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ABSTRACT

The first comparative study of DC, RF and VHF excitation for the plasma enhanced chemicd vapor
deposition (PECVD) of intrinsic layers of hydrogenated amorphous sli con (a-Si:H) is presented. The
effeds of hydrogen dlution onfilm stability are enphasized. Growth rates at comparable plasma power
are presented for substrate temperatures between 100T and 300T and for various H, dilution ratios.
The opticd bandgap, H content, and eledronic transport properties in the light-soaked state were
measured.

H, dilution strongly reduces the growth rate for al techniques. The growth rate for the highest H,
dilution ratio is higher for VHF (~4 A/s) than for DC (=3 A/s) or RF (0.5-1 A/s) excitation. In &l three
cases increasing the substrate temperature reduces the opticd gap and the H content Cy. Raising the
substrate temperature slightly enhances gability. H, dilution increases the opticd gap for al three
tedhniques. The H content of RF- and VHF-deposited samples increases with increasing H, dilution

ratio, whilein DC depositionit produces an initial drop d the H content, followed by an increase.
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In al three caes, H, dilutionimproves the dedronic transport properties of the material by roughly
afador of two. The gain in stability is most pronourced for relatively small dilution; in the cae of DC
deposition, too strong a dil ution even has an adverse dfed on stability.

We rule out universal relation between hydrogen content of the aSi:H films and their stability
against light-soaking. Enhanced stability may be obtained for films which incorporate aéther more or

lesshydrogen than standard a-Si:H.
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[.INTRODUCTION

Since the first observation d enhanced stability of aSi:H films deposited with H; dilution [1] this
tedhnique has beame the only tod available & the production level proven to result in aSi:H solar
cdls with improved stability against light-soaking. However, the proper choice of plasma excitation
frequency in combination with H, dilution has not yet been resolved satisfadoril y.

In the present paper, we diredly compare standard radio frequency (RF, 13.56MHz) deposition to
very high frequency (VHF) depositionat 70 MHz and depasition wsing adired current (DC) excitation,
all with speda emphasis on the influence of H, dilution. All three methods have shown padential for

producing solar cdlswith high stabili zed efficiency (e.g., [2,3] for RF, [4] for VHF and [5] for DC).

II. EXPERIMENTS

Threediff erent depasition systems were used for the depasition d the aSi:H films. Eadh o the three
systems was built and ogimized for a given excitation frequency. The DC-deposited films were made
in the i-chamber of a threechamber PECVD system with load-lock at Princeton. We dso deposited a
few layers using RF-excitation in this reacor (referred to as RF(P)). All other intrinsic layers using RF-
excitation were deposited in the i-chamber of a threechamber system with load-lock at Jilich.
Depositions using the VHF excitation technique & 70 MHz were performed in a load-locked single
chamber reador at Neuchétel, designed espedaly for the VHF-GD technique. Table 1 gives an
overview of the deposition condtions used for the threetechniques.

The temperatures given throughou this work are true substrate temperatures, determined by
cdibration for condtions correspondng to those during deposition. The plasma excitation paver was
chosen to be comparable in all three caes. For the DC-deposited films, the plasma burns towards bath

sides of the powered eledrode, due to the triode-configuration d the reador. The dfedive dedrode
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surfaceis therefore doutled. The value of 44 mW/cm? given in the table is the value of the input power
divided by the single dedrode surface The inpu power given for RF and VHF depaosition was
measured by a power meter between the generator and the matching network, and the value for DC
depositionis given by current and vdtage of the discharge.

Corning 7059 glass and crystalli ne sili con substrates for infrared (IR) spedroscopy, were used in
parallel for al depositions.

The opticd absorption coefficient was measured by transmisgon, and Cy by integration d the

640cm™ absorption peek in the IR absorption spedrum, using

2.110%cm™ a(w)
C,[at%]= dw.

wlat%] 510%%cm™ I W
DC- and VHF-deposited films were degraded to saturation by a combination o pulsed dye laser

degradation and HeNe laser illumination [6]. The transport properties were dharaderized using the
mohilit y-lifetime product poto, which combines information on the magority cariers (from phao-
condvctivity (opn) measurements) and the minority cariers (from the steady-state phao-carier grating,

SSKG, tedhnique) [7]:

o
1 =9
Holo =66 2

where G isthe generationratio, e the dementary charge and the corredionfador z is defined as

