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Microcrystalline silicon solar cells deposited at high rates
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Hydrogenated microcrystalline silicdmc-Si:H) thin-film solar cells were prepared at high rates by

very high frequency plasma-enhanced chemical vapor deposition under high working pressure. The
influence of deposition parameters on the deposition(R4¢ and the solar cell performance were
comprehensively studied in this paper, as well as the structural, optical, and electrical properties of
the resulting solar cells. Reactor-geometry adjustment was done to achieve a stable and
homogeneous discharge under high pressure. Optimum solar cells are always found close to the
transition from microcrystalline to amorphous growth, with a crystallinity of about 60%. At constant
silane concentration, an increase in the discharge power did hardly increase the deposition rate, but
did increase the crystallinity of the solar cells. This results in a shift ofat&i:H/a-Si:H transition

to higher silane concentration, and therefore leads to a high@sr the optimum cells. On the other

hand, an increase in the total flow rate at constant silane concentration did lead to aRpigher

lower crystallinity. With this shift of theuc-Si:H/a-Si:H transition at higher flow rates, th&, for

the optimum cells decreased. A remarkable structure development along the growth axis was found
in the solar cells deposited at high rates by a “depth profile” method, but this does not cause a
deterioration of the solar cell performance apart from a poorer blue-light response. As a result, a
uc-Si:H single-junctionp-i-n solar cell with a high efficiency of 9.8% was deposited &pzof 1.1

nm/s. ©2005 American Institute of PhysidDOI: 10.1063/1.1927689

I. INTRODUCTION tion rates. As high pressure is combined with high discharge
_ _ . - . power, we shall refer to this deposition regime as high
. High growth rate of mmrpcrystallme S|I|cqmc—8|:H) pressure—high powehphP in contrast to the low power—
with plasma-enhanced chemical vapor depositiRECVD)  |ow pressurdlplP) conditions in conventional RF- and VHF-
requires reasonably high discharge power for high dissocigppcyp.
tion of the reactant gases, leading to higher sheath voltages, \yhjle the reduction of the ion energies by a combination
and thus higher ion energy. High-energy ions impinging 0Nyt high excitation frequency and high working pressure is
the growth sur_face, how_ever, are_con5|dered to be_ det”me”s'uccessfully reducing the damage on the growing surface,
tal to. the_qua!lty Of'“C'S.':H’ anusmg defect formatpn and such energy loss and unwanted leak discharges can, on the
d.eterloratlon. n qrystalhmtfn Therefore,- suppressing the other hand, result in disruption of the glow discharge. There-
h!gh—energy ons in the plasma is of partlcqlar neces.slty.at ‘?ore, a discharge reactor geometry adjustment, different from
high deposition ratéRy). A way to reduce ion energies in the optimum settings in RF- or VHF-PECVD at 10pep,

PECVD systegTs is the use of a thwd_electrodg in a mOde(typicaIIy 0.3 hPa is generally necessary at highe, This
arrangement>* With an independent bias on this electrode " .. . S TUepo
will first be discussed in this report. After having defined a

with respect to the grounded substrate, ion energies can be .
controllably reduced. Other effective methods to reduce iorcactor 'geometry.-for a stable and hp mogeneous discharge,
energies while maintaining high deposition rates @eery deposition ofuc-Si:H absorber layers ip-i-n solar cells are
high frequency(VHF) excitation of the discharge, where carried out with variations of the discharge poWj,, the

lower peak-to-peak voltages for a given discharge power reworking PressuUr®yepo and the.t-otal gas flqw rafeliory. FOT .
sult in lower maximum-ion energi§’§9and(ii) high working each set of deposition condition, the silane concentration
pressure(pdep() with an increased discharge power, where(SC) is varied_ SO as to cpver the entire raqge of mat(_erial
ion energies are reduced by multiple collisions in the plasm&"owth from highly crystalline to amorphous, in order to find
sheathi®'? Recently, also combinations of VHF-PECVD the optimum phase mixtur@PM) material. Such OPM ma-
and high working pressure have been investigdtdd’In  terial, which results in the highest solar cell efficiencies, was
the present paper we report on further studies of such a confiound close to the transition from highly crystalline to amor-
bination of VHF-PECVD at 94.7 MHz at high working pres- Phous growth in several earlier studies with different depo-
sures of 2—4 hPa for the growth pfc-Si:H at high deposi- ~ Sition methods$?*®!Here we show that a similar behavior
is found for the VHF-PECVD under high working pressure
and high power(hphP conditions. The shift of the OPM

dauthor to whom correspondence should be addressed; also at the Institute . - . .
of Photoelectronics, Nankai University, Tianjin 300071, P. R. China; eIec-grOWth regime upon the variation of the deposition condi-

tronic mail: y.mai@fz-juelich.de tions, such as power and gas flow, and the behavior of the
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To VHF Rgmovable FIG. 2. Depth profile of a crater etched with KOH solution intp-&n solar
generator shield cell structure. The dimension of the laser spot in the Raman-scattering mea-

surement is also indicated.
FIG. 1. Schematic picture of the PECVD deposition chamber.

The area of individual solar cells is defined by the 1
-cn? evaporated Ag back contact. The deposition time
for thei layers was adjusted to obtain a thickness of approxi-
&nately 1um. The thickness of the solar cells was measured
with a step profiler(Dektak 3030, VEECO Instruments

growth rates shall be discussed with an illustrative schemg< 1
for uc-Si:H growth, with the ratio of H over SiHx=1, 2, or
3, same hereinaftgradicals as the key parameter.

