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The properties of hydrogenated amorphous silicanS{:H) deposited at very high growth rates
(6—80 nm/$ by means of a remote Ar—HSiH, plasma have been investigated as a function of the
H, flow in the Ar—H, operated plasma source. Both the structural and optoelectronic properties of
the films improve with increasing Hlow, anda- Si:H suitable for the application in solar cells has
been obtained at deposition rates of 10 nm/s for higfidivs and a substrate temperature of 400 °C.
The “optimized” material has a hole drift mobility which is about a factor of 10 higher than for
standarda-Si:H. The electron drift mobility, however, is slightly lower than for standar&i:H.
Furthermore, preliminary results on solar cells with intrinaicSi:H deposited at 7 nm/s are
presented. Relating the film properties to the Silissociation reactions reveals that optimum film
quality is obtained for conditions where H from the plasma source governsdikbociation and
where SiH contributes dominantly to film growth. Conditions where ion-induced dissociation
reactions of Sikj prevail and where the contribution of Sjitb film growth is much smaller lead to
inferior film properties. A large contribution of very reactif@ly)silane radicals is suggested as the
reason for this inferior film quality. Furthermore, a comparison with film properties and process
conditions of othera-Si:H deposition techniques is presented. 2001 American Institute of
Physics. [DOI: 10.1063/1.1338985

I. INTRODUCTION etries (depositing under additional ion bombardmehand

_ . other gas mixtures(admixing noble gasésS or using

Among the presently investigated renewable energysjH.)18to develop othea-Si:H production techniques. The

sources, thin film solar cells based on hydrogenated amogeyelopment of these production techniques has been initi-
phous and/or microcrystalline silicon technology are a cleansaq by the fact that the increase in deposition rate for rf
and cost-effective alternative for nowadays fossil fuels. INpEcvyD is limited as it rapidly goes at the expense of the
the research to improve their price/performance ratio, Sped%aterial quality. A more significant improvement has been
attention has been addressed in the recent years to incre ained by changing the excitation frequency from 13.56

the deposition rate of the intrinsic silicon layer in these solar,vIHZ to the very high frequencyVHF) range (30—300

cells. A higher deposition rate enables a higher throughpuMHZ). For this VHF PECVD technique deposition rates up

without adding more processing equm_ent ar_1d, CONSE, 3 nmis have been reportéd. However, for the produc-
quently, large-scale production can be obtained with a reduc- . - . .
k . ion of solar cell devices the deposition rate is in practice
tion of the production costs.

. o usually limited to rates below 1 nm#&!!
Hydrogenated amorphous silicoa-Gi:H) is usually de- A feature of the aforementioned methods is that they are
posited by “conventional” radio frequency13.56 MH2 y

plasma enhanced chemical vapor depositierPECVD) at S?-called dlret(_:t plazrr:ja te_(t:_hnl(gulfs. lThIS. n:ﬁans that
rates of 0.1-0.3 nm/s. Various efforts has been made to if,2>ma generation and deposition take place in the same re-

crease the deposition rate while maintainifrgasonable gion, which _makes it difficult or impossible '.[0 vary plasma
film quality. These efforts range from investigations of moreParameters independently. For this reason, in the last decade

“extreme” operating conditiongat high power and pres- 2 lot of research has been devoted to remote plasma tech-

sure, working in they regime,? different reactor geom- Nidues, whgre plasma gener_auon, growth precursor transport,
and deposition are geometrically separated. Some examples

are: microwave generated plasnis® inductively coupled

¥Electronic mail: w.m.m kessels@tue.nl I 14-16
asmagICP), and electron cyclotron resonanCR
YPresent address: AKZO-NOBEL Central Research, P.O. Box 9300° 37_19 " Y . )
6800 SB Arnhem, The Netherlands. p!asma 7 The deposition rates obtained by these tech-
®Electronic mail: m.c.m.v.d.sanden@tue.nl niques seize also up atl nm/s. However, for some of the
0021-8979/2001/89(4)/2404/10/$18.00 2404 © 2001 American Institute of Physics
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techniques the favorable film properties obtained, such as a

high stability against light-induced degradation, are of more
interest!21° I rotatin

A technique for which both advantages, i.e., high growth loadlock i compensgw,
rate and high stability of th@-Si:H deposited, have been ( . ] N ellipsometer
reported is hot wire chemical vapor depositigtWCVD). -
With this technique, device qualiy-Si:H has been obtained shutter ' cascaded arc

at deposition rates in the range of 0.5-2 nfi7€3For films
deposited at high substrate temperatuegt00°CQ good He back flow |
electronic properties have been obtaffédwhile films with yoke +
a low H content(2-3 at.% exhibit improved stability substrate .
against light-induced degradatiéh?® This property, to- holder Ar+H,
gether with the very different electronic and structural

propertie® =28 are most probably related to the specific + Z
growth conditions of HWCVD, such as a high flux of H, a to roots +
high substrate temperature, and a lack of energetic particle turbo pump
bombardment? residual gas analyzer
This article describes high rate depositionasBi:H us-
ing the expanding thermal plasm{&TP). For this remote FIG. 1. Schematic representation of the ETP deposition system.

