical technique used in the industry is furnace heating 
or rapid thermal heating, these techniques are not suitable 
for cases where the solar cell or the assembly cannot be 
heated to a high temperature (for instance to a temperature 
much above 200DC) after the ion implantation process. On 
the other hand, pulsed laser annealing may be highly local 
ized (spatially selective on the laser-irradiated surface) and 
the irradiated surface may be heated to a relatively high 
temperature (sufficiently high to electrically activate the 
implanted dopant atoms, for instance, the irradiated Surface 
temperature selectively raised to a temperature in the range 
of 750° C. to up to near silicon melt temperature) while 
keeping the cell back surface relatively cooler (for instance, 
limiting the back-surface temperature to no more than 200° 
C.). In addition, pulsed laser annealing using fast pulses, 
because of its extremely rapid heating and cooling rates and 
negligible heat diffusion into the substrate away from the 
irradiated Surface, is ideally Suited to producing the sharp 
dopant gradients where the dopant atoms are not moved (and 
the bulk substrate below the irradiated surface is not sig 
nificantly heated) while being electrically activated. The 
application of laser annealing to improve passivation of 
surface coated with SiN, C-SI/SiN, or other suitable dielec 
trics, have been disclosed (see U.S. patent application Ser. 
No. 13/303,488 by Mehrdad Moslehi and filed Nov. 23, 
2011 and U.S. patent application Ser. No. 13/477,088 by 
Virendra V. Rana and filed May 21, 2012 both of which are 
herein incorporated by reference in their entirety). 
0104 For fragile thin crystalline silicon films, suitable 
thin-Substrate Support and non-contact Substrate processing 
techniques may be preferred in order to maintain high 
manufacturing yield. Both ion implantation and pulsed laser 
annealing satisfy this requirement. Also, because of consid 
erable recent developments, these techniques now provide 
high throughput and may be tailored to larger cell sizes of 
any geometrical shape. 
0105 FIG. 19 is a modified process flow for the forma 
tion of islands (discrete) of isolated base contacts. Various 
process steps of FIG. 19 are shown by the solar cell structure 
depicted in FIGS. 20 to 24. FIG. 20 is a diagram of a solar 
cell after base isolation areas have been opened by laser. 
FIG. 21 is a diagram of a solar cell after base contacts have 
been opened by laser. FIG. 22 is a diagram of a solar cell 
after base contacts have been implanted with phosphorous 
and laser annealed. FIG. 23 is a diagram of a solar cell after 
emitter contacts have been opened by laser. FIG. 24 is a 
diagram of a Solar cell after as interdigitated metal pattern is 
connected to the emitter and base. 
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0106. After the deposition of Boron doped oxide (BSG), 
preferably by an atmospheric-pressure chemical-vapor 
deposition (APCVD) system, openings of dimension a are 
preferably made in this oxide layer using a pulsed picosec 
onds or a femtoseconds laser (FIG. 20) that are large enough 
for the base contacts of size b, as well as the required 
isolation from emitter, a minus b (FIG. 21). The use of a 
pulsed picosecond or femtosecond laser significantly 
reduces the risk of damage to silicon by eliminating the 
Heat-Affected Zone (HAZ) and preventing/Suppressing 
melting of underlying silicon. Next, a high temperature 
oxidation (or high-temperature anneal) is carried out at a 
temperature of preferably in the range of 950° C. to 1100° 
C. to dope the n-type silicon surface with boron to form 
emitter all over the wafer surface except in regions where the 
boron-doped oxide had been removed with pulsed laser 
ablation. This oxidation (or oxidizing anneal) also forms a 
thin layer (from a few nanometers to 10's of nanometers) of 
thermal oxide in the laser openings as well as at the interface 
of the born-doped oxide layer with silicon substrate. Next, a 
thin layer of undoped oxide (USG) is deposited (again, 
preferably using an APCVD process) and opening for base 
contacts are made in the stack formed by this layer and the 
thermal oxide underneath, using a pulsed picoseconds or a 
femtoseconds laser. These openings of dimension b are 
inside the openings a made earlier and aligned center-to 
center. For example, the base contact diameter may range 
from 10 to over 100 um, a preferred range being 20 to 50 um. 
For example, the width of the isolation Zone is 15 um or 
more based on the laser beam alignment capability. For 
example, the percent of base opening (base contact area 
ratio) may be in the range from about 0.5% to over 10%, a 
preferred range being about 1 to 3%. 
0107 Next, a blanket ion implantation of phosphorous 
(P) is carried out (FIG. 22). The base contacts are selectively 
implanted with P since the thermal oxide/deposited oxide 
stacks act as a mask to prevent the implantation of emitter 
regions. The concentration (dose) and depth of P implants 
are Suitable to obtain the desired doping for base contacts as 
well as the gradient required for back-surface field (BSF). 
The surface concentration of dopants may be from 1x1019 
to 1x1021 cm3, a preferred range being from 5x1019 to 
1x1020 cm3. The depth of implanted dopants may be from 
0.1 to 5 um, a preferred range being from 0.3 to 0.5 um. 
0108. These implants are electrically activated using 
pulsed laser anneal (FIG.22). Pulsed laser with nanoseconds 
pulsewidth and wavelength in the blue, green or infrared 
(IR) are suitable for this operation. The pulsewidth is in the 
range of approximately a few nanoseconds to a few micro 
seconds, and preferably in the range of approximately 100 to 
1,000 nanoseconds. However, in case of thicker silicon films 
it may be possible to use microseconds pulsewidth lasers. 
0109. After the doping of base contacts is complete, the 
contacts to emitter are opened using a pulsed picoseconds or 
a femtoseconds laser (FIG. 23). Next, the metal layer 
(preferably a metal stack layer comprising an aluminum 
layer in contact with the cell and at least another layer on top 
of aluminum comprising a metal from the group of NiV, Ni, 
or Ag) is deposited, typically using physical vapor deposi 
tion (PVD) to make contacts to the base and emitter open 
ings and patterned using a pulsed picoseconds laser (or a 
combination of pulsed nanoseconds and pulsed picoseconds 
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lasers) to isolate p and n contacts thereby forming the 
photovoltaic circuit (FIG. 24). The rest of process may be as 
described in FIG. 19. 