On the other hand, the solar cell performance is relate

to thei-layer material properties. For this purpose, in addi- : .
tion to current-voltage(J-V) measurements on the solar GmbH), neglecting the thickness of the doped layosal of

cells under illumination, measurements of the quantum effi@Pout 50 nm The deposition rate was calculated from the
ciency (QE) and of the darkl-V are performed. Points of th!ckness mgasyrement in the center of the substrate. The
concern when using high-deposition-rate methods are th4ickness variation between the center and the edge of the
material growth might be affected by the insufficient relax-Substrate was typically about 10%. TheV characteristics
ation of growth precursors and the development of a pro9f the solar cells, i.e., efficiency, open-circuit voltag&/oc,
nounced disordered interface between phend thei layers fill factor FF, and short-circuit current densilyc, were mea-
in the case of g-i-n junction. This would affect the solar sured under AM1.5 illumination at 25 °C after a 30-min an-
cell performance through reduced carrier collection andl€aling in air at 160 °C. Thé-V curves measured in the
would show as a reduced blue-light response. Therefore, weark are used to obtain information about the recombination
have investigated, in particular, the structure composition opehavior in the solar-cell absorber layéf<>* Quantum effi-
the absorber-layer material and the development of the strugiency spectra are used for information about the optical ab-
ture along the growth axis with Raman spectroscopy. For theorption and the charge-carrier extractfor?
latter a powerful “depth profile” method, including crater Raman-scattering measurements performed on the solar
etching and Raman-scattering measurements with differergells, after the removal of the amorphoudayers by KOH
excitation wavelengths, is introduced. etching, provide direct information about the relationship be-
tween the structural properties and solar cell performance.
The 488-nm line of an argon laser is usually used for exci-
Il. EXPERIMENTAL DETAILS tation, and more than 50% of the Raman signal at this wave-
The p, i, andn layers of theuc-Si:H solar cells were length was contributed from the topmost 200 nm of the

deposited in individual chambers of a cluster-tool depositiorfaYer- In order to find out the structure evolution in the
system® by PECVD to formp-i-n single-junction diodes. 9rowth direction, a depth-profile method is introduced here.
Figure 1 shows a schematic picture of the deposition chamCraters with different depths created by KOH etching make
ber. The electrode configuration consists of a 13.5-cmit POssible to obtain the structure information at different
diameter powered electrode and ax122-cn? substrate car- Stages of growth directly by Raman-scattering measurement.
rier in a carrier support as the grounded electrode. SubstrafeN00sing the appropriate KOH solution concentration, etch-
size is 10< 10 cn?. The electrode distance is easily variable iNg temperature, and etching time, different crater depths
in situ between 60 and 12 mm. A metal shield around thewith sufficient smoothness at the bottom can be achieved,
electrodes to prevent deposition on the chamber walls, aghich can be monitored by the step profiler. Figure 2 shows
indicated in Fig. 1, can be removed for discharge adjustmenfn exemplary picture of a crater measured by the step pro-
The gas Supp|y is a Simp|e cross-flow geometry, i.e., no ga§|el’. The 4-mm—|ong and 2-mm-wide flat bottom allows an
showerhead arrangement. accurate Raman measurement with the®3-mnf¥ large la-
Solar cells are deposited on texture-etched ZnO-coateer point. Raman-scattering measurement with a longer ex-
glass substrateés. Substrate temperatures are200°C for  citation wavelength of 647 nm, with most of the signal con-
p-, i-, andn-layer depositions. The:c-Si:H p andi layers tributed from the topmost iim of thei layer in the solar
were deposited with VHF-PECVD at 94.7 MHz. TheSi:H  cells, here the whole layer, is used as an easy and supple-
n layers were deposited with conventional RF-PECVD atmentary method to the crater etching. The ratio of the inte-
13.56 MHz. The silane concentration, S[SiH,]/([SiH,]  grated intensities of Gaussian peaks fitted to the Raman sig-
+[H,]), defined by the gas-flow ratio of silane and hydrogennal attributed to crystalline grairtat 500 and 520 ci#t) and
was varied in each case to adjust the structure mixture of theisordered regiong480 cm?), 1:°°=(I500+ 1520/ (lago+ 1500
i-layer material from highly crystalline to amorphous. +1g550 IS used as a semiquantitative value of the crystalline
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TABLE I. Deposition parameters of the silane concentrati®@) series.

pdepo F,VHF Fltotal d
Series name (hPa (W) (SCCwm) (mm) Shield p layer
hphP 20 W 2.1 20 100 12 with Normal
hphP 30 W 2.1 30 100 12 with Normal
hphP 40 W 2.1 40 100 12 with Normal
hphP 60 W 2.1 60 100 12 with Normal
hphP 90 W 2.1 90 100 12 with Normal
hphP 19 mm 2.1 60 100 19 with Normal
hphP 4 hPa 4.0 60 100 12 with Normal
hphP 100 SCCM 21 60 100 12 w/o Improved
hphP 200 SCCM 2.1 60 200 12 w/o Improved
hphP 400 SCCM 2.1 60 400 12 w/o Improved
IplP 0.25 10 100 19 w/o Improved