plasma deposition technique, it has recently been shown that

it can produce good qualitg-Si:H at deposition rates up to ) o ) _ ) N
10 nm/s-3! The technique uses a, in a subatmospheri@v'table for obtaining good qualitg- Si:H at high deposition
plasma source created, Ar-ilasma for SiH dissociation ~ 'ates?,” etc.

in a low-pressure deposition chamber. In this article, the film

properties of thea-Si:H deposited will be presented as a Il. DEPOSITION SETUP AND FILM DIAGNOSTICS

function of the H flow in the plasma source and for two The ETP deposition technique is schematically repre-
different substrate temperatures. sented in Fig. 1. The technique is based on the generation of
The aim of this article is not only to show that Si:H an Ar—H, plasma in a thermal plasma sour(@e cascaded
with properties suitable for the application in solar cells canarg, which subsequently expands into a low-pressure cham-
be deposited at rates up to 10 nm/s, but also to relate thiger where it dissociates the injected $igtas. The cascaded
a-Si:H properties to the plasma processes and to the contrarc is operated at a dc current of 45 A and a voltage between
bution of different plasma species to film growth. The pro-70 and 140 V depending on the, ftaction in the gas mix-
duction of Si containing ions and radicals and their contributure. The Ar flow used is 55 scdstandard cris 1), while
tion to film growth in the expanding thermal plasma has beenhe H, flow is varied between 0 and 15 sccs. The plasma
studied in detail by the combination of different plasma di-source pressure is about 400 mbar. Pure,$tadmixed in
agnostics and has been presented in previous Worklt  the low-pressuré0.2 mbay chamber just behind the source
has been observed that the plasma processes in the dowaxit by means of an injection ring. The Sjlflow is fixed at
stream region change drastically when varying théléiv in 10 sccs for the present studfy.
the plasma source. The dominant gitHssociation process Up to three substrates can be mounted on a substrate
shifts from ion-induced reactions at zero or low ftbws to  holder, which is placed on a copper yoke in the deposition
H abstraction reactions of SijHby H atoms at higher 5 chamber by means of a loadlock system. The yoke is posi-
flows 32353 This causes a transition from film growth with a tioned at 35 cm from the cascaded arc outlet and is resis-
large contribution of very reactivépoly)silane radicals at tively heated. Accurate substrate temperature corifr@d—
low H, flows to film growth with a dominant contribution of 500 °Q is achieved by means of a He backflow between the
SiH, radicals at higher Kflows3’ A small contribution of yoke and the substrate holder, and between the substrate
H-poor cationic Si clusters remains rather constant as a fundiolder and the substratésFor the present study, substrate
tion of the H, flow.®® The consequences of this transition in temperature§” of 250 and 400 °C have been used. During
growth precursors for tha-Si:H film properties will be pre- plasma ignition and admixing of Sj the substrates are
sented and possible relations indicated. screened from the plasma by means of a shutter, which is
From this study, more insight into the growth of good opened after stabilization of the gases. More details on the
quality a- Si:H at high deposition rates can be obtained whiledeposition setup can be found in Refs. 32 and 35.
the results are also relevant for othéww-deposition rate Films with a thickness between 500 and 1000 nm have
techniques. From a comparison of the ETP deposit&i:H been deposited on 2&.5cnf p-type S{11ll) substrates
with a-Si:H deposited by rf PECVD and other techniques(10-20 € cm) and on Corning 7059 glass. The refractive
(HWCVD/other remote plasmasit is tried to come to gen- index and deposition rate of the films have been obtained by
eral insights with respect ta-Si:H deposition. For example, in situ ellipsometry(at 632.8 nm andex situinfrared trans-
from similarities in film properties and growth conditions it mission spectroscopy. From the analysis of the ellipsometry
is possible to address questions such as: “What is the role afata using an optical model for the film, also the surface
ion bombardment?,” “Are high substrate temperatures in-roughness of the films during deposition has been
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FIG. 2. Deposition rate, determined lex situinfrared transmission spec- FIG. 3. Refractive index of the films as determined frem situinfrared
troscopy andn situ ellipsometry, as a function of the,Hlow in the cas- ~ transmission spectroscopy.
caded arc plasma source for two substrate temperatures.

shows first a steep decrease as a function of thdldv,

obtained®*! In the model, the surface roughness is reprefollowed by a slight increase at highep Hows. This behav-
sented by a toplayer with a void fraction of 50%. The Hior is addressed in other articl&s3>%’where it was shown
content of the films has been determined from the Si—H abthat at low H flows SiH, dissociation is governed by ion-
sorption peaks in the infrared transmission data using recalinduced reactions and at high, Hlows by reactions with
brated values of the proportionality constafft§1.6+0.2)  atomic H from the plasma source. The deposition rate varies
X 10*cm 2 for the wagging mode at-640 cm !, (9.0 between 6 and 80 nm/s and is much higher than for other
+1.0)x10%cm? and (1.5:0.2)x10P°cm 2 for the deposition techniques. The deposition rate also shows a de-
stretching modes at-2000 and~2100 cm?, respectively. pendence on the substrate temperature, especially at jow H
The intensity of the absorptidrfor the two stretching modes flows. This can mainly be attributed to differences in film
has been used to calculate the microstructure parar®éter density as can be concluded from Fig. 3, where the refractive
=1 100/ (1 2000t | 2100 - This yields information on how the H index of the films is given. The Si density or mass density is
is bonded, as isolated Sikabsorption centered at2000 about linear in the refractive index of the films in the
cm %) or as SiH and/or clustered SiH on internal surfaces infrared*? After correcting for the film density, the deposi-
(absorption centered at2100 cm!). Raman spectroscopy tion rate in terms of Si atoms deposited per unit of time
with 514.5 nm laser radiation of an Adaser has been ap- shows only a slight decrease as a function of the substrate
plied to investigate the lattice disorder. temperaturé® In addition to the fact that the refractive index