0110. Alternatively, instead of PVD metal stack, an alu 
minum containing paste can be screen printed and annealed 
to form the interdigitated metal pattern while also making 
connection to the emitter and base contacts. The rest of the 
process may be as described in FIG. 19. 
0111. The use of ion implantation provides a simple 
method to obtain the so-called “selective emitter” feature. In 
the selective emitter Scheme, the doping concentration of 
emitter is kept low everywhere to reduce the absorption 
while under the metal contact the emitter is highly doped to 
reduce the contact resisatnce, and hence improve the Solar 
cell efficiency. FIG. 25 is a process flow embodiment for 
forming a selective emitter. In this scheme before the base 
isolation region is opened, the BSG layer is removed using 
laser and the silicon so exposed is implanted with a high 
concentration of boron. The oxide film elsewhere blocks the 
boron implant from reaching the silicon. The Surface con 
centration of boron dopants may be from 1x1019 to 1x1021 
cm3, a preferred range being from 5x1019 to 1x1020 cm3. 
The depth of implanted dopants may be from 0.1 to 5 um, 
a preferred range being from 0.3 to 0.5 lum. The silicon 
Surface is furnace annealed or annealed using a laser. FIG. 
26 shows a cell pattern with discrete isolated base and 
emitter contacts with selective emitter, FIG. 27 shows a cell 
pattern where the base isolation and selective emitter open 
ings made using laser ablation may be continuous. 
0112 For back contact/back-junction cells the minority 
charge carriers that are generated near the top surface of the 
silicon have to travel all the way down to the contacts at the 
back Surface. Since most of the photo-generated charge 
carriers (electron-hole pairs) are closer to the front surface 
there is a greater chance for them to recombine at this 
surface. Hence, the passivation of the front surface (or the 
cell sunny side) has to be excellent to obtain high cell 
efficiency. The passivation of the front surface is character 
ized by the front surface recombination velocity (FSRV), 
with lower FSRV values (typically stated in units of cm/sec) 
representing better surface passivation. The FSRV is typi 
cally reduced to a very low value using PECVD SiN 
deposition followed by annealing to a relatively high tem 
perature (e.g., up to 300° C. to 850° C.), or PECVD 
amorphous silicon deposition (typically deposited at a tem 
perature of less than 200° C.). However, both these pro 
cesses have limitations. Good Surface passivation requires 
annealing to temperatures as high as 8500° C., while pas 
Sivation with amorphous silicon requires good quality Sur 
face cleaning and optimized PECVD amorphous-silicon 
deposition at temperatures of around 180° C. or above, as 
well as possibly post-deposition annealing attemperatures in 
the range of 180° C. to as high as 450° C. Both of these 
processes may not be suitable for solar cell assemblies that 
cannot be heated to 200° C. or above, during or after their 
front Surface passivation process (for instance, for thin-film 
monocrystalline Solar cells with reinforcement plates or 
layers which cannot stand thermal treatments much above 
approximately 200° C.). 
0113. An alternate scheme to lower the minority charge 
carrier recombination is to form a high-low electrical field 
at the front surface. This field electrically repels the oppo 
sitely charged carriers so that they are not able to reach the 
front surface and recombine there. To repel holes, for n-type 
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Substrate or n-type base (Such as in an n-type base back 
contact/back-junction Solar cell), this field is created by a 
Zone of heavier doping of phosphorous (or another n-type 
dopant Such as arsenic or antimony) to create an n+ doped 
surface. This high-low field at the front surface is called the 
front surface field (FSF). The results of a simulation based 
on PC1D are shown in the graphs in FIG. 28, where 
increasing the concentration of front Surface doping by P 
increases both the Voc and Jsc, and thereby increases the 
solar cell efficiency. It may be seen that an FSF as thin as 100 
A (or 10 nm) or even a thinner FSF layer in the top surface 
of the semiconductor layer can lead to increases in both 
open-circuit Voltage (Voc) and short circuit current density 
(Jsc), almost as much as a much thicker FSF layer. The 
thickness of FSF needs to below, because as seen in FIG. 25, 
for FSF thickness of 0.5um, both Voc and Jsc are observed 
to decrease at high doping concentration related to the blue 
response degradation by the thicker and more heavily doped 
FSF layer. For a back-junction/back-contact thin-film 
monocrystalline silicon Solar cell with n-type base, using ion 
implantation of phosphorus (or arsenic or antimony or 
indium) followed by pulsed (pulse width preferably in the 
range of about 100 nanoseconds to a few microseconds) 
laser annealing (with the laser wavelength preferably in the 
blue, green, red, or near infrared region of the spectrum), the 
formation of FSF can be carried out by raising the effective 
Surface temperature to a Sufficiently high temperature (e.g., 
in the range of about 750DC up to below the silicon melting 
point) where the temperature rise of the bulk and the 
backside of the semiconductor layer is Substantially Sup 
pressed and the assembly components on the backside (Such 
