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Hydrogenated amorphous silicon has been prepared at a plasma excitation frequency in the
very-high-frequency band at 70 MHz with the glow discharge technique at gubstrate
temperatures between 280 and 50°C. The structural properties have been studied using
hydrogen evolution. elastic recoil detection analysis. and infrared spectroscopy. The films were
further characterized by dark and photoconductivity and by photothermal deflection
spectroscopy. With respect to films prepared at the conventional frequency of 13.56 MHz
considerable differences concerning the electronic and structural properties are observed as the
substrate temperature is decreased from 280 to 50 *C. Down to a substrate temperature of 150 °C
the electronic ilm properties change only a little and the total hydrogen content cg and the
degree of microstructure that can be directly correlated to cy increase only moderately. Below
150*°C the clectronic propertics deteriorate in the usual manner but still the total hydrogen
content does not exceed 21 at. % even at a substrate temperature of 50 °C. It is argued that the
influence of the higher excitation frequency on the plasma and on the growth kinetics plays a key
role in this contexti by allowing a highly effective dissociation of the process gas with the
maximum ion energies remaining at low levels, It is concluded that deposition processes at
higher excitation frequencies can have important technological implications by allowing a

decrease of the deposition temperature without losses in the material quality.

I. INTRODUCTION

Hydrogenated amorphous silicon (2-Si:H) is com-
monly prepared by the silane-based glow discharge (GD)
technique. A plasma eacitation frequency of 13.56 MHe is
generally used, mainly because of the fact that plasma pro-
cessing equipment for thie industrial frequency is readily
available. Until recently, little research had been done to
study the effect of the excitation frequency on the deposi-
tion process and on the electronic properties of the result-
ing films. It was believed that the excitation frequency
would not have a major influence on the growth and the
properties of 2-Si:H, mainly because for typical silane
plasma conditlons at 13.536 MHz, ong 15 above the ion
plasma frequency. This means that the ions are practically
stationoary and so o further inorense of the excitation fre
quency would have no direct influence on the ions in the
bulk plasma volume. It cannot, however, be deduced that
higher excitation frequencies are unimportant for two rea-
sons: first, the energy-transfer mechanism to the electrons
in the bulk plasma has a frequency dependence (e.g., a
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resonance at the electron momentom exchange fre-
quency'); and second, the frequency strongly affects the
plasma/electrode sheath characteristics and, in particular,
the sheath potential drop. The potential drop and the ratio
of ion transit frequency 10 excitatlon frequency determine
the ion impact energy distribution on the substrate.®

It waa thorcforc an interesting rosult when our group
could demonstrate that the nse of higher excitation fre-
emencies in the so-called very-high-frequency (VHF) hand
{30300 MHz) leads to favorable conditions for the
growth and the properties of a-Si:F.** These favorable
conditions consist mainly in a considerable increase of the
deposition rate of up to 20 A/s at a frequency of about 70
MHz as compared with typically 2-3 A/s growth rate with
GD at 13.56 MHz. Beyond this uency the deposition
ratc was found to drop again to 10 A/s at 150 MIlz. The
changes in deposition rate were not accompanied by any
deterioration in the electronic properties of the films. De-
terioration of the electronic properties is nsually observed
when one tries to increase the deposition rate with the
standard glow discharge at 13.56 MHz. The strong influ-
ence of the excitation frequency on the deposition rate has
been studied and confirmed in other laboratories."*®
Moisan et al.' found a strong influence of the deposition



rate of polymers in plasma depositions excited by surface
waves in the range 12-400 MHz. Chatham et al.*® studied
the excitation frequencies in the ramge 13.56-110 MHz,
using silane and disilane as source gases. For both gases
they found a continuous increase of the deposition rate
with excitation frequency by a factor of 2.5. Oda and co-
workers™® compared GD deposition of a-8i:H and pe-8i:H
from mixtures of SiH,; and H; at 13.56 and 144 MHz and
found a factor of 4 higher deposition rate for g=3i:H at the
higher excitation frequency. There is therefore convincing
evidence that the excitation frequency influences the dep-
osition rate in GD processes. The detailed shape of the
deposition rate versus frequency curve can of course be a
function of the particular deposition system with its spe-
cific features. :

No fundamental differences in the optical and electri-
cal properties (e.g., optical absorption, deep defect density,
and dark and photoconductivity) of material prepared at
high deposition rate with VHF-GD are found as compared
with the properties of stondard 13.56 MHz material.
Meanwhile, a-Si:H prepared at high deposition rate with
VHF-GD has been successfully implemented into p-i-n so-
lar cell structures*® and thin-film field-effect transistors.”
On the other hand, there are indications from small-angle
x-ray scattering {SAXS) experiments that VHF-GD ma-
terial has a different microstructure in terms of size and
distribution of microvoids as compared with 13.56 MHz
material. '?