Concerning the optoelectronic properties, the photocondepends on the substrate temperature, it depends also on the
ductivity o, has been obtained under air masev) 1.5 H, flow. At low H, flows the refractive index is considerably
illumination (100 mW/cn?) using coplanar Al contacts. The lower meaning that these films contain more H and/or have a
dark conductivityoy and its activation energ§,..have been considerable void fraction.
determined in vacuum during the cool down stage after an-  Figure 4 shows that the H content of the films deposited
nealing the films at 160°C for 30 min. Transmission-at 250 °C is higher than for the films deposited at 400 °C,
reflection spectroscopy has been used for the analysis of thghich is in agreement with the difference in refractive index.
optical band gap. The Tauc optical band dag,.has been
determined from Tauc’s equatioaE) 2= B(E — Et4,9 and

the Klazes’ or cubic band gap.ic from the Klazes’ equa- 3 20— ® . ' ' ' o
tion («E) 3= C(E — E¢ypi) With B andC material dependent <5 o ¢ . °
constanté$® The electron and hole drift mobilities have been & 45| L i
obtained from standard time-of-fligiTOF) experiment&* <
using 2—4um-thick a- Si:H films sandwiched between a bot- L
tom Cr substrate and a top semitransparent Cr contact. The 8 101 e ]
electric field applied has been varied between (0.5 and 2.5) LC) o o o
X 10*V em™? for these measurements. 8} 51 °© o 8

o ° e T=250°C
lll. RESULTS ;>~ ol o o . ., | o T=400%C
A. Deposition rate and structural film properties 0 2 4 6 8 10 12 1416

Figure 2 shows the deposition rate of the films deposited H2 flow (sces)
at SUb_Strate temperatures of 250 and 400 °C for d'ffe_r_Qm HFIG. 4. The H content of the films determined from the Si—H infrared
flows in the cascaded arc plasma source. The deposition rasesorption peaks.
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FIG. 5. The microstructur&®* as determined from the ratio of the inte-

. . FIG. 6. The surface roughness at a film thickness of 500 nm as determined
grated absorbance at the 2100 and 2000%8i—H stretching modes.

by in situ ellipsometry for films deposited at 400 °C. The roughness has
been derived from the ellipsometry data using an optical model of the film in
which the surface roughness corresponds with a toplayer containing 50%
For the films deposited at 250 °C the H content is about 17%oids.

at. %, while it is about 7 at.% for the films deposited at
400°C. The microstructure paramefef, given in Fig. 5,
reveals that mainly the amount of H bonded as clustered Sitique. The difference in substrate temperatures yielding op-
and/or SiH* decreases with increasing temperature. For théimum film quality leads however to somewhat different op-
different H, flows, the data show that for both substrate tem-tical and electronic properties between the two optimized
peratures the H content is lower and & value is higher at materials as will be addressed in Sec. Il B.
a H, flow of 0 sccs. Together with the lower refractive index, ~ The last structural property investigated for the very high
this implies that the films deposited with 0 sccs¢dntain a  rate depositeca-Si:H is the lattice disorder, which is de-
considerable amount of voids. From these observations it iguced from the Raman Si-Si TO linewidth. Raman spectra
concluded that the films obtained at very low ftows have  Of films deposited with 10 sccs jJHre given in Fig. 7 for
inferior structural properties compared to those deposited dubstrate temperatures of 200 and 450 °C. The spectra show
high H, flows. As will be addressed in more detail in Sec. only a broad feature at475 cmi* indicating that the mate-
IV A, this behavior can be attributed to the contribution of fial is purely amorphous. The half width at half maximum of
different plasma species & Si:H growth. At high H flows,  the Si—Si TO mode is 35 cnt for the 200 °C sample and 33
film growth is dominated by Sigiradicals which have a cm * for the 450 °C sample. The corresponding bond-angle
relatively low surface reaction probability. At very low,H distortioné® are 9° and 8.5°, respectively. These values are
flows on the other hand, there is a large contribution of radilso typically found for rf PECVDa-Si:H.*°
cals with surface reaction probabilities close to one. This
transition to radicals with a lower surface reactivity whenp, optoelectronic film properties
going to higher Hflows, is also indicated by the decrease of . .
the surface roughness with increasing flbw as shown in _ 1he AM 1.5 photoconductivityr,, and dark conductiv-
Fig. 6. |ty o4 of the fllm_s are given in Fig. 8. Bothr, and oy are
Compared toa-Si:H deposited by conventional tech- Nigher for the films deposited at 400°C, but their ratio
niques such as rf PECVD, the ETP deposite®@i:H distin-  “ph/7a (Photosensitivity is lower at this temperature. This
guishes itself mainly by the much higher deposition rate /OWer photosensitivity is mainly due to the higher values of
Furthermore, a higher substrate temperature is necessary for
the ETP technique to obtain the same refractive index and Si
mass density: rf PECVD yields usually dense films at sub-
strate temperatures of 250 &3¢ whereas for the films de-
posited at high rate by the expanding thermal plasma a sub-
strate temperature over 350°C is requifed:*’ The H
content and the microstructure paramer for the ETP
films deposited at 250°C are also higher than for “opti-
mized” rf PECVD films which are usually deposited at this
substrate temperature. These rf PECVD films contain typi-
cally ~10-12 at. % H while the value fdR* <0.14346
ower thanfor optimized ff PECVD matenalTe 200 00 400 500 600
, b TE ) Raman Shift (cm)
~250°C) while theR* value is still higher. Nevertheless, in
Sec. llIB it will be shown that a substrate temperature ofgg, 7. Raman spectra for films deposited with 10 scesaHsubstrate
400 °C yields the optimized film quality for the ETP tech- temperatures of 200 and 450 °C.