as the reinforcement or backplane layer on the cell back 
side), in-particular, are not exposed to temperatures close to 
approximately the temperature limit of the backside rein 
forcement plate (for instance, 200° C. or higher). 
0114. The FSF layer may be performed by using an ion 
implantation process either before or after formation of the 
front surface passivation layer (preferably by a PECVD 
process step), followed by a pulsed laser annealing after 
formation of the front Surface passivation layer. 
0115 The formation of FSF on the front surface of silicon 
Substrate using ion implantation of phosphorus (P) or 
another-in-type dopant (for a Solar cell with n-type base), 
followed by pulsed laser anneal, is shown schematically in 
FIG. 29. FIG. 29A is a cross section of a solar cell with a 
textured frontside surface. FIG. 29B is a cross section of a 
Solar cell after ion implantation of an n-type dopant such as 
phosphorous. FIG. 29C is a cross section of a solar cell after 
laser anneal to activate the implanted phosphorous (for 
n-type base). 
0116. The formation of electrically active FSF layer is 
carried out after surface texture, and preferably after depo 
sition of the passivation and anti-reflection coating (ARC) 
layer(s) on the front surface of the silicon substrate (for 
instance, by PECVD formation of a single-layer or multi 
layer passivation/ARC coating comprising a hydrogen-con 
taining silicon nitride and/or a hydrogen-containing amor 
phous silicon layer). At this stage, the thin-film 
monocrystalline silicon Substrate is Supported by a back 
plane (either a permanently attached/laminated backplane or 
a temporary Support carrier) that may not be heated to high 
temperatures due to backplane material temperature limits 
and/or coefficient of thermal expansion (CTE) mismatch 
with silicon (typically, these constraints may place an upper 
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temperature limit in the range of approximately 150° C. to 
300° C., and more likely below 250° C.). 
0117 The combination of ion implantation and pulsed 
laser anneal for formation of FSF field as disclosed herein 
has several major enabling advantages. Besides keeping the 
back surface of the solar cell assembly below the tempera 
ture limit of the solar cell backplane laminate (for instance 
below approximately 200° C.), an ion implantation process 
is a conformal process placing the implanted dopant species 
(e.g., phosphorus) at a uniformly constant depth conformal 
to the Surface texture random pyramids, resulting in forma 
tion of dopant profile in silicon that is conformal to the 
textured Solar cell Surface. The ion implantation process can 
be performed either before or preferably after the formation 
of the front Surface passivation/ARC coating using a rela 
tively low-energy ion implantation process. If the ion 
implantation process is performed after the formation of the 
front Surface passivation/ARC coating, the ion implantation 
energy is selected to place the peak concentration of the 
implanted profile approximately either at the interface 
between the silicon substrate and the passivation/ARC coat 
ing or within the passivation/ARC coating layer. The dose of 
the ion implantation process may be adjusted Such that the 
resulting peak implanted dopant concentration is preferably 
in the range of about 5x1016 to 1x1019 cm-3. The front 
Surface passivation may be SiN (composed of a single or at 
least two different refractive indices) or amorphous silicon/ 
SiN stack, or oxide/SIN stack, or other layers and stacks 
such as silicon oxynitride, with or without an oxide under 
layer, and silicon carbide, etc. The ion implantation process 
is tuned to provide dopant implantation, such as phosphorus 
(P) implantation for n-type base, such that the concentration 
peak is preferably at or near the silicon Substrate/passivation 
layer interface. The surface concentration of dopant, P for 
n-type base, may be from 1E16 to 1E20 cm-3, while the 
preferred range is 5E16 to 1E19 cm-3. The dopant atoms 
may be implanted and laser annealed to form an FSF layer 
to a depth below silicon Surface that may range from about 
10 A to about 1 micron, while FSF layers in the thickness 
range of about 50A to about 0.1 um are preferred to prevent 
blue response degradation. 
0118 Because of extremely rapid heating and cooling 
times and limited heat diffusion depth, pulsed laser anneal 
ing can electrically activate the implanted dopant atoms 
without an appreciable movement. As a preferred process, 
pulsed laser annealing is performed under conditions which 
prevent excessive heating and melting of silicon in order to 
prevent damage to silicon and degradation of the passivation 
properties. This makes possible the formation of relatively 
sharp step function profiles of dopant atoms that help to 
amplify the repulsion field, and FSF field-assisted improve 
ment of the front Surface passivation properties. A nanosec 
onds (to microseconds) pulsed laser with wavelength in the 
blue or green or red or infrared (IR) is suitable for spatially 
selective annealing. The preferred pulsewidth is in the range 
of approximately 100 to 1,000 nanoseconds. However, in 
case of thicker silicon films it may be possible to use 
microseconds pulsewidth lasers. Other pulsed laser sources 
with pulse width between about 1 nanosecond to 100 
nanoseconds or up to several microseconds may also be 
used. 