Note: 1 hPa=1 mbar

volume fractior?’?® We usel "S54 and 175, to specify  high discharge power and/or a small electrode distance are
the 1 .° values calculated from Raman spectra with 488 anchecessary for the combination of VHF and high pressure.
647-nm excitation, respectively. Figure 3 shows the minimum power, which is required for a
given pyepo in Order to maintain a stable plasma at different
IIl. RESULTS electrode distances¢d). The necessanPyye sharply in-
A. High-rate deposition under hphP condition creases Withpgepoat @ constant elect'rod_e digtance_. At smaller
distances, where a stronger electric field is available, lower
In the first part, investigations of the influence of the P, is sufficient at a giverpgey, All combinations ofPyyr
deposition parameters, such Bgpo Pvrr: Flioar @nd elec- andpgep,yielding stable plasma conditions should be located
trode distanced, on the discharge stability, the deposition above the corresponding line for a given electrode distance.
rate Rp, and the solar cell properties will be presented. Fon_eading to highR, and simultaneously providing a wide
the individual deposition conditions, variations of the silanedeposition parameter space within the system’s technical
concentration SC were performed to cover the range fromimit, the pressure of 2.1 hPa is the one generally used under
highly crystalline to amorphous growth and to obtain thethe hphP condition in this paper. The removal of the metallic
optimum solar cells. For a detailed information on the deposhie|d resulted in less parasitic losses of the discharge be-
sition parameters in each SC series, see Table I. The firgfyeen electrode and shield, requiring a considerable lower
column shows the names assigned to the SC series, Whi¢hinimum power to sustain a stable plasma. As a conse-
will be used hereafter for thg presentation and disqussion ‘Huence, also less powder was accumulated at the electrode
the results. Data for one series of solar cells deposited und@lyges which in turn led to a better stability of the individual
low-pressure, low-poweflplP) conditions atR, between discharge as well as from run to run. Furthermore, it was

0.12 and 0.35 n_m/s are also presented _for compan@gn._ observed that under high working pressure, the plasma was
and the conversion efficiency for the optimum solar cell in

: . well confined in between the electrodes, with no plasma
0,
the IplP series are abou_t 0.2 ””."S and 8%, respectively. Thgurning at other places after the removal of the shield. There-
results for this IplP series are in excellent agreement W'ﬂ}ore depositions in the later stage of the present research
earlier work, and the solar cell parameters show the well-"" "' . . . .
: . . L work have been carried out without a shield. The comparison
known behavior as a function of SC, i.e., the variation of the

. . 18 of the solar cell performance showed that the removal of the
crystalline volume fractior

In the hphP series with differeritl,,, and in the IpIP
series, an improved, thinngr layer, yielding higher blue- 80

light response, is used. In tldayer deposition of these solar
cell, the metallic shield around the powered electrode was
removed to obtain more stable deposition conditions. This
will be discussed in the following section.

[e2]
o

Minimum power (W)
'
o

1. Stable and homogeneous deposition under high electrode distance d
P depo 20 :f:}gmm
mm
Deposition processes in the hphP regime promise a con- jgm without shield
siderable increase in the growth rate, but the low electron 00 A e 8 10 12 14
energy, caused by a reduced mean free path under high- o (hPa)
pressure conditions and by a low peak-to-peak voltage at depo

high p|asma'eXCitati9n frequency, m_ake it difficult to startgi. 3. Minimum discharge powers to sustain a stable discharge as a func-
and sustain stable discharges. For this reason, an adequatedy of pye,for different electrode distances.
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FIG. 4. Ry of solar cells deposited with differef, e plotted against SC.
Pgep=2-1 hPa andi=12 mm were used for most of the series, except for 79 (c)

the two series with higheyep,0r larger electrode distan¢aphP 4 hPa and . A
hphP 19 mm, respectively X &
o 68 A/Ar\
T *
shield has no major influence on the deposition rate or 64
the solar cell properties, apart from the improved process A
stability. 221 @)

In addition, the reduction of the electrode distance also «— 20 A
improves the homogeneity of the discharge across the sub- § 18 A
strate. At an electrode distance of 19 mm, which is the elec- E 16
trode distanced used for VHF-PECVD in the IplP series, 3 14
already a considerable increaseRy could be achieved by 12
applying high pressure and hidh,e (e.g., 1.23 nm/s, opti- 2 4 6 8 10 12 14 16 18
mum cell in hphP 19-mm serigompared to the typicdy SC (%)

(~0.2 nm/g under IpIP conditions. However, such samples 1G. 5. JV characteristicss) 7, (b) Voo, &) FF, ant(@) Je under AMLS
: . . 5. J-V characteristic$a) 7, oo (€) FF, an sc under .
S_Uffer from strong Strucwral. mhomOgeneltles (?n a SUbStratl umination of solar cells deposited under hphP conditions with different
size of 10x 10 cn?. By reducing the electrode distance to 12 Pyue. Samples are the same as those shown in Fig. 4 pyigh,of 2.1 hPa
mm, the homogeneity greatly improved. Relative efficiencyand d of 12 mm. All solar cells are~1-um thick and 1x 1 cn? large,
variations across the substrate are typically about 10%, exefined by simple Ag back contacts. The arrow in figiae shows the
cept for some solar cells in the corners of substrates in so S%Stematic shift of the optimum cells” SC upon the increadigr. The
P .. . . ; . m es are guides to the eyes.
cases. Therefore, the majority of the investigations in this

report were performed with an electrode distance of 12 mm ti f hoh for th
and Puepo Of 2.1 hPa. rearrangement is necessary for such higpe for the