In addition it was found that the VHF plasma also
favors the growth of microcrystalline silicon (pe-Si:H) at
considerably lower levels of power and temperature, as

with the standard glow discharge at 13.56
MHz. """ Tq get further insight into how the change in
the plasma excitation frequency might influence the plasma
and the flm growth kinetics we have studied the correla-
tion between structural and electronic properties of ¢-8i:H
films prepared at 70 MHz and compared them with the
properties that are generally found in films prepared with
the conventional glow discharge at 13.56 MHz. Two series
of films have been prepared at fast and slow deposition
rates, both series at substrate temperatures Ty between 280
and 30 °C. The two ranges of deposition rates were chosen
to see whether a strong variation of the deposition rate at
70 MHz has similar strong effects on the microstructure as,
e.g., the increase of the deposition rate at 13.56 MHz by
means of an increase of the discharge power. The film
siruclure and especially the hydrogen bonding and hydro-
gen content were studied with three different techniques:
infrared spectroscopy (IR}, hydrogen svolution {(EV), and
elastic recoil detection analysis (ERDA). The electrical
and optical properties were characterized by dark and pho-
toconductivity and by photothermal deflection spectros-
copy (PDE).

First results of experimenis that concentraied on the
incorporation of hydrogen in films prepared at various sub-
strate temperatures at 70 MHz have been published re-
centlr.” In the present study we shall continue these in-
vestigations. More details about the microstructure and the
optoelectronic properties will be given here. In addition we

have started a detailed investigation of plasma parameters
as a function of the excitation frequency. From these in-
vestigations we can propose possible mechanisms that in-
fluence the film growth in the VHF-GD process.

Il. EXPERIMENTAL DETAILS

The samples were prepared by the VHF-GD technique
at an excitation frequency of 70 MHz from pure S3iH,. The
excitation frequency at 70 MHz was chosen becaunse at this
frequency we observe a maximum in the deposition rate.’
Two serles of filing were grown at substrate temperatures
between 30 and 280 °C keeping the deposition rates at a
high (R = 10-20 A/s) “fast” or low (R =38 As/s)
“slow” level at each deposition temperature. Great care
was taken to determine the real surface temperature during
deposition. Various calibration runs for standard deposi-
tion conditions were performed where the thermal sensor
for the electrode heater, which is placed inside the heater
cloge to the electrode surface, was calibrated against a thin
thermocouple attached to the substrate surface. "L'otal gas
pressure was found to be the most prominent factor deter-
mining thc gradicnt between the heater temperature and
the “real” surface temperature. Unfortunately it was not
possible to measure the surface temperatore with the dis-
charge on, due to rf pickup through the thermocouple
wires. To obtain an approximation of additional surface
heating through rf power dissipation or ion bombardment
the surface temperature was measured immediately after
cutting off the rf power. The surface temperature was in-
deed higher by typically about 10 °C immediately after the
rf power cutoff and subsequently stabilized at a lower equi-
librivm valve. Therefore, we assume that the quoted tem-
peraiures are correct to within 10-20°C.

Samples were grown on Dow Corning 7059 glass for
transport and PDS measurements and on polished {100}
Si wafers for the IR, ERDA, and EV measurements. The
film thicknesses were typically d = 1.5-4.0 um. Care was
taken to measure the film thicknesses with a surface pro-
filer close to the area where the varions experiments were
performed, as wo obscrve in some cases a considerable in-
homogeneity of the film thickness across our standard sub-
strate size of 83 83 mm®. A possible reason for this could
be a silane depletion as a consequence of the high depaosi-
tion rates.

Dark- and photoconductivity measurements were car-
ried out in gap cell configuration using aluminum contacts.
For the photoconductivity we used white light of a tung-
sten halogen lamp and a light intensity of 60 mW/cm®.
This was tested to give similar photoconductivitica as with
a solar light simulator at AM1.5.

For PDS measurements the setup as described re-
cently'® was modified by using a 250 W halogen lamp in
place of the 1000 W xenon lamp. By optimizing the optical
lightpath the loss in the intensity could be almost compen-
sated and the signal-to-noise ratio could be improved. FDS
of @-8i:H yields the optical-absorption spectrum in the sub-
band-gap region (0.7-2.0 V). The characteristic features
of the spectrum are an absorption shoulder for photon
energies hv =0.7-1.3 eV and an exponential absorption