_P o N P
z=—0O—+1+—[EF+,
nf Gn pf 0-p
n; and p being the density of free éedrons and hdes, respedively, and o the cature aoss dions of
the dangling bonds.
MoTo correlates with the performance of aSi:H p-i-n solar cdls [7,8]. RF-depasited films were light-

soaked for 600 h using 100mW/cm? white light and characterized by phao-condctivity and constant

phato-current method (CPM) measurements [3].
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[lI. GROWTH RATE

The growth rate of the aSi:H films is plotted in Figure 1 as a function d the H; dilution ratio
(=[H2]/[SiH4]) for the three ecitation techniques and a substrate temperature of ~200€C. For undluted
films, VHF deposition yields the highest growth rate of over 4 A/s; however, the growth rate obtained
with DC excitation is only slightly lower. The growth rate of RF-depaosited films withou H; dilutionis
~2 A/s. Theinfluence of H, dilutionis quite diff erent for the three ecitation frequencies. We observe a
roughly linea dependence of the growth rate onthe H, dil utionratio in the cae of VHF excitation. The
range of H, dilutionis very limited for the VHF technique & microcrystalli ne growth starts already at a
dilutionratio of ~12. Above 200C microcrystalli ne growth setsin at even lower H, dilutionratios. The
RF growth rate is lower and aso almost linea with H; dilution. The RF growth rate drops by aimost a
fador of two between pue SiH, and dlution ratio of one. Microcrystalli ne growth sets in at dilution
ratios excealing 30. The growth rate of the DC-deposited films drops by a fador of three between H,
dilution ratios of zero and eight, dmost paralel to VHF depasition. More H; in the plasma reduces the
growth rate further, bu with a smaller slope and similar to RF deposition. We observe the onset of
microcrystalli ne growth at 190C for H, dilution ratios of <30. We @nclude that VHF clealy favors
microcrystalli ne growth, which starts at very low H, dilutionratios. DC and RF depasition bdh require
much higher H, dilution ratios to yield microcrystals. The amourt of H, dilution to oltain

microcrystalli ne films appeas lower for DC than for RF excitation.

IV.OPTICAL GAP AND HYDROGEN CONTENT

4.1.Influence of the substrate temperature

In al three caes the substrate temperature has a relatively small i nfluence on the growth rate. The

growth rate increases dightly with increasing substrate temperature and at any temperature foll ows the
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same dependence on the H, dilution ratio as plotted in Figure 1. The opticd gap and the material
properties of the aSi:H films, in contrast, are strongly influenced by the substrate temperature. We
varied the substrate temperature between ~100°C and ~300°C. The opticd gap o intrinsic &Si:H films
deposited withou H, dilution deaeases with increasing substrate temperature. This deaease is an
approximately linea function d the substrate temperature for all three ecitation frequencies in the
temperature range investigated (Figure 2a) with a slope of approximately —-55meV/100K.

The deaeasein the opticd gap o the aSi:H films correlates with a deaease in the H content (Cy) in
the films as determined from FTIR spedroscopy (Figure 2b). Again, for all three ecitation techniques,
Cy is an approximately linea function d the substrate temperature in the investigated temperature
range (-4.3at.%/100K). All excitation frequencies yield comparable values for the opticd gap and the
hydrogen content. The opticd gap is therefore dso an approximately line function d the hydrogen

content in the film with dEg/dCy ~ 12 meV/at.%.

4.2.Influence of hydrogen dlution

The influence of H; dilution degpends on the excitation frequency. In all three caes, the opticd gap
Eos increases with H, dilution (Figure 3a). For VHF and RF excitation techniques, the increase is
monaonic and amost linea. In the cae of RF excitation, a H, dilution ratio of 30 results in
approximately the same increase in Egq as a dilution o ten for VHF (~0.050.1¢€V). For al H; dilution
ratios (and temperatures, cf. Figure 2a) the asolute values of the opticd gap are higher for the VHF
deposition technique than for RF deposition.

DC deposition exhibits a different resporse to H;, dilution. For low H dilution ratios, the opticd gap
increases moderately and similarly to VHF. Between a dilution ratio of four and six, however, the

increase in the opticd gap is very steq, followed by an increase to >2.05eV with further dilution. Sub-
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bandgap absorption spedra and UV refledance measurements [9] indicate that these samples gill are
purely amorphots.

The H content of the RF and VHF films increases with increasing H, dilution ratio (Figure 3b). The
increase in Cy is much more pronourced for the VHF than for the RF samples, and C exceeds 20 at.%
for the highest dilution. However, we find again for both, RF- and VHF-deposited samples, a
correlation between the opticd gap and the H content.

The DC samples exhibit an anomaly in the influence of H, dilution onthe H content. The optica gap
increases with H, dilution, though na monaonicdly. The H content, in contrast, initially deaeases and
reades a minimum at a H, dilution ratio of ~4. For still higher H, dilution ratios the H content
increases as it does for VHF and RF depasition. In this case hydrogen content and ogicd gap are not
diredly correlated. In fad, despite the deaease in H content the opticd gap increases for small H;
dilution ratios. Our DC data ae in contrast to the @mmon olservation that the opticd gap correlates
with the hydrogen content. [e.g., 10,11]. We dso olserve this common correlation when varying the
deposition temperature (Figure 2). Bennett et al. [12] also reported a deaease in the H content and a
moderately increased opticd gap for DC samples deposited with H, dilution ratios of up to ten. It has
been suggested [13] that the opticd gap is determined by the degreeof disorder in the lattice rather than

the H content.

V. TRANSPORT PROPERTIESAND STABILITY

The primary goa of H, dilution is to enhance the stability of aSi:H against light-induced
degradation.
Figure 4 shows the Hoto product in the degraded state for VHF-deposited samples as a function d

the H, dilution ratio for deposition temperatures between 195T and 280T. The Moty product for
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samples depaosited withou H, dilution improves dightly with increasing substrate temperature, and
considerably with H, dilution. A H, dilution ratio of two raises Hglp by a fador of two. A further
increase in the H, dilutionratio dces not raise poto, Whereas the optica gap continuesto increase.

In RF-deposited films (Figure 5), higher depaosition temperatures smilarly result in higher phao-
conductivity and lower defed density in the degraded state for films deposited withou H, dilution. H;
dilution also raises o, and reduces the defed density, bah by upto afador of 2-3. The material quality
continuowsly increases with increasing Hy dilution, even though most of the improvement is achieved
arealy for aH, dilutionratio of ten.

Likewise, the Yoto product in the DC films improves with increasing substrate temperature (Figure
6). H, dilution hes a beneficia effed at low dilution ratios: the degraded poto product is roughly a
fador of two higher for samples deposited with adilutionratio of 2-4 than for undluted films, which is
comparable to the improvement achieved for VHF-deposited samples (Figure 4). For high dlution
ratios, in contrast to the observations for VHF and RF deposition, the quality of the films deaeases
again, even to below the value for undluted films. It is interesting to nde that maximum stability
correlates with minimum hydrogen content (Figure 3b). In the cae of DC excitation, material with
enhanced stability thus is equivalent to material containing less hydrogen, similar to what is observed
when the substrate temperature is varied (Figure 7). In contrast, for RF and VHF deposition with H,
dilution the stability is enhanced in material containing more hydrogen than material deposited without

H. dilution.

VI. DISCUSSON

H, dilution enhances the dedronic quality of aSi:H in the light-soaked state for al the investigated

excitation methods. For the DC deposition technique we observe an ogimum Hy, dil ution ratio whereas



R. Plaiz e al. 9

VHF and RF exhibit a pronourced improvement for small H, dilutions followed by a rather small
additional effed for still higher H, dilution ratios. For applicédion as an intrinsic layer in aSi:H solar
cdls, the stability of the materia is only one isaue. All three ecitation techniques result in a more or
lesspronourced increase in the optica gap of aSi:H deposited with H, dilution. This in turn requires
thicker i-layersto oltain a given current density, thus aff eding the stability of the device However, this
effed is an advantage for the thin aSi:H top cdls in tandem or triple junctions. For these wide-gap
cdls the necessary thicknessadjustment is generaly small, resulting in an owerall efficiency gain from
the enhanced stability couped with the higher Vo that results from the higher optica gap o thei-layer.
In ather applicaions, such asin the top cdl of a micromorphtandem cdl [14] the increasein the opticd
gap dweto H dilutionis unwanted and undl uted i-layers are required [15].

The reduced growth rate under H, dilution may becme an important issue in industrial production.
For VHF depaosition we observe the best stabili zed eledronic properties for a H, dilution ratio of two
(~4 Als). DC deposition yields comparable values for the degraded poto product for a H, dilution ratio
of four (~2.9A/s). RF depasition yields considerably lower growth rates (~1 A/s at a H, dilution ratio
of ten and ~0.5A/s at a dilution o 30). Therefore, as intrinsic aSi:H material of more or less equal
quality can be obtained by al three deposition techniques, the growth rate may become the dedasive
fador for the choiceof excitation frequency.