present reactor design. The increaséPgf- does not result
in any significant increase d®; at a fixed SC and above a
certainPyyr, Rp even decreases. Assuming that up to 60 W
Five different discharge powerB, e of 20, 30, 40, 60, the real power in the discharge at least increases to some
and 90 W, were applied to investigate the influence of disextent, such a behavior indicates a depletion of the silane
charge power oy and on the properties gic-Si:H solar ~ source gas. On the other hand, increagigg, or the elec-
cells at high deposition pressures. The input and reflectettode distanceal at a given discharge power of 60 W results
powers are nominal values measured by a directional powen higher Ry for all SC compared with the other series de-
meter (Rhode & Schwartz NAP meter, power head: NZ-4 posited at 2.1 hPa and a 12-mm electrode distance.
between the VHF generator and the matching network. To  Figure 5 shows thé-V characteristics for these series of
guarantee good power coupling into the discharge, care waslar cells deposited with differef®, ¢ at 2.1 hPa. For each
taken by using large-diameter cables and a correspondingy- we observe a similar behavior dfV parameters for
electric vacuum feed through, short cable lengths, and indixc-Si:H solar cells when varying SC, except the scattered
vidually adjusted matching networks. The measured reflectetesults in the hphP 90-W series. FF adg} first increase
power was typically below 1%. However, the “real” power with SC and drop after reaching the maximum pogc
dissipated in the discharge might be very different from thencreases almost linearly in the investigated SC range. The
nominal input power. Details shall not be considered heresolar cells with maximum efficiency are obtained atg of
The Ry of these SC series with differe®, e are shown in 540 mV. Note that thel-V parameters are taken from the
Fig. 4 as functions of SC. In addition, two series of solarbest 1x 1-cn? cell of each 10< 10-cn¥ substrate. The low
cells were prepared with larger electrode distatigghP 19  Jgc at high SC is attributed to the red and infrared response
mm) or higherpgep, (hphP 4 hPRat Py, =60 W. The results  loss in these solar cells. This is confirmed by using a cutoff
for the deposition rates of these series are also plotted in Fidilter during J-V characteristics measurement. The highest
4. A linear increase oRp with increasing SC is observed in FF in each SC series decreases systematically upon the in-
all cases. APP,,,-=90 W, the plasma became unstable and acreasingPyg, but a significant drop of the optimum cell
considerable scatter d¥; was observed. Further geometry efficiency was only observed &,,=90 W. The most im-

2. Effect of P e 0on the R ; and solar cell performance
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FIG. 6. (a) Efficiencies of the optimum solar cells in the SC series with . P .
. - o FIG. 7. Ry of sol Il t th differef lott functi
different Pye. (b) Corresponding deposition ratBs and SC of these cells. ofc;C b of solar cells deposited with differefl oy plotted as a function

portant observation is the shift of the maximum values in o _
efficiency, FF, andsc to higher SC upon the increase of the The J-V characteristics of these series of solar cells de-

discharge power. As a consequence, optimum cells depositdpSited at differenEl,,;, are shown in Fig. 8. Similar depen-
with higher Py have higherRy, as indicated in Fig. 6, in dencies ofy, Voc, Js¢, and FF with the variation of SC are

which efficiency,Rp, and the required SC of the optimum observed.for .aII (.iifferenF.Itotap Compargd with the hphP
cells of these series are plotted verfyge. The required SC  80-W series in Fig. 5, thinnep layers in the hphP 100-
for optimum solar cells increases linearly with, .. The SCCM series increase the blue-light response and Jgs
increase of the silane supply leads to a linear increas®, of leading to higher efficiencies. At constant SC, solar cells
below 60 W. deposited with higheFly, exhibit higherVyc, suggesting a
The optimum cells of the hphP 19-mm and hphP 4-hpdower crystallinity in thei layers. In Fig. 9Rp, », and SC of

series show a lower conversion efficiency of about 6% and ¢ optimum cells, deposited with differefg, are shown.
strong structural inhomogeneity over the X@0-cn? An increase inFlyy, from 100 to 400 SCCM results in a

substrates.
° (@) Fls
3. Effect of Fl ,,y 0On the R 5 and solar cell = 8 £
performance < 7
As was shown in Fig. 4, an increase of the discharge 6 \ \ %
power at hphP conditions from 20 to 60 W does not lead to 5 |
an increase in the deposition rate at constant SC, while the 800 0 : =
deposition rate increases linearly with silane concentration, (b) o
i.e., the source gas supply. This points to the silane depletion < 600
under these conditions. It means that at a given SC, the pre- £ 55 ’E// ®
cursor density cannot be increased much by a higher dis- 8 500
charge power. A possible solution to this problem would be 450

to increase the reaction zone volume or to increase the silane

supply by a higher gas flow. As an additional beneficial ef- 72{(©) Q/Er%*\* £
fect of a higher gas flow, powder formation, which is fre- < 68 \ %
quently observed in high-deposition-rate processes, could i’ 64 \
possibly be suppressed due to the resulting short gas resi- o 60 L

dence time. Three differemily,, 100, 200, and 400 SCCM - E\u %
(standard cubic centimeter per minyteere used to prepare 55 T

uc-Si:H solar cells at a discharge power of 60 W and a —~ 20 (d) X %
pressure of 2.1 hPa. Again, SC series were done to cover the £ 18 y *
range from a highly crystalline to an amorphous material % 16[ hphP \ X
structure. Furthermore, the metallic steel shield around the "y 14| % 100sccm \ \\ "
powered electrode was removed in théayer deposition. 7 12| % 200sccm d{ \

Figure 7 shows th&;, of the solar cells deposited at different 10[0_400scom]

flow rates, plotted against SC. A linear increaseRgfwith “ 8 gc (08/0) 1012 14

increasing SC is observed at each differfeliy;,. At constant
SC, doublingFl,, increases, but far from doubles, tRg, FIG. 8. J-V characteristicga) 7, (b) Vo, (¢) FF, and(d) Jsc under AM1.5
resulting in lower gas utilization at highétl,,;,. The com- illumination of solar cells deposited under hphP conditions with different
parison with the hphP 60-W series, shown in Fig. 4, whichT o All solar cells are~1ym thick. The 1< 1 cnt large thermally