0119) A process flow to form a solar cell with an FSF 
layer based is shown in FIG. 30. FIG. 31 shows a combined 
process flow where a high efficiency solar cell is made with 
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isolated islands of base contacts in the rear with an FSF in 
the front based on the embodiments of this disclosure. FIG. 
32 shows a process flow where the selective emitter forma 
tion in included. FIG. 33 is a diagram of a cross section of 
the solar cell formed in accordance with the disclosed 
subject matter (the backplane is not shown for clarity). 
I0120 Although the process flow and techniques are 
described for a cell based on n-type base, the same consid 
erations apply to a cell based on p-type base where the base 
doping and the FSF formation is done using implantation of 
boron (or another Suitable p-type dopant Such as gallium or 
aluminum). 
I0121 Although, for simplicity the process has been 
described for a planar silicon film, the same holds true for 
3-D silicon Substrates formed using pre-structured templates 
with various pyramidal or prism 3D patterns. 
0.122 Two additional methods for laser anneal are further 
described below, whereby, the Sunny side of the solar cell is 
annealed without necessarily affecting the back or the non 
sunny side of the solar cell. 
I0123 Conventional back contacted solar cells are n-type 
substrate and use PECVD based SiN based passivation for 
the Sunny side. This passivation also serves as an anti 
reflection coating and has a positive fixed charge which 
helps create a field effect by reflecting the minority carriers 
(holes in this case) away from the Surface. The typical good 
quality passivation deposition temperature for the PECVD 
SIN is about 400°C. In certain cases, the maximum tolerable 
temperature can be much less than 400° C., as dictated by 
the integration scheme. For example, in the case of verythin 
film crystalline silicon solar cells, which are supported by 
carriers which are not capable of going higher than a 
maximum temperature less than 400° C. 
0.124. In a particular instance, this temperature can be as 
low as 200° C. With the constraint of 200° C. maximum 
temperature, the issue is to get a passivation quality as good 
as a 400° C. typical passivation. A possible solution is to 
deposit very thin amorphous silicon (can be between 30 A to 
100 A) range such that it is non-absorptive. The idea is that 
amorphous silicon contains significant hydrogen, which can 
passivate the dangling bonds, thereby improving the passi 
vation quality. However, the problem is that at 200° C. 
temperature, the Hydrogen atoms may not have enough 
mobility to migrate from amorphous silicon to the silicon 
interface. 
0.125 To aid the mobility of the Hydrogen atoms, laser 
anneal is deployed, which in its pulsed form lasts for a very 
short duration. This should be enough to cause the migration 
of H2 atoms for short distance, without disturbing the 
integrity of the other parts of the structure. The laser process 
must be such that the front surface is selectively heated, 
while ensuring that back Surface, which may consist of 
temperature sensitive metal structures, is not affected. 
I0126. In one embodiment this can be achieved using 
short wavelength laser, which is absorbed near the sunny 
side surface of the solar cell. Short wavelength laser (such 
as green) will be absorbed readily within a distance of 1 um 
or less, thus minimizing the chance of hitting the tempera 
ture sensitive back structure of a back contacted cell. 
I0127. In another embodiment, longer wavelengths such 
as 1 um range may be used. Alonger wavelength will travel 
longer distance into Silicon and may reach the backside 
without getting absorbed in the bulk. Thus, a process must 
be designed Such that front, Sunny side, is heated, while the 
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laser is stopped from hitting the backside. This can be 
achieved, either by absorbing the laser power in the silicon 
or by reflecting is before it reaches the backside. The 
absorption can be done in the bulk after the laser has already 
passed through the critical front side. This can be achieved 
using the aforementioned technique of flooding the bulk 
with carrier excited by potentially a different wavelength 
laser in a CW mode and relying on plasma dispersion effect 
to get it absorbed. Amongst several ways of reflecting the 
annealing laser, two specific embodiments are described 
below. 