band at 1.2 eV, a5 Fig. 2(b) shows the characteristic
energy E; of the absorption edge measured with PDS. For
the PDS experiments only some representative samples
preferably thicker than 2 um have been investigated. Note,
however, that two samples prepared at Tg= 150°C have
thicknesses of only 1.2 and 1.7 pm, respectively. Starting
from high-quality material prepared at To= 280 "C with a
high ratio of photoconductivity to dark conductivity, with
a low defect absorption intensity at 1.2 eV of ay= 1.2
em ~ 1, and absorption edges with a characteristic energy
Ey = 45 meV, we find that all of these sample parameters
change little down to substrate temperatures of Ty
= 150°C. Below that temperature, there is an abrupt
change of these material parameters: The photoconductiv-
ity drops down to values between 10~ % and 10~ % 8/cm,
the defect absorption increase to ap=60 cm ™, and the
characteristic energy of the absorption edge becomes E;,
= 60 meV at Tg= 50"C. This behavior is found for both
ranges of deposition rates investigated and no systematic
difference was found between films prepared at high and
low deposition rates, respectively. The small change down
to Tg= 150°C is surprising since with the standard glow
discharge at 13.56 MHz an optimum deposition tempera-
ture for intrinsic a-8i:H is usually reported between 230
and 280°C, whereas for deposition remperaturés below
200°C strong deteriorations of material properties are
found.

B. Structural properties

In this subsection we will address the issue of hydrogen
bonds (their density and their type) and whether there are
internal voids or clusters {e.g., hydrogen) in the material.

1. Infrared speciroscopy

Surprising results are also obtained when looking at
the hydrogen bonding and hydrogen coulent. In Fig. 3
infrared transmission spectra of samples grown with fast
deposition rates at 70 MHz and ai substrate temperatures
between 250 and 50 °C are shown. For clarity the spectra
are shifted with respect to each other on the transmission
scale. The striking feature is that with decreasing substrate
temperature there are only minor contributions of absorp-
tion bands at 2080 cm ™' (Si-H, Si-H, on internal sur-
faces), at 890 cm ™' (Si-H,), and at 845 em —! [(Si-H,) ).
Strong absorption bands at these wave numbers are usually
observed for films prepared at low deposition temperature;
this is indicative for a profound microstructure (internal
voids) usually found in such films.> In addition, the peak
absorption at 640 cm ~ ! that is used for the determination
of the total hydrogen content ¢y increases by a factor of 2
only between the film prepared at 250 and at 50 *C. Again
there is no systematic difference in the behavior of the films

prepared at fast or slow deposition rates.

2. Total hydrogen content
For the determination of the total hydrogen content
from IR transmission specira we have checked the com-

monly applied procedure'®" by measuring the hydrogen
content on one set of samples with two other independent
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FIF, A, Infrared transmission spectra for a series of o80-H films preparsed
with the VHF-GD technique at fast deposition rates at different substrate
temperatures between 50 and 230°C, The spectra are shifted with respect
to each other.

methods, hydrogen evolution (EV) and elastic recoil de-
tection analysis (ERDA). For this we have chosen the set
of samples whose IR spectra are shown in Fig. 3.

The results are shown in Fig. 4. Here, the hydrogen
contént determined from IR, EV, and ERDA for five sam-
ples of the fast deposition series is shown as a function of
the substrate temperature. All three methods reveal the
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FIG. 4. Total hydrogen content for the o-5i:H samples of Fig. 3. The
bydrogen contant was detarmined with thres different methods: infrared
spectroscopy (LB}, hydrogen evolation (EY), and elastic recoil detection
analysis (ERDA).



band at 1.2 V¥, ap Fig. 2(b) shows the characteristic
energy K, of the absorption edge meagared with PDS. For
the PDS experiments only some representative samples
preferably thicker than 2 pm have been investigated. Note,
however, that two samples prepared at Ty = 150"C have
thicknesses of only 1.2 and 1.7 pom, respectively. Starting
from high-quality material prepared at Tg= 230 "C with a
high ratio of photoconductivity to dark conductivity, with
a low defect absorption intensity at 1.2 eV of a,=1 2
cm ™", and absorption edges with a characteristic energy
Ey =45 meV, we find that all of these sample parameters
change litile down to subsirate temperaiures of T
= 150°C. Below that temperature, there is an abrupt
change of these material parameters: The photoconductiv-
ity drops down to values between 10~ and 10~ ' 8/em,
the defect absorption Increase to &p=60 ¢m ', and the
characteristic energy of the absorption edge becomes E;
= 60 meV at ¢ = 50 °C. This behavior is found for both
ranges of deposition rates investigated and no systematic
difference was found between films prepared at high and
low deposition rates, respectively. The small change down
to I'g=150°C is surprising since with the standard glow
discharge at 13.56 MHz an optimum deposition tempera-
ture for intrinsic g-5i:H is usvally reported between 230
and 280°C, whereas for deposition temperatures below
200°C strong deteriorations of material properties are
found.

B. Structural properties

In this subsection we will address the issue of hydrogen
bonde (their density and their type) and whether there arc
internal voids or clusters (e.g., hydrogen) in the material.