. . . . evaporated Ag back contacts define the solar cell area. The arrow in figure
was deposited with the metallic shield, shows that the rerg) shows the systematic shift of the optimum cells’ SC upon the increasing

moval of the shield makes no difference in tRg. Flowe The lines are guides to the eyes.
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FIG. 9. (a) Efficiencies of the optimum solar cells in the SC series with >8 300
differentFl .. (b) Corresponding deposition ratBg and SC of these cells. 200 |
. . ) . 100 |
slight increase of they of the optimum cells. At higheffl g, 0

the required SC for optimum solar cells is shifted to a lower 02 0.4 06 08 1.0 12 14 16

SC, leading to a loweRy, for the optimum cells and suggest- R, (nm/s)

ing a Corr.eSpondmg.Shlft of thﬁC-_SI.H/a-SI.H transition. FIG. 11. FF andVyc of the optimumuc-Si:H solar cells deposited under
Applylng the opt|m|zed material of the hphP 100-sCCM IpIP and hphP conditions, plotted agairigi. Samples withRy above 0.6

series at a SC of 11%, a thicker solar cell with ird-i-layer  nm/s are deposited with hphP and those below 0.35 nm/s with IpIP. The lines

thickness was deposited at 1.2 nm/s. With the incorporatiof the figure are guides to the eyes as the upper limit of the Jw¢

of the highly reflective ZnO/Ag back contact, it shows a Parameters.

conversion efficiency of 9.2%Fig. 10. An increase of the

total flow rate up to 400 SCCM decreases fRg of the  wide range ofRy between 0.2 and 1.5 nm/s without a detri-

optimum cell a little (~1.1 nm/g, but increase the effi- mental influence of the high deposition rate on the solar cell

ciency. The 2.Qem-thick optimum cell with ZnO/Ag back performance.

contact shows a very high efficiency of 9.8¢lso in Fig. In Fig. 11,Voc and FF ofuc-Si:H solar cells with high

10). conversion efficiencies are plotted against th&ir FF and
Due to the considerable longer gas residence times und#foc maintain constant high values ef72% and ~550 mV,

hphP conditions, powder formation is more pronounced thamespectively, independent &%, and the deposition regime.

with a conventional low working pressure. However, powderJsc is not taken into account here because it is easily affected

formation did not affect the reproducibility and homogeneity by factors other than thielayer properties, such as the type

of the solar cell preparation. Typically high-performance so-of substrate, the-layer quality and thickness, and théayer

lar cells could be prepared up to a total layer thickness of athickness.

least 20um in the reaction chamber before chamber cleaning

was needed.
B. Structural, optical, and electrical properties of
solar cells
4. Solar cell performance versus R p To compare the properties of thee-Si:H solar-cell ab-

Applying the VHF-PECVD in the IpIP and hphP regime sorber layers grown at different deposition conditions with

respectively, uc-Si:H solar cells can be deposited over g different growth rates, it is essential to know the structural
composition of the layer. As has been suggested above from

the results of the solar cellV parametergFigs. 5 and 8

—25¢ 7/—\‘ ' ) the variation of power and gas flow under hphP conditions
§ Cal 2 shifts theuc-Si:H/a-Si:H transition considerably to a differ-
E 200 11:9‘8.%, Vi 545 mV 1 ent silane concentration SC. This shall be confirmed in the
> (= || FF: 70 %, J: 25.7mA/Cm? following through Raman-scattering experiments performed
5 e : : . RS .
g R, :1.1nms directly on the solar cells. Knowing tHg™ values will al-
S 10l . low to compare solar cells at similar crystalline volume frac-
é ;::eg;.% V_ : 546 mV tions but prepared at very different deposition rates.
3 5 FE: 71 %, j’:c: 23.8mA/em? b] A further point of concern for solar cell materials pre-
[Cetl area: 1x1 om® |R : 1.2 nmis pared at a high deposition rate is that thiayer absorber
00 100 200 300 400 500 material might exhibit a structure evolution along the growth
Voltage (mV) axis. The frequently observed interface or incubation layer

. | s 4 under hon g hwith pronounced porosity and amorphous phase could be
FIG. 10. High-efficiency solar cells deposited under hphP conditions wit ; ; ;

optimizedi-layer thickness and ZnO/Ag back contacts. Cell 1: hphP 1OOeXpeCted. e more Qeveloped, l.e., thicker, at higher growth
SCCM, SC=1%, thickness =1.4um. Cell 2: hphP 400 SCCM, SC96 rates. This was investigated in the present research by Raman

thickness =2.Qum. Cell area: X 1 cn?. depth-profile methods.
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FIG. 12. 2. Raman-scattering intensity ratio with 488-nm excitalight,gg, . . ey .
of the IpIP and hphP solar cells. Optimum solar cells in the SC series ar(t.‘he grOWth direction, no matter if hlghly crystalllne or almost