L | ——7=200°C
----- T=450°C

nsity

Raman Inte
(arbitrary units)
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FIG. 9. Activation energyE, of the dark conductivity.

FIG. 8. (8 AM 1.5 photoconductivityo,, (100 mwW/cn?) and (b) dark
conductivity oy as a function of the Hflow in the cascaded arc. the material does not suffer Severe|y from impurﬁ‘?’e&s
also concluded from nuclear analysis afSi:H films. Fur-

L thermore, the lower bandgap leads to a larger absorption co-
o4 at 400 °C. Furthermore, it is clear that,, decreases for efficient («=3.8x 10 cm* at 2.0 eV}, implying that in so-

decreasing hiflow leading to a very small photosensitivity at |5; cells with ETP a-Si:H thinner intrinsic films can be
low H, flows. This implies that also the optoelectronic film ,gaq.

properties deteriorate for decreasing ftbw in the cascaded
arc.

To obtain more insight into the electronic properties, the

_ ) ) ~electron and hole drift mobility have been investigated by
In comparison with rf PECVD a-Si:H, the photosensitiv- means of TOF measurements for films deposited with

ity of thf ETP films is rather low:- 10" at 250°C and~ 100 10sces H. The deposition rate of these films was 10 nff/s.
at 400°C. For high quality rf PECV?‘S“H deposited at  The mobilities for films deposited at 325 and 450°C are
substrate temperatures around 250 °C, a photosensitivity @fown in Fig. 10 as a function of the TOF-analysis tempera-
~10° is usually reported, withoy, in the order of e and for an electric field of & cm~L The hole and

-5 —1 —1 —10 -1 —1 43,46 . .
107°Q""cm * and o preferably <10 Q" "cm"~. electron mobility are very weakly dependent on the electric
For the ETP films obtained at 250 °Gy, is about one order  fig|q 3152 For the 325 °C films, the room temperature drift

of magnitude smaller. This shows that at the substrate temygpilities are 0.70 cAvV s ! and 3. 10 3cm?V ls !
peratures typically used fa-Si:H deposition the quality of 5, the electrons and holes, respectively, and 0.81
the very high rate deposited ETP material is indeed inferiorcn2vv 151 and 1.1x 10 2 cn?V—1s L for the 450 °C films.
This agrees with the lower Si atomic density obtained atrhe jncrease of both mobilities with increasing substrate
250 °C. The comparison of the ETP films deposited at 400 *Gemperature clearly shows that the electronic film properties
with rf PECVD films produced at 250 °C is, however, some-improve with increasing substrate temperature. The activa-
what more complicated. The values ofy, are slightly  tjon energies are 0.29 and 0.24 eV for the electrons at 325
smaller than for the optimized rf PECVD films, but espe-gnq 450°C, respectively, which is higher than the typical
cially the values oforg are higher. The higher values of;  yajye of 0.15 e\ The activation energy of the hole mobil-
can(partially) be attributed to the earlier-mentioned lower H ity, which is 0.39 eV for both substrate temperatures, is

content of the ETP _depositea}Si:I:é SIhiS lower H content  giandard® Very remarkable is that the hole drift mobility of
leads to a lower optical band g&p>°*'and consequently to

a smaller activation enerdy, of o4y and therefore to higher

values foray itself. The activation energy af is given in . . ' —lr=s5°C
Fig. 9. The typical value of-0.75 eV at 400 °C is slightly —
smaller than the usually reported value 0.8 eV for rf o 40k = Holes
PECVD a-Si:H. Becauser is very sensitive ofE ., due to & e FElectrons
the exponential dependence, the smaller valug gfis one § 1072¢ T=450°C
reason for the relatively low photosensitivity at 400 °C. For 3 o Holes
the 250 °C deposited film, is higher(~0.90 eV than for % 10°} o Electrons
rf PECVD films deposited at this temperature, in agreement © “
with their higher H content. E 107