0128. In one instance, the fact that annealing laser is 
monochromatic is exploited. A mirror is created on the 
backside using different refractive index. The thicknesses 
are tuned in accordance with the refractive index such that 
laser at 1 um (or the relevant wavelength in use) is selec 
tively reflective by the dielectric mirror stack. In one 
example, the dielectric mirror Stack can be made using SiO2 
and SIN. The SiO2 can either by deposited using myriad 
techniques such as thermal oxidation or APCVD. While, 
SiN can be deposited using PECVD. In many instances, at 
least a part of the dielectric stack might already be part of the 
back surface passivation. Since the metal is behind the 
dielectric mirror, thus formed, the laser is reflected back 
toward the front surface before it touches the back metal. 
0129. In another instance of reflecting the annealing long 
wavelength laser, the angle of incidence of the laser may be 
varied in conjunction with the topography of the front 
typically textured surface. In most back contacted solar 
cells, the frontside consists of a passivation on top of silicon. 
Thus, the light enters typically from a high refractive index 
to a lower refractive index. Thus, the angle of incidence of 
the annealing laser can be varied in a manner Such that when 
light falls on the back Silicon/dielectric (typically SiO2) 
interface, its angle of incidence at this Surface is greater than 
the critical angle for total internal reflection (henceforth, 
TIR). Thus, TIR causes the laser beam to be reflected back 
toward the front side well before it has a chance to touch the 
backside metal stack. 
0130. In operation, the following processes and process 
embodiments are herein provided: a process to form isolated 
islands of base and/or front surface field (FSF), using ion 
implantation followed by pulsed laser annealing are dis 
closed for all back-contact back-junction Solar cells using 
thin-film crystalline silicon Substrates; processes to form 
isolated islands of base and front surface field (FSF), using 
ion implantation followed by pulsed laser annealing are 
disclosed for all back-contact back-junction Solar cells using 
thin-film crystalline silicon substrates with assemblies such 
as cell reinforcement plates or backplane laminates that 
cannot be heated to a temperature above approximately a 
maximum temperature in the range of 150° C. to 3500° C. 
0131. In another embodiment, processes to form isolated 
islands of base and front Surface field, using ion implantation 
followed by pulsed laser annealing for 3-D back-contact 
back-junction Solar cells using thin-film crystalline silicon 
Substrates; a process to form the selective emitter is dis 
closed using ion implantion followed by furnace or laser 
anneal. In the selelctive emitter region the Surface concen 
tration of boron dopants may be from 1x1019 to 1x1021 
cm3, a preferred range being from 5x1019 to 1x1020 cm3. 
The depth of implanted dopants may be from 0.1 to 5 um, 
a preferred range being from 0.3 to 0.5 um; processes to 
form front surface field (FSF), using ion implantation fol 
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lowed by pulsed laser annealing are disclosed for all back 
contact back-junction Solar cells using thin-film crystalline 
silicon Substrates where the peak concentration of implants 
is in the range of 1E16 to 1 E20 cm-3, the preferred range 
being 5E16 to 5E18 cm-3. 
0.132. In another embodiment, processes to form front 
surface field (FSF), using ion implantation followed by laser 
annealing are disclosed for all back-contact back-junction 
Solar cells using thin-film crystalline silicon Substrates 
where the depth of the resulting FSF layer formed by a 
combination of ion implantation and pulsed laser anneal is 
in the range of approximately 10 A to 0.5 um, the preferred 
range being about 50 to 1000 A. 
0133. In another embodiment, the FSF formation is car 
ried out for textured thin film silicon substrates that may be 
passivated with be SiN or amorphous silicon/SiN stack, or 
oxide/SIN stack, or other layers and stack such as silicon 
oxynitride, with or without an oxide underlayer, and silicon 
carbide, etc, deposited at temperatures lower than 200° C. 
I0134. In another embodiment, processes to form front 
surface field (FSF), using ion implantation followed by 
pulsed laser annealing are disclosed for all back-contact 
back-junction Solar cells using thin-film crystalline silicon 
Substrates where the concentration peak for the dopant is 
approximately at the silicon/passivation layer interface. 
I0135) In another embodiment, processes to form front 
surface field (FSF), using ion implantation followed by laser 
annealing are disclosed for all back-contact back-junction 
solar cells using thin-film crystalline silicon Substrates are 
disclosed where pulsed laser annealing is carried out using 
pulses with pulse width in the range of nanoseconds to 
microseconds, preferably a nanoseconds laser with blue or 
green or or red or IR wavelength, the preferred pulse width 
being in the range of approximately 100 to 1000 nanosec 
onds. 
0.136. In another embodiment, processes to form isolated 
islands of base for all back-contact back-junction Solar cells 
using thin-film crystalline silicon Substrates are disclosed 
where the isolated base contact islands are formed using 
aligned laser ablation using picoseconds or femtoseconds 
pulsed laser with UV, green, or IR wavelengths. The base 
contact diameter can range from 10 to 100 um, preferred 
range being 20 to 50 lum. The width of the isolation Zone is 
preferably >15 um based on the laser beam alignment 
capability. The percent of base opening can be in the range 
from about 0.5% to 10%, the preferred range being 1% to 
3%. 

