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18% Efficient Silicon Photovoltaic Devices
by Rapid Thermal Diffusion and Oxidation

Parag Doshi and Ajeet Rohatgigellow, IEEE

Abstract—For the first time, cells formed by rapid thermal 9
processing (RTP) have resulted in 18%-efficient 1 and 4 cfn
single-crystal silicon solar cells. Front surface passivation by 18 + FloatZone (F2) .

rapid thermal oxidation (RTO) significantly enhanced the short
wavelength response and decreased the effective front surface ;|
recombination velocity (including contact effects) from7.5 x10°

to about 2 x10* cm/s. This improvement resulted in an increase
of about 1% (absolute) in energy conversion efficiency, up to
20 mV in V,., and about 1 mA/cn? in J... These RTO-induced
enhancements are shown to be consistent with model calculations.
Since only 3 to 4 min are required to simultaneously form the
phosphorus emitter and aluminum back-surface-field (BSF) and
5 to 6 min are required for growing the RTO, this RTP/RTO
process represents the fastest technology for diffusing and ox- 13
idizing > 18%-efficient solar cells. Both cycles incorporate an

in situ anneal lasting about 1.5 min to preserve the minority 12
carrier lifetime of lower quality materials such as dendritic-web 1985 19817 1989 1991 1993 1995 1997

and multicrystalline silicon. These high-efficiency cells confirmed Year

that RTP results in equivalent performance to cells fabricated by Fig. 1. Progress of RTP-diffused solar cells on various silicon materials. All
conventional furnace processing (CFP). Detailed characterization cells were formed without any high-temperature furnace processing (except
and modeling reveals that because of RTO passivation of the for 17.3% dendritic web cell which had a CFO). The number in brackets
front surface (which reduced.,. by nearly a factor of ten), these represent the reference number.

RTP/RTO cells have become base dominate@/,, > J..), and

further improvement in cell efficiency is possible by a reduction in ) o .
back surface recombination velocity (BSRV). Based upon model Manufacturers do not even employ oxide passivation since
calculations, decreasing the BSRV to 200 cm/s is expected to givethe addition of lengthy oxidation steps in a furnace would

Czochralski (Cz) -

Efficiency (%)

14

Multicrystalline (mc-Si)
3l

20%-efficient RTP/RTO cells. only retard the throughput further. Rapid thermal processing
Index Terms—Diffusion, oxidation, photovoltaics, rapid ther- (RTP) directly addresses these issues since the processing time
mal processing, solar cells. for diffusion and oxidation is reduced from hours to only
minutes or seconds. In addition, an emitter and BSF can be
I. INTRODUCTION formed simultaneously without cross-contamination in a cold-

all RTP system. It is important to note, that transfer of
P technology to industry will require the development of
égh-throughput RTP machines, however, several groups are
%ursuing this goal and multiwafer RTP machines have recently
kléeen built [2].

OW COST and high efficiency are the keys to large-sc
acceptability of photovoltaic (PV) systems. Since P
modules cost about four dollars per watt, which can produ
electricity at a rate of about 25 cents per kilowatthour,
factor of two to three in cost reduction is required to mal X )
PV attractive for peak load applications. This can be done by 19 1 shows that several researchers have fabricated RTP-
reducing manufacturing costs and increasing production out ! _u_sed solar cells [3]-{9]. Although fair Progress in RTP_c_eII
to employ the advantages of economies of scale. Refereﬁé@c'ency has evolved over the years, un_t|l now, these efficien-
[1] emphasizes that to meet the production output of JHES Were Iower.than those made by thglrfurpa}ce counterpart.
MWI/yr close to 50000 cells (each producing 1.5 W) mudp previous studies, we demonstrated hlgh-eﬁlaen_cy RTP _cells
be produced per day. This translates into one cell every £717.1, 16.8, 14.8, and 15.1% on FZ, Cz, multicrystalline,
s. To meet the goals of 50 or 100 MWIyr it is importan?nd dendritic ng SI!ICOH, respectyely [10]. These cells were
to reduce the overall cell processing time. In industry, tf@rmed by rapid, simultaneous diffusion of a phosphorus
emitter diffusion and BSF formation (if employed) Stepgmltter on the fron_t and formation of an aluminum BSF
frequently bottleneck the cell fabrication process. Most P9 the back. No high-temperature furnace processes were
i ] ) employed. To maintain a high minority-carrier bulk lifetime
Manuscript received March 26, 1997; revised January 17, 1998. The revi