The optical gap has only been determined for the condi- 5 "
tion with 10 sccs H. The Tauc gafEr,,cis 1.67 eV for films 107¢ . , .
deposited at 400 °C, which is indeed lower than the typical 4 5 (&) 7 8
values of 1.7—1.8 eV for rf PECVR- Si:H.***6For the ETP 1000/T (K")

. . o . . .
films deposited at 250 °@raycis 1.76 €V. The cubic optical FIG. 10. Electron and hole drift mobility of the-Si:H for an electric field

gap Ecubic i5_1-51 eV for the films deposited 5_‘t 400 ‘.’C, WHhICh of 10t vV cm™2. The H, flow in the arc was 10 sccs and the substrate tem-
is about twice the value dE,(0.75eV). This implies that peratures were 325 and 450 °C.
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the ETP material at 450 °C is about one order of magnitudgABLE I. Performance of single junction solar cells based on two different
larger than for standara- Si‘H.53 The electron drift mobility cell structures. The intrinsia- Si:H layer has been deposited by the expand-

. . '. . ing thermal plasma at a rate of 7 nm/s. For fhien cell the thickness was
however, is about a factor 3—6 smaller. The relatively highsog ym, for then-i-p cell 500 nm, and the substrate temperatures were 300
hole drift mobility, coupled to the only slightly lower elec- and 400 °C, respectively.

tron drift mobility, results in an increased average carrier

mobility and hence a higher recombination r&t&his yields p-i-n cell n-i-p cell

a second explanation for the relatively low photosensitivity Open circuit voltageV,. 0.61V 0.72V

of the material compared to rf PECV®-Si:H. Short circuit current densitys,  14.3 mA/cn? 11.2 mA/cnt
Finally, it should be mentioned that also the defect den- Fill-factor FF 0.48 0.42

sity of the ETP a-Si:H deposited at high substrate tempera- Efficiency » 4.1% 3.3%

tures is reasonably low. Post-transit photocurrent analysis of

the TOF experiments, described in detail in Refs. 31 and 52,

yielded a defect density of 10'cm 3. In combination with  efficiencies of 10% and 5.6%° respectively.

the enhanced hole drift mobility, this suggests that the ETP  Considering the fact that no optimization of the solar

depositeda-Si:H is suitable for the application in solar cells. cells in their entirety has been carried out, such as tuning of
the properties of the doped layers and a refinement of the
thickness of the intrinsia-Si:H layer, these preliminary re-

C. Solar cells sults on solar cells deposited at a rate of 7 nm/s are promis-

Attempts on the fabrication of solar cells with an intrin- INg- Furthermore, we note that transport through air was in-
sic a-Si:H layer deposited by the expanding thermal plasm#Vitable (total air exposure time>12 h) and that no light
have been carried out. The fact that the best film propertie§@PPing and no special back reflection enhancement tech-
are obtained at relatively high substrate temperatures complfidues were applied.
cates the application of the ETP material in the commonly
usedp-i-n solar cell structure. Deposition of the intrinsic film V. DISCUSSION
at _substrate temperatures over 300 °C causes severe detero-pe|ation between the film properties and the
ration of thep layer and consequently zero solar cell perfor-growth precursors
mance. Therefore, two different, single junction solar cells i . . )
have been fabricated:mi-n cell with thei layer deposited at In the previous sections, it has been shown that the film
300 °C has been produced in cooperation with the Delft UniProperties obtained at no or very low; flows are inferior to
versity of Technology, and a-i-p cell with thei layer de- thqse obtal_ned at Hflows within the range of 5-15 sccs.
posited at 400 °C in cooperation with Utrecht University. In 1NiS behavior can be related to a change in the plasma pro-
the n-i-p cell, a thermally stablen layer was used as also ©€SSe€s and film growth precursors when theflelw is var-
applied in HWCVD deposited solar cefi& For both cells, 1€d- By de;?élse%_ investigations using several plasma
the doped layers were prepared in rf PECVD chambers, anglagn_ostlcéz’ >t is found that for the different kiflows
the vacuum was broken to deposit the intrinsiSi:H films o different regions can be distinguished with respect to the
in the ETP setup. Thelayers were deposited with a,low ~ SiHs dissociation process. At low AHlows, SiH, is mainly
of 10 sccs and at a deposition rate of 7 nm/s. PFien cell dissociated by reactions mduce@ by ions emanating from the
contained a 10-nm-thiclp layer deposited on glass with pIa;ma source. By means of _d|§somat|ve c_harge transfgr re-
Asahi SnQ and a 20-nm-thickn layer. For then-i-p cell, a ac_:t|ons with ions and dISSOCIa'[IV.e recombmatlon_ reacthns
75 nm thickn layer deposited on stainless steel at a substrat¥ith €lectrons tgisgées?ds to a considerable production of SiH
temperature of 430 °C has been used. pl@yer was 30 nm radicals k<2).°**>°'These radicals have a higburface
and the cell was finished with a 40-nm-thick indium tin ox-
ide (ITO) top contact. The thickness of thaayers was 400
and 500 nm for thep-i-n cell and n-i-p cell, respectively, : '
while no optimization of these values has taken place.