1. infrared speciroscopy

Surprising results are also obtained when looking at
the hydrogen bonding and hydiogen coulest. In Fig. 3
infrared transmission spectra of samples grown with fast
deposition rates at 70 MHz and at substrate temperatures
between 250 and 50 °C are shown. For clarity the spectra
are shifted with respect to each other on the transmission
scale. The striking feature is that with decreasing substrate
temperature there are only minor contributions of absorp-
tion bands at 2080 cm ™' (Si-H, Si-H; on internal sur-
faces), at 890 cm ~ ' (Si-Hj,), and at 845 cm — ! [(Si-H,),].
Steong absorption beds al these wave pumbers are usually
observed for films prepared at low deposition temperatuore;
this i indicative for a microstructure {internal
voids) usually found in such films.* In addition, the peak
absorption at 640 cm ~ ' that is used for the determination
of the total hydrogen content ¢y increases by a factor of 2
only between the film prepared at 250 and at 50 °C. Again
there is no systematic difference in the behavior of the films

prepared at fast or slow deposition rates.

2 Total hydrogen confant

Fou the delenninalion of the loial hydrogen content
from IR transmission spectra we have checked the com-
monly applied procedure'™ by messuring the hydrogen
content on one set of samples with two other independent
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FIF, 1, Infrared tranamistion specdrn for o series of ou8i:H films prepared
with the YHF-GD technique at fast deposition rates at different substrate
temperatures botween 50 and 250 'C. The spectea are shifted with respect
to sach othee,

methods, hydrogen evolution (EV) and elastic recoil de-
tection analysis (ERDA). For this we have chosen the set
of samples whose IR spectra are shown in Fig 3.

The results are shown in Fig. 4. Here, the hydrogen
content determined from IR, EV, and ERDA for five sam-
ples of the fast deposition series is shown as a function of
the subatrate temperature. All three methods reveal the
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FIG. 4. Total hydrogen content for the &-5i-H samples of Fig. 3. The
hydrogen content was determined with three different methods: infrared
speciroacopy (IR), pdrogen evolution (BY), and elastic recoil detection
analysis (ERDA).
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FI3, 3 Twbd hydeogss coatend lo a-58H Glms prepared at 70 and at
13.56 MHz (Ref. 25) as a function of the deposition temperature,

same trend: an increase of cy from 10 at. 96 at 7'y = 250°C
to values not exceeding 20 at. 96 at T = 350 "C. However,
when looking for relative accuracy, there is some scatter in
the ¢y data determined by the three different metheds,
each having a typical resolution of =+ 15% for the hydro-
gen content.

Some problems that can occur when comparing the
three methods shall be indicated: The general applicability
of IR transmission spectra of a-8{:H for the determination
of ey has been questioned by several authors—mainly due
to the fact that the oscillator strength of the 3i—H bonds
could be a function of the microstructure of the films and
could vary with the hydrogen content itself. EV and
ERDA give the hydrogen content in atom density and the
atomic percentage has to be calculated by taking into ac-
count a variation in the mass density with the hydrogen
content. This has been taken care of here using the corre-
lation as given by Beyer.™ Finally for IR and EV the film
thickness and/or the volume of the films must be known
accurately. This can lead in the present study to problems
especially for the EV measurements on films prepared at
low substrate temperatures as i€ was found that those films
have a high internal stress with a tendency to peel off.
Accounting for all these uncertainties and coneidering the
absolute accuracy of cach method the overall agreement is
encouraging. Measurements of the hydrogen content with
EY and IR on additional samples confirm this agreement.
In summary we find no systematic differences between the
different methods used to determine cy.

Very similar trends for the hydrogen content cy and
the Infrared spectra as a function of the deposition temper-
ature T5 are found for the slow deposition series. Data for
ey for the two series are summarized in Fig. 5. For sim-
plicity, only ¢y data from IR are shown here. Data de-
duced from the other methods show the same trend
(within the experimental error discussed above). For all
samples, no matter if prepared at high or at low deposition
rates, the hydrogen content does not exceed 21 at. %6 even
at Tz = 50°C. For comparison, cy data for samples pre-

5
pared at 13,56 MHz taken from Ref. 25 are also shown in

‘Fig. 5. For samples prepared at T = 250-300 °C, the hy-

drogen content is typically between 10 and 135 at. % for
both plasma excitation frequencies. But there is a clear
difference in the hydrogen content at low Tg For 13.56

MHz values between 40 and 50 at. 96 are not unusual
whereas in our films oy does not exceed 21 st 9.