0.137 In another embodiment, processes to form isolated 
islands of base for all back-contact back-junction Solar cells 
using thin-film crystalline silicon Substrates are disclosed 
where the base doping is carried out by ion implantation and 
followed by pulsed laser anneal. The surface concentration 
of dopants can be from 1E19 to 1E21 cm-3, preferred range 
being from 5E19 to 1 E20 cm-3. The depth of implanted and 
annealed dopant can be approximately from 0.1 to 5 um, 
preferred range being from about 0.3 to 0.5 um 
0.138. In another embodiment, processes to anneal the 
wafer using a laser are disclosed where the laser beam is 
prevented from heating the backplane as it is reflected from 
the SiO2/SiN bilayer at the back of the silicon film. 
0.139. In another embodiment, process to anneal the 
wafer using laser are disclosed where the laser beam is 
prevented from heating the back plane as it undergoes full 
internal reflection because of the angle at which it is made 
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to be incident on the back plane. This may be performed by 
controlling the incident angle of the laser beam depending 
on the dielectric stack on the front surface of the wafer. 
0140. The foregoing description of the exemplary 
embodiments is provided to enable any person skilled in the 
art to make or use the Subject matter. Various modifications 
to these embodiments will be readily apparent to those 
skilled in the art, and the generic principles defined herein 
may be applied to other embodiments without the use of the 
innovative faculty. Thus, the subject matter to be claimed in 
subsequently filed applications is not intended to be limited 
to the embodiments shown herein but is to be accorded the 
widest scope consistent with the principles and novel fea 
tures disclosed herein. 
What is claimed is: 
1. A method for making base regions in a thin-film 