The performances of the solar cell devices are listed in
Table | and the current—voltage curves are given in Fig. 11.
The cell deposited at 300 °C had an initial efficiency of 4.1%
(under 100 mW/crh AM 1.5 illumination). This p-i-n cell
suffered already from degradation of thdayer as can also
be concluded from its relatively low,.. However, its per-
formance is still better than that of thmei-p cell, which had
an efficiency of 3.3%. This is despite the fact that the prop-
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erties of the individuai layer at 400 °C are superior. The 02 00 02 04 0.6 0.8
lower efficiency can, among other things, be attributed to the Voltage (V)

fact that for the 400°C cell the ITO top contact was not
optimized for optical transmission. As a reference, pphien
cells with thei layer deposited by rf PECVD anati-p cells
with the i layer deposited by HWCVD have record initial temperature was 300 and 400 °C for fé-n andn-i-p cell, respectively.

FIG. 11.1-V curves for solar cells with an intrinsi-Si:H layer deposited
by the expanding thermal plasma at a rate of 7 nm/s. During the deposition
of the intrinsic layer the K flow in the arc was 10 sccs and the substrate

Downloaded 21 Jul 2008 to 131.155.108.71. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



2410 J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 Kessels et al.

reactivity, and they contribute either directly to film growth defect density of the films depends on the species contribut-
or react first with SiH to create reactive polysilane radicals ing to growth. Furthermoreg, and o4 show somewhat
[such as SH,(x<4), etc]®’ before contributing to growth. more dependence on the, How than the structural film
When the H admixture is increased, the flow of ions from properties, especially at a substrate temperature of 400 °C.
the plasma source reduces drastically, whereas the flow dfhis suggests that it is easier to compensate for poor struc-
atomic H from the source increases. This leads to more hytural propertiegas caused by the growth precurgdoy us-
drogen abstraction reactions between SilHd H and conse- ing high substrate temperatures than for poor electronic per-
quently to an increasing contribution of Sjkb film growth. ~ formance.

For H, flows =7.5 sccs, film growth is by far dominated by Because the film properties do not show a correlation
SiH; (contribution is estimated at-90%).3” Under these with the contribution of the cationic Si clusters, no relation
conditions the amount of H emanating from the source idetween their contribution and the film properties can be
almost fully consumet and the flux of SiH towards the extracted from the data. However, it is not excluded that
a-Si:H surface is much larger than the flux oBiThe con-  these ions have important implications for the film quality, as
tribution of Si containing positive ions to film growth is less has also been discussed in Refs. 33 and 35. Despite the fact
than 109%8%3” and rather independent of the, Flow.3® De-  that the contribution of the ions is within the range of 5%-—
spite the fact that at low Hflows SiH, dissociation is gov- 9%, these H poor and compact clusters can easily affect the
erned by ions, fast dissociative recombination reactions oflefect density: their contribution is much larger than the de-
the ions with electrons under these conditions lead to dect density in high qualitya-Si:H that is in the order of
strong reduction of the contribution of the ions at low H 10 °—107 of the Si atomic densit§>*®

flows 37 It can be concluded that the type of species contributing

The transition to dominanﬂy Su—'Wnen increasing the to a-Si:H growth has important implications for the film
H, flow is corroborated by the dependence of the overa|properties flnaIIy obtained. It has been shown that the quality
surface reaction probability on the,low. This overall sur-  Of thea-Si:H with respect to solar cell applications improves
face reaction probability depends on the fluxes of differentith an increasing contribution of Si4 Such a relation is
reactive species to the film and on each of their particulaplready generally accepted ferSi:H produced at the com-
surface reaction probabilities. The overall surface reactiofnonly used deposition rates, but here this relation is also
probability decreases from-0.5 to ~0.3 when increasing found for very high rate depositest Si:H. It is important to
the H, flow from 0 to 15 scc$®3 At the high H, flows, the  realize that the film quality, in terms of electronic properties,
overall surface reaction probability 6f0.3 approaches the IS not necessarily directly related to the contribution of SiH
values of the surface reaction probability proposed forFilm properties such as the defect density can also com-
SiH,(0.2—0.3)3 At low H,, flows, there is apparently a sig- p_Ieter be dgtermlned by @mall) contribution of other spe-
nificant contribution of reactive Sifix<2) and polysilane ~Ci€s than Sid. Furthermore, the results obtained with the
radicals. For these radicals, values of the surface reactiof!P téchnique imply that a dominant contribution of $iH
probability within the range of 0.6—1 have been propc¥ed. Only is not sufficient to obtain high quality-Si:H at high

From these results, the poorerSi:H film quality ob- ~ deposition rates. Under these conditions, also higher sub-
tained at low H flows can be understood. Radicals with a Sraté temperatures are required to obtain films with a suffi-
high surface reaction probability lead easily to a high surfac&€ntly high mass density. This might be related to the high
roughness and columnar film growth because they gtibk deposition rate itself a_nd/or the absencg_cﬁv’slafflue_m) ion
mos) immediately at their position of impact on the surface Pombardment of the film during deposition as will be dis-
(the “microscopic-shadowing” effegf® Radicals with a Ccussed in the following section.
lower surface reaction probability on the other hand, can
have multiple reflections on the surface before they actuall
stick. Radicals such as Sithre therefore capable of filling
up so-called “valleys” at the surface causing smoother
film growth. (On this point we disagree with Doughgy al %° In Sec. lll, the ETP depositeat Si:H has been compared
Without underrating the importance of surface diffusion, ato rf PECVD a-Si:H, typically deposited at substrate tem-
radical that can undergo several reflections has certainly peratures between 200 and 300 °C. In this section, we will
larger probability of ending up at the “bottom of a valley.” also compare the material with-Si:H deposited by other
The decreasing surface roughness for increasipdidw is  techniques, where in some cases either the material proper-
thus in perfect agreement with the increasing contribution ofies or the process conditions show striking similarities. Al-
SiH;. Since voids are more easily incorporated when theéhough such a comparison is afflicted with differences in
surface is rough, a higher contribution of very reactive radi-analyzed film parameters, method of analysis, etc., it is still
cals explains the lower Si atomic density and higher voidworth trying to come to some general insights regarding the
fraction at very low H flows. growth and properties ad-Si:H.

The improvement of the optoelectronic properties with First of all, the relation between the deposition rate and
increasing H flow can be understood from the improvement substrate temperature is considered. In the present study, it
of the electronic transport properties with increasing filmhas been shown that relatively high substrate temperatures
density. Porous films are obviously also more susceptible tare necessary to obtain dense films with a sufficiently low
oxidation when exposed to air. It is also expected that th&R*. This requirement can be caused by the high deposition

)é. Comparison with  a-Si:H deposited by other
techniques
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rate itself’ but it might also be related to the absence ofFurthermore, some significant differences have been reported
energetic ion bombardment during depositisheath poten- for films deposited by different HWCVD reactors under
tial <2 eV).*334 That it is possible to deposit high quality similar circumstances. The drastic decrease in H content with
a-Si:H at lower substrate temperatures when sufficient iorincreasing substrate temperature has been reproduced in sev-
bombardment takes place is also suggested by Ab&fson.eral other studie& ! but Feenstrat al. found film proper-
Moreover, a relation between the ion energy and both théies improving with increasing substrate temperature while
film density andR* is indicated by the data of Hamers the H content remained higi®.5 at. % up to 430 °C! This
et al® Using rf and VHF PECVD, it was shown that dense material showed also no improved stability compared to rf
films with R* <0.1 were obtained when 5 eV ion energy was PECVDa-Si:H and values oR* =0.1 were reporte® Hei-
available per Si atom deposited. This observation is consisitzeet al. reported similalR* values for films containing 4
tent with the fact that films with reasonable properties can bat. % H which were obtained at a substrate temperature of
obtained at 3 nm/s by rf PECVD when depositing at the400°C. These films showed only a slightly improved
cathode and using somewhat higher substrate temperatursgbility.’
(350 °Q than usually’ The HWCVD technique on the other Also the observation by Mahaet al?° that bothEqg,.
hand, is capable of producing very dense films vith=0 and o4 remained constant when going to films with a low H
at deposition rates up to 2 nm/s and at relatively low suboncentration is remarkable. This behavior is in contrast with
strate  temperatures while ion  bombardment isthe observations for ETP depositadSi:H, but also with the
absent®?%2425Thjs absence of energetic ion bombardmentobservations for HWCVDa-Si:H films reported by Nelson
can possibly be compensated by a large flux of “energetic’et al® and Heintzeet al”* Mahanet al. has attributed the
H that is thermalized at the filamefftFurthermore, it should fact thatE+,,. remained constant at a relatively high value
be noted that the substrate temperatures reported favhen going to low H concentrations to improved structural
HWCVD are not always reliable because accurate temperasrdering in the HWCVD filmg2%’
ture control is difficult due to the presence of a hot Regarding the improved structural ordering in low H
filament®354 In some cases, only the substrate temperatureontent HWCVDa-Si:H,?%?" there might be some similari-
prior to deposition is reportet. ties with the ETP deposited-Si:H. Although speculative,
Another important effect associated with ion bombard-the higher hole drift mobility in the ETP material as well as
ment is the enhancement of the electron and hole drift mothe appearance of a steep edge in the band tail Staméght
bility as reported for rf PECVDa-Si:H for ion energies suggest also a different network bonding, while the enhanced
within an extremely narrow window around 20eN( hole drift mobility might be related with the relatively large
=250°C) %5’ The exact values of the mobilities have beenambipolar diffusion length in the low H content HWCVD
under discussion in Refs. 53 and 68. The enhancement of the Si:H films2® For the moment, it can only be mentioned
mobilities can possibly be associated with the ion-energyhat both techniques yield- Si:H with similar values for the
effects observed in $ibeam epitaxy by Rabalaist al®®  half width at half maximum of the Raman Si—Si TO mdde,
Low defect density crystalline silicon was obtained for ionvalues which are also typically found for rf PECVA Si:H.
energies within a very narrow window<20x 10 eV) at low Another aspect related f&*, is the fact that H bonded
substrate temperaturés60 °C. For higher temperatures this as Sih, in the film has been linked with the contribution of
window broadened out, particularly at the low-energy sidehigher silane related chemical species and subsequently with
These observations also suggest that ion bombardment céight-induced degradation af-Si:H.”® The fact thatR* in-
be interchanged with substrate temperature, at least as lomgeases with increasing deposition r&té*">has been attrib-
as the typical ion energy is not much larger than the displacedted to the higher contribution of these species to film
ment threshold energy causing deleterious effects. growth, because these kind of species are more created at
Going back to HWCVD, for the- Si:H produced by this  higher plasma power and/or pressure in rf PECVibe
technique some very interesting properties have been otmethod usually applied to increase the deposition r&teor
served. Maharet al?° have shown that no severe deteriora-the optimized plasma conditions in the expanding thermal
tion of the film properties takes place when going to highplasma(i.e., high H flow), film growth is dominated by Si
substrate temperatures and to low H concentrations in thand only a very small fraction of higher silanes has been
films (down to <1% for T>400°C). For increasing sub- observed?® The R* value is nevertheless relatively high,
strate temperature, both,, and the electron drift mobiliff  especially at 250 °C. Furthermore, no strong dependence of
showed only a slight decrease, while an improved stabilityR* on the H flow has been observedee Fig. 5, while the
against light-induced degradation was obtained for films withcontribution of polysilane radicals presumably increases sig-
a H content of 2—3 at. %T(=400 °C prior to depositio® nificantly when going to low K flows.