ew. . - .. . .
of this paper was arranged by Editor P. N. Panayotatos. This research \%aghortm-snu _ann.eal or slow-cool wa}s utilized in the Slr.r!u'ta'
supported by Sandia National Laboratories under Subcontract AA-1638. heous RTP diffusion cycle for materials such as dendritic-web
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RTP cells matched CFP cells in the long wavelength internal w0 -y, 0, N, G

guantum efficiency (IQE) response [12]; however, in the short o |

wavelengths, RTP cells suffered from a lack of adequate soo |, subaize 4

front surface passivation and heavy doping effects (Auget 7o | Temp. 5°C/min

recombination and bandgap narrowing) in the emitter. Ir§ ¢y L

this paper, we present substantial enhancements in the sh%rtsoo [ (a) CFO cycle

wavelength response by growing a front passivating oxide by ,,, [

rapid thermal processing (RTO) on lower doped RTP emitters. ,, [ . , . ,
The use of an RTO for PV devices was discussed by 0 5 15 105 135

Schindleret al. [8]. An RTO-passivated cell with an effi- Time (min)

ciency of 16.6% was fabricated, however a CFP emitter was @

employed. Recently, Sivoththamam al. [9] fabricated fully 1000 [ N, 0, N,

RTP-processed 100 éneells on me-Si, which utilized an RTO P

to achieve efficiencies up to 14.1%. Considering the large area 3 % i Natural

of the device, this result is practical except that (as in this £ 00 b (b) RTO cycle N

study) photolithographically-defined evaporated contacts were & zx ¢

used to permit a lowly doped emitter. Compared with screen- 300 s \ \ )

printed contacts, evaporated contacts give nearly 2% greater 0 20 185 265 ~325

cell efficiency because of very low grid shading, superior Time (s)

contact quality, and better short wavelength response [13]. (b)

m_ addition, since RT_P cooling rates were not Contr_oue(ﬁig. 2. Temperature cycle for growing (a) conventional furnace oxide (CFO)
Sivoththaman’s mc-Si cells may have been susceptible @i (b) rapid thermal oxide (RTO).

quenching-induced lifetime degradation.

This paper shows that high-throughput RTP cells fabricated i+ - —
with an RTO deliver the same performance as cells with a con- ann® fShe'et Res. = 100-120 leq-J
ventional furnace oxide (CFO). We have been able to bridge _ 1B+19 ¢ \ 510, Thickness = 12 nm
the efficiency gap between RTP and CFP cells we had reporte
earlier [12]. By implementing RTO passivation, RTP cells have
for the first time reached efficiencies above 18%—making the
RTP/RTO process one of the fastest technologies to fabricate
high-efficiency photovoltaic devices.

(emr®)

1E+18 -

Y After RTO:

1E+17 +

oncentration

'léefogre RTO —

1E+16 +

Electron C:

Il. EXPERIMENTAL
1E+15

Before fabricating RTP cells with front oxides, a passiva-
tion study involving emitter saturation current densiti,.) 1B+14 : ; ;
measurements of Si0and SiN-passivated RTP emitters was 0 0 0L 0ds 02 02 03 03 04
conducted./,. was measured by the PCD technique [14] on Depth (km)
samples simultaneously diffused on both sides by phosphoFits 3. Spreading resistance profiles of diffused emitters before and after
spin-on dopants. The CFO was formed by inserting wafeff§ RTO cycle.
into the furnace at 850C, allowing 5 min for temperature
stabilization, growing a 10-15 nm thick oxide for 10 minThe RTO cycle serves not only to form a high-quality oxide
ramping down to 400C at 5°C/s for 90 min, and annealingin a total time of 5 min instead of over 2 h, but also to reduce
in forming gas for 30 min [see Fig. 2(a)]. The SiN filmsthe surface concentratidV,) and increase the junction depth
were deposited to a thickness of 65-70 nm in a PECV{2;) as depicted by the spreading resistance profiles shown in
system operating at 13.6 MHz. Deposition conditions includdédg. 3. In the past, our RTP emitters were made by a heavier
a temperature of 300C, RF power of~30 W, pressure of doped phosphorus spin-on concentration of*1€m—2 [12],
0.9 torr, and Sikl/NH3 flowrate ratio adjusted to give a SiN[15] resulting in emitters withV, = 2 x 10" ¢cm™? and
refractive index of 2.14-2.17 (measured at 632.8 nm). z; =2 0.14 pm, whereas the emitters in this study were made