crystalline silicon Substrate, the method comprising: 
forming openings in a dielectric layer for base contacts on 

a thin-film crystalline silicon substrate, wherein said 
openings form a patterned dielectric layer; 

implanting ions of an dopant element in said thin-film 
crystalline silicon substrate within said patterned 
dielectric layer to selectively introduce said dopant 
element at said base contacts, said patterned dielectric 
used as an ion implantation mask; 

activating said implanted dopant element to form electri 
cally active doped base contacts; 

forming emitter contacts on said thin-film crystalline 
silicon Substrate; and 

forming metallization contacts on said emitter contacts 
and said base contacts. 

2. The method of claim 1 wherein said dopant element 
comprises at least one element from the group of phospho 
rus, arsenic, antimony, and indium in conjunction with an 
n-doped epitaxial silicon Substrate. 

3. The method of claim 1, further comprising the step of 
forming a crystalline thin-film silicon Substrate, the steps 
comprising: 

forming a porous sacrificial layer on and Substantially 
conformal to the Surface of a silicon template; 

Subsequently depositing an epitaxial silicon layer on said 
sacrificial layer; 

performing a plurality of Solar cell processing steps 
including said ion implantation process; and 

releasing said epitaxial silicon layer from said silicon 
template through a mechanical release or epitaxial lift 
off process. 

4. The method of claim 1, wherein said silicon substrate 
is an n-type silicon Substrate and the base contact doping 
element is phosphorous (P), arsenic (AS), or antimony (Sb). 

5. The method of claim 1, wherein said silicon substrate 
is a p-type silicon Substrate and the base contact doping 
element is boron, gallium, or aluminum. 

6. The method of claim 1, wherein said opening for base 
contacts is performed using laser ablation. 

7. The method of claim 6, wherein said laser ablation is 
pulsed pico-second laser ablation. 

8. The method of claim 6, wherein said laser ablation is 
pulsed femto-second laser ablation. 

9. The method of claim 1, wherein said activating said 
implanted dopant element is performed using furnace 
annealing. 
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10. The method of claim 1, wherein said activating said 
implanted dopant element is performed using laser anneal 
1ng. 