found between the two dashed lines shown in the figure. Arrows in thedmorphous. On the other hand, for the hphP solar cells, the
figure indicate the shift of "5 by applying higherPyue or Fla The | %5, values are significantly smaller thag™®,q, indicat-
lines are guides to the eyes. ing a structural evolution during thelayer growth. In par-
ticular for thel ;75,44 values around 60% where the optimum
Finally, the influence of different deposition rates on thecells are obtainedsee Fig. 12 a remarkable structure—
electronic and optical properties of tidayer absorber ma- composition difference between top and bottom can be seen.
terial in theuc-Si:H solar cell is of interest. These properties, But the resolution in growth direction of this method
however, are not easily accessible. We shall try to obtaimwith different wavelengths is, of course, not very high. The
at least some information from the measurements of thé.?S,,, values, considered here to emphasize more the con-
dark J-V characteristics and from quantum efficiency mea-tribution close to thep/i interface, are still strongly affected
surements. by the surface-near region. In order to evaluate the crystal-
linity with a much better resolution at different stages of the
i-layer growth, Raman measurements with 488-nm excitation
were done on craters with different depths, which were
etched into the solar cells by KOH. Figure 14 shows the
The 1R854 values are shown in Fig. 12 as a function of | RS, at different depths measured on the optimum solar
SC. For the hphP 20-W and hphP 40-W series, only theells of selected series. As the solar cells are all abqun1-
optimum cells were measured. A decreasifigyer crystal- thick, positions 0 and 1000 on theaxis correspond to the
linity with increasing SC can be observed in each seriesposition of then and p layers, respectively. Consistent with
Depositions with or without a shield around the cathodethe “different wavelength” method, the IpIP solar cell exhib-
make no remarkable difference in the structure propertiesits very similarl .*5,4; at different stages of growth, i.e., no
comparing the hphP 60-W and hphP 100-SCCM series. Alstructure evolution. For the hphP optimum solar cells, the
though theuc-Si:H/a-Si:H transition occurs at different SC structure development, already indicated in Fig. 13, is con-
when different deposition conditions are applied, optimumfirmed by this methodl"°,4 differences of up to 20% be-
cells, which can be found between the two dashed lines imween the top and the bottom of théayer can be observed.
this figure, are always obtained at the transition and show a It can be concluded that absorber layers grown with
similar crystallinity around 60%. The results confirm the hphP at high deposition rates show considerable structure
conclusions made from th&-V parameters: An increase of evolution along the growth axis, while the absorber layer
Pyre shifts the uc-Si:H/a-Si:H transition to higher SC val- material prepared with a much lower rate under IplP condi-
ues; an increase dfl, shifts this transition to lower SC tions have a very homogeneous structure composition. Sur-
values. AsR; in all cases increase with SC, such shifts result

1. Raman-scattering experiments and structure depth
profiles

in corresponding shifts of the deposition rates for optimum 700
solar cells. 65

The structural development of three seriesuafSi:H =
solar cells, hphP 30-W, hphP 60-W, and hphP 100-SCCM, &\%6" n B
prepared at medium and high deposition rates have been in- e 551 11? T e T
vestigated by Raman-scattering measurements with different ~ 50}
excitation wavelengths. The results are compared with simi- 45} ; Rg:g fg(xccm
lar studies of solar cells with standard IplP absorber layers. 40l o IpP ]
Figure 13 shows thé."° values calculated from a Raman 0 200 400 600 800 1000
spectra with 647-nm excitatiorl ."%,,), plotted against N Crater depth (nm)

those with 488 nnfl .*5,59). The deviation from the diagonal
reflects the structure difference between the positions dif theFIG. 14. Thel "% at different depths in thé layer show the structure

_ P development along the growth axis. Solar cells are optimum cells of three
Iayer near the etched awaylayer and close to thp/l in SC series deposited by IpIP and hphP. For thantthick solar cells, crater

terface. The IplP samples deposited at a @VShOW aVery  depth of 0 and 1000 nm correspond to theand p layers position,
homogeneous distribution of the crystalline fraction alongrespecitively.
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However, the high FF and highioc values in these hphP
FIG. 15. The integrated intensities of the quantum efficie@Jqeegand  optimum cells indicate that apparently a moderate structure
(b) loe pe in long- and short-wavelength region, respectively, of the IplP qey/ejopment in the growth direction is not a sufficient reason
and hphP 100-SCCM solar cells are plotted vs &g, The lines are . .
guides to the eyes. for bad solar cell performance. Still, a further improvement

of the solar cells by an adjustment of the crystallinity at the

prisingly this does not result in a remarkable deterioration oip/' interface could be possible.

the solar cell performance. As seen in Fig. ¥§¢ and FF, as

a measure of the solar cell performance determined by thg Dark J-V measurements

i-layer quality, are independent from the deposition rate. A further possibility to obtain information about trans-
port and recombination in thidayers and at the interfaces of
2. Quantum efficiency the p-i-n uc-Si:H solar cells is the measurement of the dark

J-V curves. In Fig. 16, the dark-V curves of the solar cells

In an attempt to study the influence of structure devel-¢ o hphP 100-SCCM series are shown exemplarily. With

opment on the carrier generation and transport, quantum efse qecrease OlfCRS488 a systematic shift of the curves to

ficiency measurements were performed on two solar cell s§g\yer current densities can be observed, which can also be

ries, IplP and hphP 100 SCCM. In general, as the shorty, ng in all the other SC series of Table I. According to the
wavelength light will be fully absorbed in thdayer close to simple p-n diode theory, if the validity of its application to

the p/i interface, the short-wavelength response can be con; ¢ sj-H solar cells is assumed, the decrease in the current
sidered as the criteria for thelayer andp/i interface qual- density with decreasingCRS488 qualitatively explains the in-

ity. Long-wavelength light, with a lower absorption coeffi- craase of/,.. Besides the shift of the curves, a change of the
cient for microcrystalline silicon, will be homogeneously gj5ne in the exponential range is also observed. The diode
absorbed in the whole m-thick i layer. We use the inte- tat0rn and saturation current densityare calculated from
grated intensity of QE between 300 and 520 Mgkhie 10 the fitting of the exponential part of the dadkV curves to
evaluate the short-wavelength response of solar cells and thg}e giode equation 4= jo expeV/nkT -1], where shunt
between 650 and 1100 nrige eq for the long-wavelength 54 series resistances have minor influence on the dark cur-
response. In Figs. 18) and 15b) arelqe piue and'Q.E,lr%e?q of  rent density. The results are plotted for various solar cell
the IplP and hphP 100-SCCM series plotted agalifStiss  series prepared at different deposition conditions versus
Consistent \.Nllth the highesgcin .the region with intermedi- ICRSABSin Fig. 17. With the decrease of thdayer crystallin-

ate crystallinity around 65%Figs. 5 and 8 the long- v the diode facton decreases from a value of about 1.85 at
wavelength responses of both series show maximum valuqﬁgh | %S,4 to about 1.4 at low crystalline volume fraction.