Simple ntppt cells were also fabricated. After initial by the 13° cm~2 spin-on resulting in lowefV, < 10?° cm=3
wafer cleaning, aluminum evaporated onto the back aadd a deepet:; in the 0.18-0.26um range [see Fig. 3].
phosphorus dopants (with a concentration of’2€ém—3) spun The decrease in surface concentration is beneficial (provided
onto the front were RTP diffused to simultaneously form thgood surface passivation is obtained) because it results in
emitter and BSF. Next, a CFO or RTO was grown followededuced front-surface-recombination-velocity (FSRV) for
by evaporation of back and front contacts, which werexide passivated emitters [16]. Cell fabrication was finally
defined by photolithography. The simultaneous RTP diffusiaompleted with the evaporation of a ZnS/Mgéntireflection
was done at about 89C for only 30 s to achieve an emittercoating and 15 min contact anneal at 490. Unlike our
sheet resistance of 90-120/sq.; and RTO was done atprevious work [12], in this study, PECVD AR coatings were
900°C/165 s [see Fig. 2(b)] to grow a 12- to 13-nm oxidenot used so that parasitic absorption within SiN [17] would
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Fig. 4. Emitter component of reverse saturation current deridify) as a
function of RTP emitter sheet resistance and surface passivatignwas
measured by the PCD technique.

not perturb short wavelength IQE response. Details of the 100
fabrication of CFP cells has been discussed elsewhere [12]. o |

80
Ill. RESULTS

The passivation characteristics of Si@nd PECVD SiN
were first studied byJ,. measurements. To be relevant to
any contact scheme including screen printing, the study wasy

70

50

Fig. 5. Comparison between RTP and CFP cells both passivated by a CFO.
Nearly identical performance is achieved by both processes because of CFO
passivation.

O -a- CFP ‘
% | -+RTPRTO

. . ! ; = 4() Process and Cell ID Voo | T FF

carried out on a wide range of emitter sheet resistances 0 o S T <m3A:;ﬁ —
H * (1.3 Q-em FZ; S5- . .
from 30 to 100Q/sqg. Fig. 4 shows the measurefd. as a » RTP/RTO (13 Q-cm FZ, X12) | 623] 369 | 0.809
function of the RTP emitter sheet resistance. The furnace "I proces el rowth of s comvenon fumace e
grown oxide (CFO) gave a factor of two to four times lower '
Jo. (depending upon the sheet resistance) than SiN passivation ° ‘ — ‘ ' ‘ ‘
00 400 500 600 700 800 900 1000 1100 1200

on the same emitter. At 9/sq., .J,. was reduced significantly
from 130 fA/cn? for SiN passivation down to 30 fA/ctn , N
for CFO passivation. At 482/sq. (which can accommodater,f-.c. oq'on"T 55 cm F2 silcon. Comparabie short wavelength response
screen-printed contacts [13]), the reduction was less impressiégveen both types of cells indicates similar quality of RTO and CFO surface
decreasing/,. from only 200 fA/cn? for SiN to 100 fA/cnt  passivation.

for CFO. It is important to note that the trug,.. of the cell

will be greater since the effect of contacts are not pres
in the PCD measurements. It is better, therefore, to jud
the impact of front surface passivation by short waveleng

IQE measurements as will be shown in the next sectiof, h RTO. th , Iso deict the | . .
To demonstrate the effectiveness of front oxides on R thout an RTO, these figures also depict the large increase in

cells, the well-established CFO technology was first app|ié e short wavelength IQE response because of improved front

to RTP cells. Fig. 5 shows that CFO passivation of RTP Ceﬁgrface passivat.ion and reduced heavy doping e_ffects, resulting
produces virtually the same results as cells fabricated emirérlélp_erformance |m_provements of about 1 mAfcin Js. and

by CFP. These RTP/CFO cells eliminated the huge loss e in at_)solute (_efflmency. The_se_enhancements were fqund 0
short wavelength IQE response we had observed in the pgﬁtco.nsstent with .mode! predictions, as will be shown in the
[12] and gave virtually the same cell performance. olfowing PC-1D simulations.