11. The method of claim 10, wherein said laser annealing 
is pulsed nanosecond laser annealing. 

12. The method of claim 1, wherein the base and emitter 
contacts are patterned in parallel linear regions. 

13. The method of claim 1, where the base and emitter 
contacts are formed as discrete islands. 

14. The method of claim 1, wherein the percent of base 
opening can be in the range from about 0.5% to 10%. 

15. The method of claim 1, where laser ablation is carried 
out using laser with wavelength being IR, green, or UV, or 
any wavelength between. 

16. The method of claim 1, where the surface concentra 
tion of dopants in the base may be from 1x10' to 1x10"/ 
cm3, implanted at a depth of 0.1 to 5 um. 

17. A method for making a front surface field region in a 
thin-film crystalline silicon Substrate, the method compris 
1ng: 

implanting dopant atoms on the front side of a thin-film 
crystalline silicon substrate, wherein the dopant ele 
ment has a peak concentration in the range of 1E16 to 
1E20 cm; and 
activating said implanted ions using laser annealing 

using a continuous wave (CW) laser or a pulsed laser 
to form a front surface field on said thin-film crys 
talline silicon substrate. 

18. The method of claim 17, wherein said dopant element 
comprises at least one element selected from the group of 
phosphorus, arsenic, antimony, and indium in conjunction 
with an n-doped epitaxial silicon Substrate. 

19. The method of claim 17, wherein said front surface 
field has a depth in the range of 10 angstroms to about 1 
micron on the front side of said thin-film crystalline silicon 
substrate. 

20. The method of claim 17, wherein said thin-film 
crystalline silicon Substrate is passivated with a passivation 
layer deposited at a temperature less than 250° C. 

21. The method of claim 17, wherein said dopant element 
comprises at least one element selected from the group of 
phosphorus, arsenic, antimony, and indium in conjunction 
with an n-doped silicon Substrate. 

22. The method of claim 17, wherein the peak concen 
tration of the dopant element is at the interface of the silicon 
film and the said passivation layer. 

23. The method of claim 17, wherein the incident angle of 
the laser beam is controlled based on a dielectric stack on the 
front surface of said substrate to prevent from heating the 
back plane as it undergoes full internal reflection. 

24. The method of claim 17, wherein said laser has a 
wavelength less than or equal to 1064 nanometers. 

25. The method of claim 24, wherein said passivation 
layer is chosen from the group consisting of SiN. amorphous 
silicon/SiN stack, oxide/SiN stack, or silicon oxynitride with 
and without an oxide underlayer, and silicon carbide. 

26. The method of claim 24, wherein the passivation layer 
is deposited after the ion implantation and laser anneal. 

27. The method of claim 24, wherein the ion implantation 
and anneal is carried out after the passivation layer is 
deposited. 

28. A method for making selective emitter regions in a 
thin-film crystalline Substrate, the method comprising: 
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forming first openings in a parallel linear region pattern 
for emitter contacts on a thin-film crystalline silicon 
Substrate; 

Selectively implanting ions of an dopant element in said 
thin-film crystalline silicon substrate at said emitter 
contacts; 

activating said implanted ions to form doped emitter 
contacts; and 

forming metallization contacts on said emitter contacts 
and base contacts on said thin-film crystalline silicon 
Substrate. 

29. The method of claim 28, wherein said silicon substrate 
is an n-type silicon Substrate and said emitter contact doping 
element is boron, gallium, or aluminum. 

30. The method of claim 28, wherein said silicon substrate 
is a p-type silicon Substrate and said emitter contact doping 
element is phosphorous (P), arsenic (AS), indium (In), or 
antimony (Sb). 

31. The method of claim 28, wherein said silicon substrate 
is a p-type silicon Substrate and a base contact doping 
element is boron, gallium, or aluminum. 

32. The method of claim 28, wherein the opening for 
emitter is performed using pulsed laser ablation. 

33. The method of claim 28, wherein the implant activa 
tion is performed using furnace annealing. 

34. The method of claim 28, wherein the implant activa 
tion is performed using laser annealing. 

35. The method of claim 28, wherein said base and emitter 
contacts are discrete islands. 

k k k k k 

13 
Apr. 13, 2017 