in this range[Fig. 15a)]. At the transition from a highly Although there is some scatter, the valuesnoaind j, at

crystalline to an amorphous growth, the long-wavelength re'constantICRS488 show no systematic dependence on the

sponse decreases to lower values with the increasing amqgepsition conditions dR, and show no clear trend with the

phous phase in thelayer. , change of deposition parameters. Only the values for the
On the other hand, the blue-light response shows a proy,1 amorphous cells prepared at high deposition rates show

nounced difference between the IplP and hphP solar cells. I cjear difference to the low-deposition-rate material. How-

the IplP series, with the exception of the blue response at thg,er the evaluations of the measurement results are likely

. RS . .
highestl ¢ ™gg Values, a highefqe pe can be seen in almost 44 ampiguous and based on too simplified assumptions, and
the entire "¢ range. The differences in the short- iharefore should not be overinterpreted.

S
wavelength response could be attributed to a deteriogaftied
interface in the h|gh-dep05|t|_on-ra'Fe mate_rlal. The Presencq; oiscussioN
of a more amorphous or thicker incubation layer, as con-
cluded from the depth-profile methods, could lead to extrac- High-efficiency solar cells have been deposited at high
tion problems for carriers generated near pgie interface.  deposition rates by the combination of VHF discharge exci-
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10° In the following we shall discuss the influence of the
deposition parameters under VHF-hphP conditions on the
— 10™E shift of the crystalline-to-amorphous growth conditions. An
£ s 4 illustrative diagram, which considers the ratio of hydrogen
E 10 ! over silane radicals as a major parameter, explains the shift
= 10° v of the region for the growth of OPM material. Furthermore,
% we shall discuss the influence of the high-deposition-rate
1074 @ i zz, processes on the material structure and the resulting solar
107 by - NP ; cell performance.
A I
2.0} () . hphllfp :
s 12 : igw: : ggw A. Structure adjustment for OPM  uc-Si:H materials
% 17[R8 |, 3 1882222 - The various models proposed for the description of
‘© 16l g 1 uc-Si:H growth, such as the partial chemical equilibr?ﬁm
2 F * or therewith related to the selective-etching motiehe sur-
o 1.5¢ X oy ] face diffusion modet,and the chemical annealing modé&f?
14 0 T ————1 have in common that a high hydrogen radical density is con-
80 70 60 50 40 30 20 10 O sidered to be critical for the formation @fc-Si:H. A recent
| RS (%) study in the VHF-hphP regime shows a good agreement with

¢ 88 the above result§ To fulfil such conditions,uc-SiH is

FIG. 17. (a) Saturation current densify and(b) diode factom of the solar ~ MOstly prepared with a high dilution of the silicon precursor
cells deposited by IpIP and hphP, plotted as a functioh-8%,5, Optimum  gas, usually silane, with hydrogen together with an effective
ceIIs‘in different_series are generally found between the two dashed lines igissociation of these gases by a high discharge power in
the figure. The lines are guides to the eyes. PECVD or high filament temperatures in hot-wire chemical
vapor depositiofHWCVD). If, in addition, a high growth
tation with high process pressure and power. Presumablyate is wanted, a further increase in the dissociation power
this was made possible by an effective dissociation of thenight be needed. This leads to possible detrimental condi-
process gases, while keeping the damage through hightions for the uc-Si:H quality by high-energy ion bombard-
energy ion bombardment at a low level. Adequately homoiment in PECVD or a possible excess radiative heating in
geneous and stable deposition under the applied conditioidWCVD. As a possible solution for high-growth conditions
were obtained by reactor-geometry adjustment, i.e., redumf wc-Si:H without damage to the surface layer, the high-
tion of the electrode spacing and removal of the metallicpressure depletion method was propo%é]d.ln this ap-
shield around the powered electrode. With the constraint t@roach, the application of a high discharge power is used to
the deposition process and chamber given by the chosetecompose most of the silane in initial reactions of the type
deposition conditions, it was found that the deposition rateSiH,— SiH,+(4-x)H. Under the silane-depletion condition,
does not increase by an increase in discharge power, bttie reaction
increases by higher gas flows, higher process pressure, and «. .
with wider electrode spacing. But under all investigated cir- SiHy+H = SiHg + H,, @
cumstances, the deposition rate increases linearly with silanghere silane molecules annihilate atomic hydrogen, will be
concentration. On the other hand, variation in power or gasuppressed and a high atomic hydrogen density is main-
flow results in systematic shifts of thec-Si:H/a-Si:H tran-  tained. A high working pressure, which is much higher than
sition. With an increase in power, the transition shifts tothe several ten pascals typically used in the conventional RF-
higher SC values, with an increase in the total flow rate, itor VHF-PECVD techniques fojuc-Si:H growth, provides
shifts to lower SC values. sufficient silane molecules and prevents detrimental ion dam-
Like in previous reports on various deposition conditionsage. One of the consequences, when working under silane-
or methods foruc-Si:H solar cell materiat**®'°it was  depletion conditions, is that, if most of the silane molecules
found that also with PECVD under VHF-hphP conditions are decomposed into growth precursors, one would expect
optimum solar cells are prepared close to the transition frontittle increase in the deposition rate with an increase in dis-
a highly crystalline to an amorphous growth with, as we shallcharge power.
call it, an optimum phase mixtur@PM) of |1.35,g5=60%. With the results of the present report we can confirm the
Most importantly, it was found that a high solar cell perfor- success of this approach. The results indicate “silane deple-
mance is still available at considerably high deposition ratestion,” at least to some extent, although the term “depletion”
As a result, a very high efficiency of 9.8% was achieved foris somewhat ambiguous. In how far the silane is depleted is
a single-junctionp—i—n solar cell prepared at 1.1 nm/s. also determined by other deposition parameters, such as the
For the exploration of new deposition regimes, our re-reactor geometry. Note that the increaseRgf with an in-
sults demonstrate the importance to investigate the entirerease of electrode distance and presskige 4) agrees with
structure—composition range fprc-Si:H absorber layer ma- the assumption of silane depletion. With higher pressure, the
terial from highly crystalline to amorphous in order to find total amount of silane in the reaction zone is increased. With
the deposition parameters for the OPM material. higher electrode distance, the volume of the reaction zone
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applied to an established OPM materials-growth condition, a
H H higher Ry will be generally observed because of the higher
B silane supply(see Fig. 7. But the increasing Siftadical and
SiH, the possible atomic H annihilation effect by the excessive
silane molecules result in a lower H/Sikhtio, leading to a
lower i-layer crystallinity. This is confirmed by the Raman-
= scattering measurementsig. 12 and by thelJ-V parameters
H H (Fig. 8 of the solar cells deposited with differeRty. In
i SH e order to maintain the proper ratio of atomic H over gibne
- SiHy has to go to a lower SC at a highiel,,. Note that Fig. 18
@ . . o is just an illustrative picture and the rectangle areas do not
SC (au) represent the true radical densities.