& Micrastruciure
Looking at the small increase of cg when lowering the

deposition temperature it is not surprising that there are

only small contributions from infrared absorption bands at
2080, 690, and 845 cm . It has been demonstrated ear-
lier™ that the indication of microstructure in the IR spec-
tra is strongly correlated to the total hydrogen contemt
itself. The reason for this is that the 4-8i:H network can
only absork H up to a certain concentration in the companct
bulk material. As one puis in more H, clustering and the
formation of voids sets in. In our case this means that, for
the VHF films studied here, ¢y and not primarily T will
determine the microstructure (similar to the situation in
g-3i:H films prepared by sputtering at low temperature
where ¢y can be controlled by the hydrogen partial pres-
sure during the deposition™). Considering the IR absorp-
tion mode at 2080 cm ! as a measure of H cluster or
volds, the amount of microstrocture can be defined from
IR spectra by calculating the ratic R of the integrated
absorption bands at 2080 and 2000 em — 1,726

R = Fagpo’ (T20m0 + Fag) -

The use of this relation for the determination of the
amount of microstructure has become very popular re-
cently. However, it should be noted that this ratio does not
stand for the ratio of Si-H in internal voids to the total
number of 3i—H bomds. The reason fox this s slmply that
the oscillator strengths for both types of bonding differ
considerably,?’ such that even small contributions of the
IR ahsorption at 2080 em ~ ' actually correspond to a large
amount of hydrogen in internal voids. This means that the
ratio R as given above underestimates the percentage of
microvoids. Here we shall still use the ratio R as defined
above for two reasons: (i) 8 comparison with data given by
other anthors is easier, and (i) the exact values of the
oscillator strengths are stll @ matter of debate amd can in
addition vary with the microstructure. We have calculated
the ratio R by deconvoluting the IR absorption band in the
region 2000-2080 cm ~ ! into two Gaussian lines and inte-
grating each line. In Fig. 6 the ratio R is plotted versus the
total hydrogen content. Although there is considerable
scatter in the data—which might be due to a large extent to
uncertainties in the deconvolution of the 2000/2080 ab-
sorption mode—we see the expected correlation between
the hydrogen content and the amount of microslruciure,

4. Mydrogen evolution

Hydrogen evolution is another sensitive method for the
investigation of microstructure in 2-8i:H. Typical evolution
spectra of films prepared at low T'gat 13.56 MHz show two
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FIG. 6 Microstrocture parameter K. Nir/No 8nd canden determined
from IR, EV, and ERDA, respectively, as a funation of the total hiydrogen
content in 4-5i-H prepared at various depesition temperatores at 70 MHz.

distinct evolution peaks near T"'=370°C (LT peak) and
I =600°C (HT peak), the latter depending on film thick-
ness. The first peak is atiributed to desorption of H, from
internal surfaces followed by a rapid exodiffusion of mo-
lecular hydrogen through a void network. The second peak
is associated with the diffusion of atomic hydrogen in com-
pact material.22* Usnally there is a stroug covrelation be-
tween the ratio R as defined from the deconvolution of the
TR spectra and the amount of hydrogen that is evolved in
the low-temperature evolution process.”® A high R and a
high LT peak both indicate a material rich in voids.

In Figs. 7(a) and 7(b) evolution spectra of films pre-
pared by VHF-GD at various substrate temperatures are
shown for the two series of films prepared at different dep-
osition rates. A low-temperature effusion peak near 370°C
ia identiflable only for Ty — 50 *C material of the fast scrics
while all other samples of both series reveal a more or less
pronamnead shomlder at this temperature. From this latter
result we conclude that some degree of microstructure is
present in all cases. The least microstructure is present for
Tg=1230"C material. Figure 7(c) shows the temperature
Ty of the maximum effusion rate of the high-temperature
peak as a function of the film thickness @. Except for two
films of the slow series, the high-temperature peaks follow
closely the film thickness dependence of {Tg= 300°C)
13.56 MHz material’® governed by diffusion of atomic hy-
drogen  with a  diffusion  coefficient D =23x10"12
exp ( — 1.6 eV/kT) em?/s. This result suggests that at the
temperature of HT evolution our material is compact on
the scale of the film thickness. The presence of both low-
and high-temperature hydrogen effusion processes for the
same samples is attributed to a film reconstraction process
at intermediate temperatures.? Incomplete reconstruction
resulting in the presenee of voids or interfaces that limit the
effective hydrogen diffusion length to dimensions less than
the film thickness can explain the relatively low Ty, of two
samples of the slow series. For both series of films, addi-
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FIG. 7. Hydrogen evolution (EV) spectra of -8i:H prepared at 70 MHz
with {a} fast nr (h) aloar depoalion rates ot gubetrate temperatores be-
twosn S0 and 250°C, The beating rate was 10 "Cr/min. (¢) temperatare
Ty of the hgh-terrperatiare effusion maximom vs the film thicknsess. The
full line lg caleulsted wsing o bydrogen sonstant D = 3310~ 2 anp (1.6
ET) em’s=",

tional effusion peaks or shoulders veour in the 450-350 °C
range. Although usually not visible in high-quality 13.56
MHz material, similar evolution peaks have been reported
for a-8i:H with a microstructure.”® Again we attribute
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these structures to film reconstruction phenomena al-
though other explanations have been given