FurthermoreEt,,c and oy of the material remained, respec- The ETP technique has some similarities with other re-
tively, high and low when going to low H concentrations. mote plasmas, such as the microwave operated “remote hy-
In comparison with the ETR-Si:H films deposited at drogen plasma’{RHP)!? and the H operated electron cyclo-

400 °C, the lower H content and the valueR¥f=0 for the  tron resonance plasm#&—ECR.!° These plasmas use also
HWCVD films are remarkable. Because the substrate temH generated in a Hoperated source to dissociate Qitdnd
perature was 400 °C prior to deposition, this difference sugtherefore film growth is presumably also dominated by SiH
gests that the substrate temperature during the deposition of these techniques. Furthermore, in these plasma also less
the HWCVD films was considerably higher than 400 °C.ion bombardment takes pla¢his is to a smaller extent valid
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for H-ECR’® and high substrate temperatured =( The preliminary results on the solar cells with iHayer
~400°C) are typically used as well. The RHP techniquedeposited at 7 nm/s by the expanding thermal plasma show
yields however a relatively high H content at this tempera-2lso the potential of very high rate depositeelSi:H. A

ture (10 at. %2 while R* = ~0.”” For H-ECR the relatively ~Simplep-i-n cell with thei layer deposited at 300 °C yielded
high Eqa,c Of 1.74 eV at 450 ° suggests also a relatively an efficiency of 4.1%, despite thermal degradation of ghe
high H content. Furthermore, it is suggested that for botHayer and a not fully optimized intrinsia-Si:H layer. More-
techniques there is a relatively high H flux during deposition.over, the cell thickness was not optimized and air exposure
It is therefore intriguing that, under similar circumstances agvas inevitable. The-i-p cell, with a thermally stable layer

for HWCVD, also an improved stability for the material has and with higher quality intrinsi@-Si:H deposited at 400 °C,
been reported?!® The HWCVD material, however, has a H Yielded an efficiency of 3.3%, despite a nonoptimized ITO
content of 2—3 at. %. witlR* = ~0,2° while the SiH, disso-  top contact. These results are encouraging for further solar
ciation process and dominant growth precursors are also veggll optimization, which will be done in a recently developed
different. The SiH is decomposed at a filament yielding Solar cell deposition system consisting of a rf PECVD reac-
mainly Si and H atom&® These radicals can subsequentlytor, an expanding thermal plasma reactor, and a sample
react with SiH before reaching the substrate. The probabilitytransfer chamber.

for these reactions, however, is limited due to the relatively ~ The film properties obtained for the different operating
low SiH, pressure and small distance between filament angonditions of the plasma source have also been related to the
substratdtypically <5 cm). It is expected that a considerable SiH, dissociation reactions and species contributing to film
fraction of the(hot) Si atoms can react with SjHto mainly ~ growth. The improvement of the properties with increasing
H,SiSiH,),%>"8 but this is less evident for H. It is rather H, flow added to the Ar in the cascaded arc plasma source
improbable that H reacts to SjHn the gas phase and the can be attributed to an increasing contribution of Jibifilm
proposed scheme that Sjtis created at the-Si:H surface growth. The optimum film quality is obtained for conditions
by H (i.e., H creates a surface dangling bond by H abstracin which SiH; is by far dominant(contribution SiH is esti-

tion and this surface dangling bond abstracts subsequentlyrgated at~90%), while conditions with a high contribution

H atom from SiH) "8 is also unlikely because of the very low Of very reactive(poly)silane radicals lead to inferior proper-
reactivity of SiH, with pristine crystalline Si surfacé&® |t ties. The high surface reaction probability of these radicals
can therefore be excluded that in HWCVD Siebntributes  leads to a high surface roughness and a low film density.
dominantly to film growth. This shows that a dominant con-
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