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Electrical properties and degradation kinetics of compensated hydrogenated
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Microcrystalline silicon {uc-Si:H) layers deposited by the very high-frequency-glow discharpe
technique at a radio-frequency excitation of 70 MHz are observed to be basically slightly {n} type.
By doping (so-called “microdoping™) with boron in the gas phase volume part per million (vppm)
range, compensated material could be obtained. The influence of this doping on the electronic
transport properties is documented. A pronounced onset of the boron incorporation into the films
measurad by secondary-ion-mass spectrometry is observed around 3 vppm (B,Hg/SiH,), wogeher
with marked changes in the electrical properties. The compensated film obtained for a microdoping
of about 1 vppm shows the lowest dark conductivity [3:107% {2 cm) "], the highest activation
energy (517 meV), and, finally, the highest photoconductive gain of 6107 (photo/dark current
ratio). Depending on the valne of the activation energy (the critical value is =0.2 eV), two different
transport models are identified, corresponding to “Meyer—Neldel” or “‘anti-Meyer—Neldel”
behavior. As for light-induced degradation, the compensated film exhibits better stability than
undoped films. Finally, the use of slightly boron doped wc-Si:H as photovoltaically active material

will be discussed.

I. INTRODUCTION

Since the discovery in 1977 of the “'Stoecbler Wronski
effect”™! in hydrogenated amorphous silicon material (a-
5i:H), a wide effort is being undertaken to obtain more stable
material, especially for photovoltaic applications. Until now,
this problem has not been folly solved. Preliminary work
done with hydrogenated microcrystalline  silicon
(pe-Si:H)*™* shows that this material does not degrade as
much as g-3i:H and that it has the potential o become a new
material for photovoltaic devices.” Our group has therefore
investigated here go-Si:H in ‘more detail.

Our earlier studies have shown®® that the very high-
frequency-glow discharge (VHFGD) technique at 70 MHz is
especially favorable for the growth of uc-Si:H. In fact, both
the input power and the deposition temperature can be kept
lower than in the case of conventional 13.56 MHz GD, as
was shown in our previous work.” Based on plasma diagnos-
tics with VHF plasmas,'® we posmlate that two effects are
involved: first, lower ion bombardment energies than at
13.56 MHz—thcac being due to a reduced sheath potential
and second, a higher atomic hydrogen flux on the growth
anrface: we suggest that hoth effects contribute to favorable
growth conditions for pc-Si:H.

Microcrystalline silicon has, in general, lower optical ab-
sorption in the visible than amorphous silicon. It has, how-
ever, higher absorption in the infrared range.” Because of
these propemies, fully microcrystalline p-f-n diodes may
find their use within tandem structures, and it is towards this
goal that we have studied intrinsic pc-Si:H layers.

As previously reported,” we found that undoped pc-Si:H
has a slightly {n)}-tvpe character. this being already reported
in earlier work.™!! Now, in the present study, we will try to

obtain more insight into the doping compensation mecha-

nism of pc-Si:H. Compensated layers are deposited by add-

ing low quantities of diborane into the plasma gas. The sta-
bility of such compensated pc-Si:H films was analyzed
under strong light illumination (fast degradation) and a de-
tailed study of the electrical transport properties as a function
of the doping level has been undertaken. The interpretation
of our results is based on previous transport studies on mi-
erocrystaliing silicon 21

Il. EXPERIMENT

All films reported on were deposited in a single chamber
reactor by the capacitively coupled glow discharge method at
a plasma excitation frequency of 70 MHz (VHFGD).'*" In
order to compensate the pc-Si:H material in the vppm dop-
ing range (a technique we will henceforth call *microdop-
ing"}, an additional mixing chamber was installed at the pro-
cess chamber. To avoid cross contamination from the
outgassing, the chamber walls were heated overnight and
kept at room temperture for the deposition.

The gases used were silane (SiH,), hydrogen (H;), and
diborane (B Hg). The films were depogited onte Dow Cormn-
ing 7059 glass and on polished single-crystal silicon wafers
with {100} orientation. at dilution level of 3% silane in hy-
drogen and a total gas flow of about 100 SCCM. The micro-
doping ratio (B,Hg/SiH,) was varied between 0 {undoped)
and 10 vppm. The power measured was 3 W, this corre-
sponds to a very low power density of only 23 mW/cm? in
the plasma, even il voe neglecls the watching losses, The
substrate deposition temperature Ty, was 220 °C and the gas
pressure was kept at (.4 mbar.