Use of a CFO, however, mitigates the attractiveness of an
RTP process because it requires a lengthy furnace process as
shown in Fig. 2(a), whereas growth of an oxide by RTP main- In order to improve the understanding of these record-high-
tains the high-throughput nature of the entire RTP processiafficiency (1 and 4 cd) RTP/RTO cells and provide guidelines
sequence. Thus, an RTO cycle was developed to provide fbe further improvements, it was necessary to perform model
same high-quality oxide as a CFO but in a time of only 5-@alculations.PC-1D for Windows[18] was used to solve
min as shown in Fig. 2(b). Cells fabricated according to thike one-dimensional semiconductor transport equations and
RTP/RTO process gave efficiencies up to 18.6% which repmempute solar cell performance using the default material
sents the highest reported efficiency for any RTP-diffused celbcombination parameters setBg-1D. (These include the in-
Table | shows that numerous RTP cells employing an RTtEnsic carrier concentration; = 1 x 10*° cm~3, the band gap
near or above 18% efficiency have been fabricated. Averaggrrowing model of Klaasseet al. [19], mobility model used
of (at least) fourteen 1 ctncells on each wafer give abovein Cuevast al.[20], and Auger coefficient,, s = 2.2x1073L

Wavelength (nm)

ejnq% for FZ and 17.5% for Cz silicon. Figs. 6 and 7 show that
gtually identical performance is achieved by the RTP/RTO
ocess compared with lengthy CFP (which includes growth of
CFO) on both FZ and Cz substrates. In comparison with cells

IV. PC-1D SMULATIONS AND DISCUSSION
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TABLE |
HiGH-EFFIciENCY RTP/RTO $LicoN SoLAR CELLS
ID Res. Material Area Ve Yo FF Eff.
(Q-cm) (em’)  (mV)  (mA/cm’) (%)
9631\X-12 1.3 FZ 1 623 36.9 0.809 18.6
15 cell average
on 9631\X 1.3 FZ 1 619 36.6 0.801 182
9631\C-2* 2.8 Cz 1 607 37.5 0.790 18.0
14 cell average
on 9631\C 2.8 Cz 1 608 373 0772 175
9631\HS-2 0.9 HEM mc-Si 1 593 34.1 0.790 16.0
9615\R0O2-3* 0.6 FZ 4 633 359 0.789 179
9615\R0O2-6* 0.6 FZ 4 633 357 0.793 179
9611\PR-7* 1.3 FZ 4 623 364 0.780 177
5 cell average on
1.3 FZ 4 623 36.6 0.776 177

9611\PR

*Tested and verified by Sandia National Laboratories.

100 1001 , o s > = = 5
R ~ /_A'—‘_A—ﬁ—_u Tt —t
90 | /o -~ CFP (28 Q-cm Cz) 9 L T
| I o
20 [ + RTP/RTO ‘ 80 +
4 E
i -+ RTP (No Pass.) 70+ /
0F f - F
§ ~ 60 3
§ 60 v 3‘, Process and Cell ID  § Voo | Ji¢ FF_ Eff § r
E 50 (m) | (mavem’) %) 8 50 +
g CFP* (c1-8) 610| 37.1 |0.793|17.9 =40

RTP/RTO (9637C-2) 607| 375 0729 18.0
RTP (No Pass.) (cz11-3; [ 595| 35.8 |0.789 | 16.8

* CFP process includes growth of a conventional furnace oxide.

40 F

30

40| [Unpassivated RTP (Cell P-7)
: FSRYV =7.5x10° cm/s

20 fndi
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10 f
0 F——rt 1 e }
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Wavelength (nm)

Fig. 8. Matching of measured (data points) and PC-1D calculated (solid
Fig. 7. Highest efficiency RTP/RTO cell compared to CFP cell (bothjurve) short wavelength IQE response to estimatesgiadially-averagedront
fabricated on 2.82-cm Cz silicon. surface recombination velocity (FSRV).

of Wang et al. [21]) The purpose of the PC-1D simulationsmeasured short wavelength IQE response was matched with
was threefold: 1) quantitatively assess the impact of RTEC-1D-calculated IQE using the measured emitter profiles
passivation on reducing the FSRV of cells fabricated in thjg Fig. 3. Fig. 8 shows that using the “after RTO” profile
study; 2) using the estimated change in FSRV values, show thgln Fig. 3 and matching the short wavelength response of
the enhanced cell performance resulting from RTO passivatifiz RTO cell gave a bestit effective FSRV value of about
is consistent with the model calculations; and 3) providgnoo cmy/s. It is important to note that any value between
guidelines for further improvement of RTP/RTO devices. 15000 and 25000 matched the data with little error. Matching
the significantly lower short wavelength IQE response of the
A. Estimation of Front Surface Recombination unpassivated cell in Fig. 8 (using the “before RTO” profile in
Velocity for RTP Cells Fig. 3) gave an effective FSRV value of abdus x10° cm/s.

To analyze the short wavelength behavior of RTP cells Although the method of matching short wavelength IQE to
and calculate performance improvements resulting from RT&Stimate FSRV places significant dependence on the accuracy
passivation, it is necessary to first assess FSRV values. ThisfidQE measurements, it has advantages over more traditional
generally difficult because the actual FSRV that dictates shareans such as calculating FSRV frolp. measurements from
wavelength response is affected by the presence of contaBt€D techniques. Difficulty in calculating FSRV from,,.
Therefore, we decided to assess the FSRV with and witharises because PCD samples, diffused and passivated on both
contacts by a combination of IQE and,. measurements. sides without the grid, do not account for the effect of front
In order to obtain the effective FSRV with the contacts, theontacts which is the true condition of a finished device. To
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Fig. 9. J.. computed using (1) and the measured emitter profiles in Fig. Big. 10. PC-1D simulations for the 28-cm Cz cells showing the effect
of emitter profiles and FSRV on cell performance. (The sheet resistance was

predict FSRV from the measurefl., PC-1D is used to vary fixed at 100€/sq.)
FSRV until the calculated,,. (1) matches the measured.

_ Ip(@je)
“ exp(qV/ET) - 17

The constant sheet resistange ) of 100 €}/sq. was chosen
because model calculations show little gain in increasing
ps beyond this value. (We have also found empirically in

] ) o ) numerous experiments in our laboratory thao + 20 €/sq.

In the PC-1D simulation, the cell is biased to any voltdgen  giyes optimal performance for homogeneous emitters prepared
the dark, and the minority hole current, is calculated at the to, eyaporated contacts.) Three different base resistivities are
edge of the depletion region on the emitter sidg) using the 531764 since cells fabricated on FZ and Cz were 1.3 and
measured emitter profile. Sincg, is a function of FSRV, (1) 5 g cm, respectively; and 0.2-cm was included to exhibit
can be iterated until the measuréd is obtained. Fig. 9 Shows ¢ 456 where the emitter strongly affects cell performance
the calculated/,. (without the metal grid) as a function Of(i.e. low J.,). All other parameters for the base region
FSRV determined by (1) for the profiles studied in this papefere fixed with a bulk lifetime of 20Qus and back-surface-
For an oxide-passivated RTP emitter with a sheet resistange ,mpination-velocity of 10000 cm/s (which is applicable to
of 90 $2/sq., Fig. 4 showed thak,. is about 30 fA/cr which a relatively poor BSF such as the 1 mm evaporated aluminum
translates into an FSRV of about 2000 cm/s. Although thisse \;sed in this study).

value is in good agreement with published values of FSRV Figs. 10 and 11 show all possible combinations of FSRV
obtained from PCD analysis [20], [22], it is significantly lower, 4 (Gaussian 100/sq.) emitter profile on cell performance.
than the effective FSRV value of about 20000 cm/s whicfinese figures can be used to explain the observed enhance-
agreed with the measured short wavelength IQE. Thex10°  ments in cell performance resulting from RTO passivation.
cm/s obtained by matching the IQE of the unpassivated cglr samples with and without RTO passivatidW, is about

is also greater than the value ®fx10” cm/s based upotiee ¢ 1019 and 1 x 102° cm~3, respectively (when the profiles
measurements of bare silicon samples reported by Cugvag, Fig. 3 are extrapolated to the surface). As stated eafier,

al. [16]. Thus, matching the short wavelength IQE gives &fcreases following RTO because of the additional diffusion
estimate of thespatially-averagedor effective) FSRV which q,jng the RTO cycle and slight consumption of the surface
accounts for the variation in FSRV between the passivated gadion to grow the Si@ Fig. 10 shows that in the case of 2.8
contacted regions. The fact that the spatially-averaged FSRVemn 2 material, using th&/, = 1 x 102° curve with FSRV
was found to be greater than the FSRV of the passivated regi__ora,_5 x 10° cm/s for the unpassivated cell and = 6 x 101
is_also consistent with the suc_cessful PCD measuremgntscglpve with FSRV= 20000 cm/s for the RTO passivated cell,
grid covered samples by ISFH in Germany [23]. According e cajculated efficiency increases by 1% (absolute). Table I
Fig. 9, the spatially-averaged FSRV values of 20000 8d gpos that this is in good agreement with the -V measure-

x 10 cm/s for RTP emitters correspond to spatially-averageffonts on 2.80-cm Cz cells. Also, notice that the measured
Joe values of 115 fA/cm for RTO passivation and about 1000, crease of 12 mv in/,. is consistent with the simulations.

1)

fA/em? for the unpassivated case. Fig. 11 depicts the simulation for the 1&3cm FZ cells.

i ) Using the appropriate curves in Fig. 11 and the same decrease
B. Comparison Between Measured and Simulated in FSRV because of RTO passivation, an increase of about
RTO-Induced Enhancements in Cell Parameters 1.2% is predicted for the FZ cells. Table Ill shows that the

To study the effect of emitter design on RTP cell perfort8 mV increase inV,. and 1.0 mA/cm increase in.J..
mance and explain the observed RTO-induced improvememe in excellent agreement with the calculated predictions.
in cell performance, devices were modeled as a function ©he calculated gain of 1.2% for 1.2-cm cells is slightly
surface doping concentratiofdV, ), junction depth(z;), and greater than the 1.0% predicted for ZBcm cells because
FSRV. The sheet resistange, ) was held constant at 18®sg. higher base doping reduces thg, component of the total
and a Gaussian profile was assumed for modeling purposés.= J.. + J,,, and results in a greater increase Wj.
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For all cells in this study, (2) gave &,, value greater than
1000 fA/cn? which is an order of magnitude greater than

the spatially-averaged,. of about 115 fA/cm for RTO-

183 Surface Conc. passivated cells (determined in Section IV-A). (Without the
s 18+ ~1E+19 RTO, J.. and .J,, are comparable.) Thus, because of high-
B s = 2E+19 o quality RTO passivation of emitters, RTP/RTO cells now suffer
5 - 4E+19 173 from base recombination.
| oy < 6E+19 o Further analysis reveals that a high back surface recombi-

1651 = 1E+20 165 nation velocity (BSRV) is responsible for the high;,. By

Wl - 2E+20 Ty = 200 ps matching the measured long wavelength IQE of RTP/RTO

~-4E+20 P, = 100 fsq. P 158 cells (made with a }sm evaporated BSF, in this study)

1551 e e e to PC-1D calculated IQE, the BSRV was found to be very

10 1o FS;?/‘O(‘LS) 100000 11000000 high (>10000 cm/s). Furthermore, PCD measurements on

_ _ _ _ processed FZ and Cz materials used in this study gave lifetimes
Fig. 11. PC-;D simulations for the 13-cm FZ cells showing th(_a effect greater than 20Qus (Lbulk = 800 Nm)- Since this makes
of emitter profiles and FSRV on cell performance. (The sheet resistance v? ) . .
fixed at 1000/sq.) € Ly,x/W ratio high, these RTP/RTO cells are strongly
limited by back surface recombination. Therefore, research is

TABLE i in progress to reduce BSRV by screen-printed aluminum BSF
COMPARISON BETWEEN MEASURED AND SIMULATED .
IMPROVEMENT IN CELL PERFORMANCE RESULTING FROM RTO technology which has been shown to reduce BSRV value to
PASSIVATION OF 1 ¢ RTP CELLS ON 2.8 ©2-cm Cz SLICON 200 cm/s because of the substantially increased depth of the
" . A
T Passic | Vo, I o Y pT region [25], [26]. cher pQSSIbIlItIeS m_clude a boron BSF
vation | mV) | (mA/em?) (%) which is capable of increasing the doping level of the p
9631\C-2 RTO | 607 375 0790 | 18.0 region [27] or dielectric passivation (via RTO and/or PECVD
Cz11-3 None | 595 35.8 0.789 | 16.8 silicon nitride) in combination with point or grid rear contacts.
Actual 12 L7 0.001 12 PC-1D model calculations on 13-cm material, show that
improvement i i i screen-printed aluminum BSF's with a BSRV of 200 cm/s
_Calculated 12 1.3 0.001 1.0 could increase RTP/RTO cell efficiencies beyond 19%.
improvement

V. CONCLUSIONS
TABLE 1l

COMPARISON BETWEEN MEASURED AND SIMULATED The fabrication, characterization, and analysis of the first
IMPROVEMENT IN CEL.L PERFORMANCE RESULTING FROM RTO >18% efficient RTP cells was presented. Improved energy
PasSIVATION OF 4 ¢ RTP CELLs oN 1.3 2-cm FZ SLicon . . . . . . .

conversion efficiencies were attained by RTO passivation of
ID Passi- | V. Je FF Eff. the emitter which significantly enhanced the short wavelength
vation | (mV) | (mA/em’) (%) response and decreased the FSRV (including contact effects)
99661111\{’;{;,7 ETO 2@ ig': 8'7/2(7) :Z'; from about7.5x 10° to 2x 10* cm/s. As a result, cell efficiency

- on . 5 . - . . .

yyr = n ) 0007 0o increased by about 1% (absolute) with 10—-20 mV increase in
improvement ' _VOC (dep(_andlng upon base _re5|st|V|ty) and about 1 mA/cm
Calculated 19 11 0.003 12 increase in/g.. Although less improvement would be expected
improvement for standard screen-printed cells (which have heavily doped

emitters and depend less on surface passivation), these results
when J,. is reduced. This effect can be amplified by furthe®'® still useful for clever cell designs involving a selective
reduction in base resistivity, provided sufficient lifetime i€mitter with RTO passivation. The cells presented in this work
preserved. For example, similar calculations revealed that ifgre diffused and oxidized in a total time of only about 10
efficiency of 0.292-cm cells with a bulk lifetime of 50us min indicating the potential for substantially increasing the

increases by 1.7% because of RTO passivation of the emiti@roughput of high-temperature processes compared with CFP.
Compared with cells made by CFP (which includes growth

. of a conventional furnace oxide), these RTP/RTO cells gave
C. Guidelines for Further Improvement of RTP/RTO Cells ;1. ,a11y identical performance using the same cell structure
To increase the performance of RTP/RTO cells further, dind base material. Detailed modeling and analysis was also
is necessary to determine the efficiency-limiting mechanisnjgerformed to show that the RTO-induced enhancements are
Detailed IQE analysis of RTP/RTO cells revealed thig} is consistent with PC-1D simulations and to provide guidelines
much greater thanw/... This was determined by extractingfor further improvements. RTO passivation of the emitter
the effective diffusion length(L.g) from the near-infrared has shifted the dominant recombination mechanism to the
(860-980 nm) inverse-IQE response [24] and using the simplase(J,;, > J,.), SO the next generation of high-efficiency

formula RTP/RTO cells require reducing back surface recombination.
) Based on model calculations,19%-efficient RTP/RTO cells
Job = ¢ n; Dn ‘ (2 are expected by reducing the BSRV to 200 cm/s on{%-@n
Na Leg silicon.
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