An intriguing question is the arrelation between hydrogen content of the aSi:H films and their
stability against light-soaking. Here we have shown that films of enhanced stability against light-
soaking can be obtained by different means:

Depaosition a high substrate temperature results in significant improvement of the dedronic
transport properties in the degraded state (Figure 7). For all three depasition techniques, DC, RF, and

VHF, we observe adeaease in the H content for films deposited at high temperature (Figure 2b). This
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observation is in agreanent with the results obtained for the hat wire (HW) depasition technique
[16,17]. HW films aso appea to derive their enhanced stability against light-soaking from a low
hydrogen content [18-22]. These observations raise the question to which extent the enhanced stability
of HW-depasited filmsis produced by the high depasition temperature (at values extrapolated to higher
temperatures in Figure 7), and to which extent by a spedfic hot wire or structural effed [23)].

Deposition wsing the hydrogen dlution method also enhances the stability of aSi:H films. However
with H; dilution the enhanced stability indeed correlates with incressed H content, in the RF- and VHF-
deposited samples. DC-depasited samples also exhibit improved stability when deposited with H;
dilution, bu in their case the more stable films contain lesshydrogen than standard undluted films. The
following Table 2 ill ustrates this paradox:

Therefore, no unque relation daes exist between the hydrogen content of aSi:H films and their

stability against light-soaking.

CONCLUSIONS

Hydrogen dlution is a well-suited tod to all three ecitation techniques, DC, RF and VHF, for
obtaining a-Si:H with improved stability. H, dilution results in an increase in the opticd gap for all
threetedniques. The hydrogen content of RF- and VHF-depaosited samples increases with increasing
H, dilution ratio. DC depasition with increasing H, dilution first lowers and then raises the hydrogen
content. Raising the substrate temperature in al three caes reduces the opticd gap and the H content.
The stability of samples depaosited at higher substrate temperature from undluted SiH, is dightly
enhanced. No unique relation daes exist between hydrogen content and stabilit y against li ght-soaking.

In all three caes of excitation, the dedronic quality of light-soaked material isimproved by roughly

afador of two uponH; dilution. Optimum H, dilution ratios are ~4 for DC, 10-30 for RF and ~2 for
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VHF excitation. H, dilution strongly reduces the growth rate for al tedhniques. The growth rate for the
best VHF-deposited material is ~4 A/s, which is 35% higher than for the eguivalent DC-deposited

sample (2.9A/s), and 48 times the value for the best RF-deposited film (0.5-1 A/s).
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Eledrode Eledrode EI:-substr. Presaure _Pressu_re Povv_er
dimensions are? distance _undl uted | diluted films densﬂy2
[cm] [cm] films [mbar] [mbar] [mW/cm’]
DC 15x15 cm’ 225 1.6 0.67 0.93 44 (x1/2)
RF [0 13.5cm 143 1.2 1.33 2.66 30
RF(P) | 15x15cm’ 225 1.6 0.67 - 22
VHF [0 13.0cm 133 1.6 0.35 0.5 30

Tablel



increased Ts - H, dilution -
hydrogen content hydrogen content
DC reduced reduced
RF reduced increased
VHF reduced increased
HW reduced [e.g., 16,17]

Table2
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FIGURE CAPTIONS

Table 1: Geometricd dimensions of the dedrodes, and depasiti on conditions.

Table 2: Overview on the influence of different means to enhance the stability on the hydrogen content
in the film for the different deposition techniques. 'Reduced’ and ‘increesed’ refers to aSi:H
deposited at standard temperature (~200€C) withou H dil ution.

Figure 1: Growth rate for VHF, RF and DC deposition as a function d the H, dilution ratio
(=[H,]/[SiH4]). Input power is 30mW/cm? (VHF), 30mW/cm? (RF) and 44mwW/cm? (DC).

Figure 2a): Opticd gap Ep4 as afunction d the depasition temperature for films deposited withou H,
dilutionand VHF, RF (Jilich and Princeton) or DC excitation.
b): Hydrogen content as a function d the deposition temperature for films deposited withou H,
dilution by VHF, RF or DC excitation.

Figure 3a): Opticd gap Eq4 for VHF, RF and DC deposition at a substrate temperature ~200C as a
function d the H dilutionratio of the plasma. All samplesin the figure ae purely amorphots.
b): Hydrogen content for VHF, RF and DC deposited samples as a function d the H, dilution

ratio.

Figure 4: potp product in the degraded state for VHF-deposited films as a function d the H; dilution

ratio.

Figure 5: Defed density and phdo-conductivity values in the degraded state for RF-depaosited films as a

function o the H, dilutionratio.

Figure 6: poto product in the degraded state for DC-depasited films as a function d the H, dilution

ratio.
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Figure 7: Ugtp product in the degraded state for DC- and VHF-deposited films as a function d the

deposition temperature.
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