The film thicknesses—measured with a step profileron a
step etched out with a KOH solution—were in the range of
0.4 pm. The deposition rates obtained were around 0.5 AJs.
The conductivity [dark conductivity oy and photoconductiv-
ity T ot (at 100 mW/em®)] and the dark conductivity acti-
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FIG. 1. Boron concentration [B] (atice) ia the films (bulk values) messared
by SIMS as a function of the microdoping ratio (B Hg/SiH,) in volume part
per milllon. The undoped film Is arbiracily placed af the lefl-hand side of the
r EXIE.

vation energy E, were all measured using two coplanar alu-
minum contacts {IDﬂD.J\. tiick) woder vacuwn vosditions
(~107* mbar), after a standard annealing step. The activa-
tion energy values were extracted from the plot of the con-
ductivity in the Jower range of temperature [room tempera-
ture (RT) up to about 100°C]. The films were further
analyzed by infrared (IR} and ultraviolet visible transmission
spectroscopy. The subgap absorption was determined from
PDS {photothermal deflection spectroscopy) and calibrated
with an optical transmission measurement in the visible
range. SIMS (secondary-ion-mass spectroscopy) measure-
ments were carried out to determine the doping concenira-
tions (B and P) and, further, the concentrations of contami-
nants (H, C, N, O) of the films. The photoconductivity of
three typical films was analyzed under long-lerm illemina-
tion with an intensive high-pressure sodium lamp (1.5x10"

s). With the absorption coefficient of about
1%10° cm™" for our pec-Si:H material and with the wave-
length of this light source of 590 nm, we obtain a relatively
uniform illuminaton throughout the entire im (lrANsmMission
=T0%). The temperature during the light exposure was
40° C and was mecasurcd by an LR thermometer. Structural
characterization techniques (transmission electron micros-
cnpy. ¥ ray. Raman) prove the high crysialline valnme frac-
tion of the material (around 80%-90%); these results are,
however, not shown in this paper.

Ill. RESULTS AND DISCUSSION

To judge the results of the degradation studies we have
first to understand the effects of the compensation experi-
ments. The slightly {n)-type character of the “undoped” as-
grown pc-Si:H material (to be termed more precisely as “not
Intentlonally doped™) is compensated by systematically add-
ing small amounts of diborane (microdoping) into the gas
phase, pushing thus the Fermi level (E;) towards midgap.
Figure 1 shows the boron concentration [B] (at/cc) in the
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[B] (atfcc) in the films measured by SIMS

FIO. 2. Duk cussluscuvivy oy (s pousn iempersiue) and aciivation costgy
E.. s a function of the boron concentration [B] (sticc) measured in the film
(bulk values) by SIMS. The compensation point is obtained at a doping of
about | vppm (ByHsBiH,) cormesponding to a boron concentration of about
3x10™ (aviec) in the film.

films (bulk values) as a function of the microdoping ratio
(B,Hg/SiH,) obtained from SIMS measurements. One can
observe the pronounced onset of the boron incorporation into
the films at a doping value of about 3 vppm. The concentra-
tions of phosphorus, hydrogen, and of major impurities in-
vorpurated i Uwe lms are constant over all samples and
are as follows: Cp=3%10', Oy=3x10", Cy=2x10",
Co=1.5%10", and €= 12109 (at/oc). As we will see later,
the compensated film (lowest dark conductivity and highest
activation energy) has a boron concentration of about
310" {at/cc) for a microdoping value of about | vppm, this
value comesponding to the phosphorus concentration men-
tioned above. So, besides the O and N contaminations, the
phosphorous atoms present could possibly also contribute to
the slightly (n)-type characier of the undoped films. Other
groups® have proposed as an alternate explanation that the
{n) type character is due to the distortion of the network at
the transition between crystallites and the surmounding amor-
phous matrix, leading therehy tn a densiry-nf-states distribn-
tion that pins Ep at the grain boundaries near the conduction
band of the crystallites. Whereas such an effect may also be
present, we suggest here that the involuntary incorporation of
contaminants and dopants is the main reason behind the {n)-
type character of undoped or, rather, not intentionaily doped
films.

Figure 2 shows the effect of the compensation cxperi-
ment on the dark conductivity and on the dark conductivity
activation energy as a function of horon enneentration [R]
(atfcc) measured in the films by SIMS. It can clearly be seen
that the Fermi-level position reacts sensitively to the dibo-
mneparﬁ:lprmreