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ABSTRACT: We have improved the emitter formation psscédy manipulating the phosphorus doping profile
without increasing the total process time or ada@ing extra steps, but by just implementing a sinspdam generator
into the POQ diffusion furnace. An average efficiency gain@8% absolute was achieved with multicrystalline
silicon solar cells. In this study, we statistigatlarify which direction the doping profile shaube manipulated.
Merely characterizing the emitter by “high sheesisg@ance” or “shallow emitter” is revealed to be lomger
indicative for high efficiency. We also demonstrahe sophistication of the doping profile manipiola with

numerical analysis.
Keywords: doping profile, POgIsteam

1 INTRODUCTION

The emitter formation process in the manufacture of
crystalline silicon solar cells is full of dilemmas

One can increase the cell efficiency through the
modification of the emitter process by taking mtiree,
adding several steps, and requiring a narroweressoc
window —typically, precise alignment in the metal-
lization process— to the subsequent processes.thBut
extension of the emitter process strongly influenttee
total manufacturing cost since the emitter prodseshe
most time-consuming process for a wafer to become a
solar cell. On the other hand, if one wants aifi@gnt
efficiency increase, the total time for the emitpeocess
also has to be increased significantly. Implenmenguch
a process modification into a commercial productioa
is always accompanied by a complicated trade-oftlwh
also includes an additional consideration on sauord
the production yield.

From the theoretical point of view, it is well know
that an emitter with higher sheet resistance caa tie
cell a larger current and a higher voltage becahse
lower doping concentration and/or the shallowecjiom
prevent unfavorable carrier recombination. Howetles
higher sheet resistance hinders the lateral movewofen
the majority carrier in the emitter and the lowepihg
concentration causes higher contact resistanceebatw
the emitter and the metal, both of which incredse t
series resistance and decrease the fill factor. (E¥)e of
the solutions of this problem is a “selective-earitt
concept [1], which requires a complicated tradeioff
implement as mentioned above. As a matter of fact,
industrial manufacturers are strongly wishing féHaly
Grail” that can improve just the emitter doping fileo
without increasing the total process time, addimy a
extra process steps, narrowing the subsequent gxroce
window, or sacrificing the production yield. A pess
improvement with the least risk is the most desired

In the last EU-PVSEC, we demonstrated an effi-
ciency gain of 0.2% absolute without adding anycpes
steps or extending the total process time [2]. We
modified the phosphorus diffusion process usingiatg
tube furnace by employing a multi-plateau tempegatu
profile instead of the conventional single-plateau
temperature profile, which enabled manipulationtred
doping profile resulting in the decrease of the idgp
concentration near the emitter surface. The efiicy

gain was due to the increase of the short cirauitent
(Jo and the open circuit voltage Y, and the FF was
kept as large as the conventional one's.

In this study, the correlation between the soldl ce
performance and the doping profile is more pregisel
investigated. At the same time, the manipulatibrthe
doping profile has been sophisticated. We indiedtieh
part of the doping profile influences the solarlcel
performance, and to which direction and how it $tdne
manipulated.

2 EXPERIMENTS

To investigate the correlation between the soldr ce
performance and the doping profile, the phosphorus
diffusion processes of different experiment grosipsuld
be compared accurately. At the same time, the
manufactured solar cell should be equivalent to a
commercial product; otherwise the obtained cori@hat
will not give a solution to the “manufacturers'afiiimas”.

A polished surface is necessary in order to cherizet a
doping profile, even with state-of-art techniquesich
means that the doping profile of an actual soldt ce
cannot be characterized since the surface is tktur
Therefore, we put a surface-polished wafer into the
diffusion furnace together with the cells of each
experiment group. The doping profile characterizgth

the surface-polished wafer should have a one-to-one
correlation with the emitter profiles of the actealls of
each group.

The diffusion tool is an industry-scale PQQGube
furnace Tempress TS81003, equipped with 400 stots f
loading 156x156 mm?2 wafers in its temperature Atate.

We implemented a steam generator RASIR&eamer
125 [3] into the POGIfurnace in order to widen the
process possibility, or in other words, to sophate the
doping profile manipulation. To our best knowledge
implementation of a steam generator into the ROCI
diffusion process for manufacturing solar cells nas$
been reported before this study.

The doping profile of the surface-polished wafers
were characterized with secondary ion mass spectpys
(SIMS) carried out by Philips MiPlaza [4]. Thereea
two other well-known methods to characterize doping
profiles: ECV (electrochemical capacitance voltagejl
SRP (spreading resistance profile); but SIMS isntiost
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appropriate for phosphorus diffusion because thgagh is effective enough when the emitter quality isteds
of electrically inactive dopant cannot be neglectéithe independently.

repeated measurements of the same diffusion process

carried out in different months showed a good ages,

which suggests the reproducibilities of both thiéudion 3 RESULTS
furnace and the SIMS measurement are reliable.

21 groups of different phosphorus diffusion proesss The four graphs of Fig.2 show the doping profiles
were tested including the reference group. The characterized by SIMS. Each graph shows the peotf
temperature profile of the reference group hasnglsi the reference and 5 selected groups. The valumsesh

temperature plateau as shown in Fig.1 (a) which is
conventionally used in industrial production lineA
typical temperature profile out of 20 test groupss h
multiple temperature plateaus as shown in Fig.1 ()
analyze the processes and the results numeridally,
control parameters were selected to vary, includhreg
use of steam, and the other process parameterdiweae

as strictly as possible. The total process tinreefach
test groups is almost same as the reference and the
diffusion uniformity through the whole furnace is
sufficiently good.

Polished CZ Si (110) wafers out of one single lot
were used to characterize the doping profiles, and
156x156 mm?2 multicrystalline silicon wafers wereeds
for manufacturing solar cells. Except for the pgitosrus
diffusion process, the other process steps —likeitig,

SiN, deposition, metallization, etc.— were the same for
all samples and processed in one time to the utmost ]
Neighboring wafers were equally distributed to each time

group. Since the wafers were arranged from three Figure 1: (a) Single-plateau temperature profile
different ingots, the values of.Jand \,. were leveled conventionally used in industrial production
using the average values of the reference grougach lines. (b) Typical multi-plateau temperature
ingot. We empirically know such leveling of &and V. profile employed in this work.
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Figure 2: Doping profiles characterized by SIMS. Each frapows the profiles of the reference and 5
selected groups. The values shown in the legemdsbare sheet resistance of a cell out of the same
group measured before SiNeposition, and the average of the absolute eff@i gain of the specific
group compared to the reference group.
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Table I: Numerically expressed doping profiles Figure 3: &, Vo FF, and Efficiency plots of each group

with sheet resistance, number of the completed with means and 95% Tukey HSD (honestly significant
cells, and the average efficiency gain from the difference) intervals, arranged with Table I.
reference of each group.
doping profile i Jse Voc FF Efficiency
L gain — macm?) V) (%)

Ro  x peak y:depth z depth #of from
o) density @5x10° @1x10° cells  ref. 34.2 35.C 0.612 0.620 0.70 0.78 15.0 16.5

(/lcm3) (Lm) (Lm) (Yoapg [T [T T

GOl 86 5.1x18 0.042 0.231 5 -0.8 Go1
G02 52 6.3x1% 0.074 0.264 4 +0.] G02
G03 61 1.3x18 0.057 0.227 5 -0.1 G03
G04 79 1.1x1# 0.046 0.219 6 -0.€ G04
G05 74 7.9><1E_f 0.053 0.204 6 -0.2 G05
G06 50 1.3x1% 0.064 0.216 6 -0.C G06
G07 67 1.0x18 0.052 0.241 6 +0.1 GOo7
Go8 111 8.1x1¥  0.029 0.167 6 -1.4 G08
G09 76 1.0x18 0.049 0.222 6 +0.2 -t G09
G10 94 4.8x1#¥ 0.040 0.216 6 -0.8 G10
G11 54 95x1§ 0.067 0.272 10 +0.: Gl1
G12 60 1.0x1# 0.057 0.245 12 +0.! e G12
G13 42 1.0x18 0.095 0.288 11 +0.0 [+ G13
G14 39 5.1x1¥ 0.095 0.325 12 +0.! Gl4
G15 52 7.4x18  0.061 0.300 10 +0.: ot G15
G16 51 7.7x1% 0075 0262 12  +0. G16
G17 49 7.4x18 0.074 0.279 12 +0.: G17
G18 85 6.3x18# 0.036 0.224 11 -0.4 ot G18
G19 56 8.2x18 0.069 0.316 11 +0.: G19
G20 47 6.5x18  0.080 0.320 11 +0.: g G20
ref. 66 1.6x18' 0.060 0.215 18 — ot ref.

in the legend box are sheet resistance of a cgdtgge of 4 DISCUSSION

7x7 points) out of the same group measured by

Sherescan [5] before SiMeposition, and the average of 4.1 Definition of analysis method
the absolute efficiency gain of the specific group To carry out the analysis more quantitatively, the
compared to the reference group. The highest ghin doping profile curves should be numerically expeédss
0.3% was achieved with G19, which exceeded our last  With a glance at Fig.2, one can easily recogniz¢ &l
result of 0.2% [2]. the curves are composed of two Gaussian-like curves

In comparison with the reference group, differences The amplitude of the first Gaussian-like peak isalde
of sheet resistance are understandable from thenglop with the peak occurring at the surface. The amngétof
profiles because sheet resistance is a direct metaof the second Gaussian-like peak appears to be corfanon
the doping profile. The correlation with the eificcy all the curves. This is because the diffusivity of
gain is not straightforward, however. Surprisindlye phosphorus ) at the phosphorus concentration ([P])
efficiency can be increased even if the sheetteesis is of 1x10° /cm? is 5 ~ 7 times larger than tbg, at [P] =
lower than that of the reference group. For insa02, 1x10° /cm? [6]. Therefore two Gaussian-like curves
G11, G15, G16, G17, G19 and G20 have significantly appear: one starts at the surface and the othés atgdP]
higher efficiency in spite of their low sheet réaigce. So ~ 3x10° /cm3. The peak concentration of the first curve
far, low sheet resistance had been regarded agatives depends on each diffusion condition. This caubes t
factor for solar cell performance, but this indarais not formation of two different layers with different J,P
always true as demonstrated in this study. It shtwe which are called f and f layers as shown in Fig. 4.
solar cell performance can be more strongly coedla Normally, one can describe a Gaussian curve with
with the doping profile itself than with the sheet two variables which are the peak concentration ted
resistance value. depth factor. In the case of Fig. 2, each dopirdgfilp
Figure 3 shows the plots of each factor of thersola
cell performance with means and 95% Tukey honestly S - .
significant difference intervals. Most of the tesbups g n- n
. i S aheavily highly

show higher ¥ than the refe_rence group whilg, zmd ¢ |doped doped

FF are not always larger. This result shows thatdim [ P X: peak

of implementing multi-plateau temperature profiles: . concentration

to reduce the unfavorable carrier recombination by 5x 101

decreasing the total doping and to raise thg Was 1 3 1018 Jrerereebrer e \

almost been accomplished. On the other hand, aever

groups with significantly high ) like GO1, G10, and Yy :depth  Z:depth

G18 lag in efficiency as compared to the referethoe to @5x10%  @1x10%

the smaller FF. The groups with a larger gain sash Figure 4: Simplified model of phosphorus

G02, G11, G15, G16, G17, G19 and G20 have a FF as doping profile formed by diffusion process.

large as the reference. Variablesx, y, andz are also indicated.



25th European Photovoltaic Solar Energy Conferesee Exhibition
5" World Conference on Photovoltaic Energy Conversion
Valencia, Spain, 6-10 September 2010

Table Il B/&, (ratio of [coefficient] / [standard error]), P-ual (indicating statistical significance when close
to zero), and adjusteé®® (representing the percentage of the variabilifi)he main solar cell characteristics
derived from statistical fitting by linear regremsianalysis for the model with equation (1).

X Voc FF Efficiency
Blg, P-value pBJg, P-value BJg, P-value  Bls, P-value
X: n"* peak concentration -6.4 0.000 -11.3 0.000 10.0 0®.0 6.2 0.000
y: n"* depth @5x16 /cm®  -11.5 0.000 -7.9 0.000 5.2 0.000 0.6 0.540
z n* depth @1x1H /cm? -1.4 0.163 4.3 0.000 6.7 0.000 6.6 0.000
adjusted?’ 75.1% 65.8% 71.7% 47.8%
can be distinctly described with three variablesabse instability, wafer quality variation in an ingot,
the peak of the second Gaussian-like curve is cammo unexpected deviation from average at the SIMS

with ~3x10° /cm3. In this study, we used three variables
of

X : peak concentration,

y : depth at [P] = 5x18 /cm?,

z : depth at [P] = 1x18 /cm3,
as a quick numerical expression of a doping prce
indicated in Fig. 4. Variables andy describe the peak
and the depth of the *h layer, respectively, and
describes the depth of thé layer.

Although this description does not accurately
represent the two Gaussian-like curves, it shoud b
meaningful as a first approximation. Table | sumines
the numerical expressions of the doping profileth e
variablesx ~ z described above, together with sheet
resistance, number of the completed cells, and the
average efficiency gain from the reference of egrclup.

We carried out linear regression analysis using
STATGRAPHICS Centurion XV [7] for the main
characteristics of the solar cell performance,s\,, FF,
and efficiency— with these variables expressingheac
doping profile. In this analysis, each cell factwas
statistically fitted with a linear model expresseith the
next equation:

W=B+Bx+By+Bz+re, (1)

where, W is either of J, V., FF, or efficiency;s, are
statistically estimated coefficients; amdis the residual
error. Each estimated coefficient accompaniesidsird
error &, and P-value. The rati,/g, indicates relative
weight of each variable in equation (1) and carused

for the comparison of each variable's contributiorw.
The P-value indicates the statistical significan€each
coefficient when it is close to zero. Normally,eth
coefficient can be regarded as statistically sigaift
when P-value < 0.05. Each equation (1) for e¥¢h
accompanies®® which represents the percentage of the
variability in W which has been explained by the fitted
regression model, ranging from 0% to 100%. In this
analysis R is adjusted for the number of coefficients.

4.2 Discussion of analysis results

Table Il summarizes,/s, P-value, and adjuste@®
of the main solar cell characteristics. The plusira of
G/ & indicates the direction of the contribution of the
variable. A positive sign means an increase intdep
height is favourable while a negative sign indisate
decrease is favourable. Most of the P-values lase= do
zero, which suggests the overall analysis is sically
significant enough. ThE? values are also large enough
in spite of other factors causing errors like tlad
manufacturing process potentially prone to induce

measurement point, etc.
Hereafter, the results are discussed for each ekeme

Jse short circuit current

All three variablesx, y, and z have negative
coefficients, which means,Jwill increase with a lower
n*" peak, a shallower "f layer, and a shallower'n
These are all easily understandable because thélyhea
doped fi* and i layers are regarded like nests of carrier
recombination centres while many of the incident
photons generate electron—hole pairs within thettemi
Therefore, some part of the photo-generated minorit
carriers are recombined before being transportad the
emitter to the base, resulting in smallgr J

Ve Open circuit voltage

Like L Vo will also increase with a lower'hpeak
and a shallower i layer. In most part of the"hlayer,
the phosphorus dopant concentration is higher than
1x10° /cm? where the impact of Auger recombination is
hardly avoided. Even worse, the excess dopantehigh
than 3~5x18& /cm3 is electrically inactive and creates
Shockley-Read-Hall (SRH) recombination centers in the
layer. Interface SRH recombination centers aretedea
even by lower dopant concentration than this. Such
recombination sources generate thermal minorityierar
and increases the dark saturation current of trer sell
device, resulting in lower }.

The 1 depth functions in an opposite way: thg,V
will increase with adeepern’ layer. In the h layer,
almost all the phosphorus dopant is electricallyvated
and the impact of Auger recombination is small bsea
of the low concentration compared to th€ tayer. In
addition, the distance between thé" rand the pn-
junction contributes to the decrease of the datkration
current, which can be explained as follows: At tiaek
condition, fewer minority carriers thermally gertexh at
the ™ layer can reach the pn-junction because the
recombination probability in the*rayer increases with
the i layer being thicker, even though it is paradoxical
This phenomenon is demonstrated in this study by a
considerable value of positiv8/&, accompanied by a
zero P-value.

EF, fill factor

The trends of all the variables are completely
opposite when comparing FF ang JFF is known to be
increased with decreasing series resistance. Kehig”
peak and a deeper™nlayer will reduce the contact
resistance between the emitter and the metal, atid b
deeper fi” and f layers increase the lateral conductivity
of the majority carrier. Thus, these results vwitsitive
coefficients are well understandable.
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Efficiency

As discussed so far, the trends of the doping-erofi
variables have brought us another “manufacturers'
dilemma”. The trends of all the variables havehbot
positive and negative impact on either gf V., and FF.
This means that trade-offs are needed to adjusthall
doping-profile variables considering the weightatinthe
main solar cell characteristics.

The values in the “Efficiency” columns of Table II
imply a key for this trade-off. The smali/g, and the
large P-value foy (n*" depth) suggest that change & n
depth will not have a large impact on the efficien®©n
the other hand, botk (n"" peak) andz (n" depth) have
large and positivé/&, with zero P-values, soandz had
better be increased.

With this knowledge, the original doping profilas i
Fig.2 are looked at again, especially the promisjirayips
of G16, G17, G19 and G20, and several groups with
distinctive features of G09 and G10. Relativelymaé
layers are seen for G16, G17, G19 and G20, which
suggest the deepei” montributed to raising efficiency.
They have significantly higher efficiency than the
reference even though they have both deepand ri™.
This also supports that a shallower emitter isaivtys a
solution to improve the solar cell performance.

Both G09 and G10 have very similar curves to the
reference at the'ayer while both have lower'hpeaks
and shallower fi than the reference. Very interestingly,
GO09 gains 0.2% while G10 loses 0.5% despite thiallsm
difference. The main cause of the efficiency lo8&10
can be known as a large drop of FF shown in FigO8.
the other hand, the"hprofile like G09 (or GO7) still can
render sufficiently high FF.

As already mentioned, the largest gain was obtained
with G19 as 0.3% absolute. But what if tHé looks like
G09 and the h looks like G197 Still, a lot of
combinations are not yet tested and the efficiency
improvement can be expected through such attempt.

5 DOPING PROFILE MANIPULATION

As mentioned in the previous section, 20 different
diffusion processes were designed and carried dut.
analyze the processes and the results numeridally,
control parameters were selected to vary, includhreg
use of steam. The other process parameters weik ds
strictly as possible, and the total process timetfe test
groups are similar. The diffusion uniformity thgiuthe
whole furnace is sufficiently good even when stéam
introduced into the process.

Linear regression analysis using STATGRAPHICS
was carried out again for each variable of the nigpi
profiles as functions of process parameters. Each
doping-profile variable was statistically fitted ttvi a
linear model expressed with the next equation:

4
W=y + Dy X, 6, )

n=1

where, w is either ofx, y, or z ), are statistically
estimated coefficients; an¥, are the process control
parameters. Like in the previous analysis, each
coefficient accompanies standard erggrand P-value,
and y/&, and P-value are used to evaluate the statistical

TablelIl: y/s, P-value, and adjustd®f of each
doping-profile variable derived from statistical
fitting as a function of process control
parameters, by linear regression analysis for
the model with equation (2).

x: n"* peak y: n"* depth z n' depth

concentration  @5x13°/cm3  @1x103%/cm3

w& P-value y/g, P-value p/g, P-value
X; 0.0 0.994 55 0.000 8.6 0.000
X, -26 0019 -86 0.000 -21 0.051
Xs 54 0000 -0.5 0.607 -23 0.033
X, 05 0.659 51 0.000 4.7 0.000
R 60.7% 90.2% 92.6%
significance.

Table 1l summarized the results of the linear

regression analysis. Bofkfs of the fi* and i depths ¥
andz) are larger than 90%, which suggests these depths
are well controlled with the process parameteXs.and
X, have strong correlation with both deptgsagdz) and
X, also looks decisive of the"ndepth y) since all of
their P-values are zero. By exploiting and X,, for
instance like G18 in Fig. 2, the depth ratio 6%/n* (y/2
can be differentiated to the extent which was irsjizle
without introducing steam.

The controllability of the i peak &) does not look
as accurate as the depths siRéés not so large. On the
other hand, the weak correlation of the pegkwith X;
and X, allows much freedom of independent control of
the depthsyandz) from the peakx) by tuningX; andX,.
The same will be also true fifg to control the peak].

Overall, control of these doping-profile variables
or in other words, manipulation of the doping pesfi-
has been sophisticated with these four processratont
parameters. We are now able to produce pre-designe
doping profiles by this means. Also, implementiag
steam generator into a PQCltube furnace is
demonstrated to improve the doping profile manifioia
without increasing the total process time, addingae
process step, or narrowing process window at the
subsequent process. The latest achievement igcange
efficiency gain of 0.3% absolute.

As a further attempt to target even higher efficien
gain, a wider range for these control parameteasilsh
be assessed, and several conditions fixed in thidys
should also be varied.

6 CONCLUSION

The phosphorus doping profile in the emitter was
characterized and the correlation between thelprafid
the solar cell performance was numerically investd
using statistical analysis.

Three variables were chosen to express the profile
curve, which represent the peak concentration, nifie
layer depth, and the mayer depth, respectively.

The calculated correlations between these three
variables and ¢ V.., and FF were all seen to be
statistically significant.  All the trends of thédree
variables to increase,Jwere negative while they are
positive to increase FF. To raisg.Vthe trends of the
peak and the'fi depth were negative and that of tHe n
depth was positive.

The direction to increase the efficiency, which had
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been regarded unclear because it should be anmetcb

a trade-off, was also shown. The trends of thek pea
concentration and the" rdepth were positive while the
correlation between the efficiency and thé depth was
not statistically significant.

The largest average efficiency gain from the
conventional diffusion process was 0.3% absolutehvh
was achieved in one experiment group while several
groups also achieved comparable gains larger tt2%.0
Surprisingly, most of these groups had over6quare
lower sheet resistance and deeper emitter depthttiea
reference group with the conventional diffusion qass.
Merely characterizing the emitter by “high sheet
resistance” or “shallow emitter” is no longer inglive
for high efficiency.

A steam generator was implemented into the ROCI
diffusion furnace to sophisticate the doping peofil
manipulation. The correlations between the process
control parameters and the three variables reptiagen
each doping profile were numerically investigatesing
statistical analysis.

The calculated correlations suggested that both the
n"™* and i depths look to be well controlled by a few of
the process parameters. It was also suggestedhiat
depth ratio of fi/n" can be differentiated to the extent
which was impossible without introducing steam.

Although the controllability of the peak did notese
as accurate as the depths, a strong correlation was
observed with another process parameter which does
link strongly to the depths. This suggested thakpman
be controlled independently from the control of the
depths to some extent.

The doping profile manipulation was sophisticated,
and further improvement is still expected.
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