In order to obtain a qualitative indication on the
amount of hydropen that is evolved at low and at high
ternperatures and that could be associated with hydrogen
incorporated at void surfaces and in the bulk, respectively,
the following procedure is employed: The EV spectra are
integrated between the onset of the evolution and T
= 430 ", the approximate temperature of film reconstruc-
tion, and between 7" = 450 °C and the end of the spectra.
This leads to the hydrogen densities Nyt and Ny, respec-
tively.

In Fig. 8 Npy and Ny are plotted versus the total
hydrogen density N, Despite the fact that the distinction
between the LT and HT processes may be somewhat arbi-
trary, the data apgree well with data found for o-Si:H pre-
pared by other methods. ™ The results indicate a saturation
of hydrogen incorporated in compact g-5i:H at about &
» 10%! em = and a sharp onset of the LT evolution due to
I1; diffusing through a void network at about Ny, —1
% 10* em ~ . In other words, the a-8i:H network can ac-
eammedate only a certain amount of hydropen in a som-
pact phase. Above a critical concentration Ny, = 1% 107
cm~° additional hydrogen tends to form clusters and
voids. Since the total hydrogen content of our YHF-GD
films never exceeds about 1% 10° em —? for films prepared
at low substrate temperature, the concentration of voids in
our low-Ty material is considerably less than for 13.56
MHz Alios.

Similar to the ratio R from the TR absorption experi-
ments one can define by the ratio /N, 8 measure of
microstructure from the hydrogen evolution studies. The
result is also plotted in Fig. 6 as a function of the total
hydrogen content. We find that similar to the ratio & from
IR, the ratio Ny /N, from hydrogen evolution experi-
ments on our films increases with rising hydropen content.
However, especially at small hydrogen concentrations,

7

Nyp/ Ny, stays well below the ratic R and increases
strongly only at high hydrogen concentration. The reason
for this discrepancy between N1/ N, and R is presumably
that the LT evolution appears only for an interconnected
void network while infrared absorption measures the pres-
ence of all types of voids.

5. Elastic recoil detection analysis
In addition, we have investigated the hydrogen exod-
iffusion with the ERDA experiment. We have measured
the hydrogen profile in five samples of the fast series de-
posited at various deposition temperatures between 250
and 30°C. First the samples were measured in the as-
deposited state; then again after annealing at 400 *C for 30
mit. For all camples we find & perfectly flat hydrogen pro
file before the annealing, After annealing the hydrogen pro-
file drops almost by the same amount ¢, thronghout the
sample. This is an indication of a remaining void network
even in high-T'¢ films and correlates to the LT evolution
spectra that also for high-T'; films show at least a shoulder
in the LT region. There is, however, some hydrogen deple-
tion at the film/air interface that is governed by atomic
Fiom & stepwise anncaling of a sample prepared at
T¢=150°C up to an annealing temperature of 475°C,%
we caleulate a hydrogen diffusion coefficient D—4.1
® 10~ exp ( — 1.57 eV/kT) cm®/s; this means that the
activation energy for the hydrogen diffusion in compact
VHF-GD material is the same as in material prepared at
13.56 MHz at 300°C (sec above).™ The prefactor Dy
found here is about a factor of 7 smaller than the value
found from the hydrogen evolution experiments for 13.56
MHz material prepared at 300 "C, but this difference is
certainly not much in view of the different experimental
techniques used to caloulate the diffusion cocfficient. Fur-
thermore it is known that the prefactor I); can vary con-
siderahly for material with different microstrocture 25
If we corrclate the amount of hydrogen ¢y that
evolves up to 400 °C with the hydrogen that evolves in the
Nir process in the EV studies, then the ratios e,p/cy from
ERDA and Nyp/Nyr from EV should be about the same.
The ratio eyp/cy 15 added to the data in Fig. 6. Again
£a g O increases with the total hydrogen content but, sim-
ilar to the ratio N o/ Nyt from the EV spectra, the ratio
eap/cy from ERDA siays well below the ratio R from IR.
For another comparison between EV and ERDA we
have plotted the amount of hydrogen that evolves upon

annealing up to 400 °C (cyy) and the amount of hydrogen
that remains in the film after annealing (&4, ) versus the

total hydrogen density in Fig. 8. The data from ERDA
show the same tendency a5 the data from EV.