Under highFl,,, conditions, the optimum solar cells are
prepared at a lowdRy than those at a lowl, although the
H H total silane flow rate for the optimum cell is still higher. This
is an indication of a lower gas utilization under highgy
SiH, conditions, resulting from a shorter gas residence time.

As the variation of SC is the most simple and straight-
forward method to adjust the H/SjHatio, we consider it
mandatory for material and device optimization.

P, @u)

SC (a.u.)

SiH, SiH, B. Solar cell performance and i-layer properties
(b)——

The solar cell performance is essentially determined by
the i-layer properties, if the other cell components, such as
FIG. 18. Schematic diagrams of the amount of hydrogen and silane radicaEUbStr‘rﬂeS and doped layers, are the same for,t_he different
(arbitrary unit3 (a) in the SC -P,,,- parameter space art) in SC -Fl,,,  Solar cells and are not affected by thiayer deposition. We
parameter space under hphP conditions. To maintain the necessary, H/Siave studied the transport propertiesuaf-Si:H solar cells
ratio for growth of optimum phase mixture material, the SC has to be ad'prepared by different techniques and at different deposition
{ﬂztiig?fgdgﬁg;ﬂfeghd Flowr Areas of rectangles do not represent oo by darkd—V and quantum efficiency measurements and

correlated these with the results from Raman and Raman

“depth profile” measurements. Based on various earlier re-
between the electrodes is increased. In both cases more gierts about high-deposition-rate processes for intrinsic
lane precursor gas is available to overcome the depletiopc-Si:H absorber layers, including work in the hphP
conditions. regime®*~*° one could have expected that the high-rate

From the shift of the microcrystalline to amorphous growth process has a negative influence on the material qual-
growth conditions upon a variation of the process paramity and the structure homogeneity along the growth axis. The
eters, we propose that a proper ratio of atomic H over, SiHresults from the structure depth profile clearly show the ex-
(x=1, 2, or 3 should be maintained for the OPM material istence of such a structure inhomogeneity in hphP material at
growth. Note that the contribution to the growth from indi- high growth rates. Surprisingly this structure inhomogeneity
vidual radicals, such as SiH, Sjtor SiHs, will not be elabo- is not reflected in an overall reduced solar cell efficiency
rated on in this paper. Let us first look at the influence ofunder illumination as compared with a low-deposition-rate
Pyue, Which is visualized in the schematic diagram in Fig. material(Fig. 11), but only in a lower short-wavelength re-
18(a). At low Py, a certain H/SiH ratio for the OPM ma-  sponsegFig. 15. Also the evaluations of the dadV curves
terial growth is established by the choice of SC. A higherindicate neither differences in the total defect density nor
Pyne cannot produce more silicon-related precursors, due tdifferences in the interface recombination between solar cells
the silane depletion in the whole investigated SC raffgg.  prepared with different regimes. Assuming the validity of the
4). But it will increase the atomic H density further, resulting theory forp-n diodes as applied tpc-Si:H solar cells, simi-
in higher H/SiH, ratio. This effect does not lead to a higher lar defect densities can be deduced from the simjan the
Rp, but a higher crystallinity in the layer (confirmed by the solar cells with similar crystallinity and thicknedsig.
results of Figs. 4 and 12In order to compensate the in- 17(a)]. Thus, a similar diode factar in the solar cells with
creased hydrogen-radical density and maintain the requiretthe same crystallinityin Fig. 17b)] suggests no noticeable
H/SiH, ratio for the OPM material growth, more silane hasdifference in the recombination at the interface. Detailed dis-
to be added to the plasma, leading to a higRgrfor the  cussion about thg¢, andn in wc-Si:H p-i-n diodes can be
optimum solar cell. The higher SC ai}, for the optimum  found in Ref. 24. Further-support for similar bulk layer prop-
solar cells deposited at high&,r support this interpreta- erties between highthphP and low- (IpIP) deposition-rate
tion, as indicated in Fig. 6. materials is given by the very simildgg o Values in the

Figure 18b) illustrates the situation for differerfel,,;yy  quantum efficiency measurements for both types of solar
which fits well into this picture, too. When a highEl, is  cells.

Fl_@u)

fotal
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