C. Effsctive power and slectrode voltage

The true power that is dissipated in the plasma is a
crucial and by no means ¢asily accessible parameter. Usu-
ally, the input power is measured with a directional power
meter in the 50 {1 line just before the matching neiwork.
This means that the effective power in the plasma is gen-
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erally not known. In particular, since the impedance of the
complete system with and without plasma is frequency de-
pendent, the effective plasma power varies with frequency
at constant input power. We have estimated the effective
power by a subtractive method™! in which the input
power without plasma P, is sobtracted from the total
input power £, to give the effective power F.gp with the
constraint that both P, and P, are measured for the
game electrode voltage. We define a power transfer effi-
ciency 7 as follows:

= ”Pm_Pm}me]Fw_m=Pﬂmeh

where P, is the effective power dissipated in the plasma for
a given input power F,,,. This is plotted in Fig. 9 along with
the electrode peak-to-peak voltage ¥ for a freqouency scan
at constant input power 15 W. It isPFnu.ud that the power
transfer efficiency in our reactor varies between 559 and
8058 over e range of Teyuensies (10=50 MH:) invesii=
gated. The electrode peak-to-peak voltage increases contin-
wously from 50 ¥V at 80 MHz to more than 200 V at 10
PFI.H?... - T . .

Following the approach by Kohler, Horne, and
Coburn,” neglecting collision and ionization in the sheath,
one can use the peak-to-peak voltage to estimate the max-
imum ion energy as ¥./4. Since F’FP is much higher at low
frequency, the maximum ion energies are much higher as
well.

I¥. DISCUSSION

A. High deposition rate and maintenance
of material quality

The detailed mechanisms that influence the growth
conditions and the resulting structure of g-8i:H films via a
change in the plasma excitation frequency are not yet well
understood.

The most obvious effect that has been found indepen-
dently hy several workers'~8 is the strong increase in the
deposition rate with frequency. In our case the variation in
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the power transfer efficiency with frequency that is pre-
sented here can only partly explain the changes in the dep-
osition rate. The decrease in deposition rate bevond 20
MHz in our deposition system can, in fact, be attributed to
high-frequency losses. However, in order to explain the
initial increase of the deposition rate found in our case™*
and for the contlnuous Increase from 13.56 to 110 MHz, ™
one has to assume additional frequency-dependent effects
on the plosme process. Such effects have been concluded
from the theoretical works of Ferreira and Loureiro™ and
Wertheimer and Moisan® that propose an increasing high-
energy tail in the electron energy distribution function
(EEDF) with increasing ratio /v of plasma excitation
frequency @ to energy collision frequency v. First results
for differences in the EEDF in a silane plasma at 13.56 and
144 MHz have been deduced from Langmuir probe and
optical emission spectroscopy experiments.® A recent study
on silane plasmas in the range 13-70 MITz, where special
care was taken to control the effective power as the fre-
mquency was varied, confirma these findings 2 However,
conclusive experimental evidence for variations in the
EEDF with plasma excitation frequency is still lacking and
this problem should be topic of forther investigation.

For the maintenance of the material quality of a-Si:H
prepared at high deposition rates with VHF G an impor-
tant quantity that must be considered here is the maximum
cnctgy of ions impinging on the substrate. High ion cner-
gies will lead to sputtering effects and will create defects
during the growth. However, one can well imagine that a
certain ion bombardment with low-energy ions could be
beneficial for the growth by increasing the surface mobility
of the radicals and by etching away unfavorably placed
species.

As we have seen, the maximum ion energy estimated
from the peak-to-peak voltage increases strongly with de-
crcasing frequency, oven for constant effective power, ie.,
at low frequency there is a much higher ion impact energy
on the substrate, which enuld lead to poor material goality.
On the other hand, as mentioned abowve, a sufficient
amount of low-energy ion bombardment is considered to
be beneficial for the growth, as it may, e.g., increase the
surface mobility and the desorption of reactive species—
this mechanism wounld then be favored at 70 MHz plasmas
as compared to 13.56 MHz. Attempting to increase the
growth rate at 13.56 MHz by raising the of input power
would simply increase the ion impact energy. At 70 MHz,
however, the effective power and, consequently, the growth
rate could be increased while keeping the ion impact en-
ergy within reasonable limits concomitant with deposition
of good quality maternial.

B. Effects on the properties of a-5i:H

MNext let us look at the total hydrogen content in films
prepared at low substrate temperatures with the VHF-GD
technique. The hydrogen content does not exceed 21 at. %
even al 30°C sulsbrate temperaluce. For be standacd
13.56 MHz deposition, the strong increase of cg with de-
creaging Tz is explained in the following way. With de-
creasing substrate temperature we have a decrease in two



guantities: the mobility of reactive species at the surface of
the growing film and the hydrogen desorption from the
surface.

There is, therefore, & tendency at low substrate tem-
peratures for hydrogen to stick at unfavorable sites and to
form H clusters and voids, In this picture, a mechanism
that makes hydrogen more mobile could explain the rela-
tively small value of hydrogen built in at low T’y in the
YHF-GD process. From the incresse in the depusition rale
we conclude that at higher excitation frequencies the dis-
sociation of the process gas for a given input power is much
more effective than at 13.56 MHz. This can be achieved
with the slectrode potentials Vo, remaining at a very low
level. Both a high radical density and a low-energy fon flux
are heneficial for growth by increasing the desorption rate
of hydrogen and by increasing the mobility of species at the
growing surface, both withont creating defects becaunse of
the low ion energy (ie., the low ion emergy is better
adapted to the chemical surface activation energies—
arpund 3 ¢¥).

In this context the effect of an increasing excitation
frequency is similar to the cffect of increasing substrate
temperature. Concerning the building in of hydrogen and,
eorralated with this, the microstmctnre and the elact romic
properties, the use of higher excitation frequenciez would
then permit good quality operation at lower substrate tem-
peratures. Our results on the electronic properties of the
films prepared at 70 MHz at substrate temperatores be-
tween 150 and 200°C confirm this, where it should be
noted that the deposition conditions have not been opti-
mized for the low deposition emperatures. We fnd thart
the electronic properties do not become much worse down
to Tg= 150°C.

Thus, for films prepared at a given substrate tempera-
ture halowe 200 *C at 13.56 MHz and those preparerd at 70
MHz we observe clear differences in the properties of a-
Si:H. Nevertheless, we find for films prepared at 70 MH=z
that the amount of hydrogen built into the films plays a
similar key role in determining the microstructure and thus
the electronic properties of a-5i:H as in films prepared at
13.56 MHz.** Changes in the deposition rate at 70 MHz
have no significant influence oo (he stroclure asd the cleg-
tronic properties of the a-8i:H films. This shows that the
deposition rate for o-5i:H can be vared over a wide range
without changes in the material guoality, provided other
deposition parameters such as, e.g. the sheath potential
can be adjusted.

Finally, we discuss the indications for structural dif-
ferences between films prepared at 13.56 MHz and those
prepared at 70 MHz. As shown in Fig. 6, we have differ-
ences in the dependence of the microsiruociure paramerers
By Npp/Nige and e,/ on the total hydrogen content.
Both, NNy ond cpyyfey always stay below R, This is
surprising, since we have mentioned above that the oscil-
latar strength of the Si—H bonds that give rise to the IR
absorption at 2080 cm — ! is such that the real amount of
hydrogen in the corresponding configuration is underesti-
mated. From the data shown in Fig. 6 one would then have
to conclude that only a small amount of the hydrogen from
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the 2080 cm = ! mode evolves in the low-temperature evo-
lution process. In the picture of voids. this means that in
addition to the interconnected void network that allows the
rapid hydrogen exodiffusion at low temperature, we have a
large number of medium-sized voids that are not intercon-
nected. Recently, a comparative study of VHF- and rf-GD
material with SAXS (RKef. 10) pointed the same way: VHF
matetial has a higher volume fraction of voids and these
voids have a wider distribution in void sizes as compared
with rf-GD material.

For the unecommon features found in the EV spectra of
VYHF material an explanation could be that the material
investigated here nndergoes a stepwise reconstruction dur-
ing the annealing process. This means that, when starting
at low annealing temperature, hydrogen will first desorb
from void surfaces and percolate through a void network.
At a critical temperature the material partly reconstructs
and starts forming larger grains of compact material,
blocking void percolation paths. Thus, on the one hand,
the rate of the hydrogen evolution via the void percolation
decreases as percolation paths are interrupted, on the other
hand, the rate of hydrogen evolution via diffugion in the
bulk material increases and finally dominates.

V. SUMMARY AND CONCLUSIONS

In films prepared with YHF-GD at low and high dep-
ogition rates and temperatures between 50 and 280 °C we
find little deterioration of the optoelectromic properties
down to deposition temperatures as low as 150°C. At the
same time, the hydrogen content inereases only moderately
with decreasing deposition temperature and remains well
below the hydrogen content found in samples prepared at
low deposition temperatures at 13.56 MHz Nevertheless
we find that the correlation between microstructure and
the total hydrogen content in VHF-GD material is similar
to the one observed in films prepared by rff GD. The dep-
osition rate itself, in the series reported on here, is not
observed to be correlated to the film structure and the
material quality.

Changes in the process plasma as a function of the
plasma excitation frequency are considered to be responsi-
ble for the favorable growth conditions for a-5i:H with
VHF-GD. The highly effective process gas decomposition
leads to high deposition rates while the maximum ion en-
crgics still can be kept ot levels close to the chemical en
ergies of the material at the growing surface. This possibil-
ity offers additional scope for varving process parameters
in a way useful for material preparation.
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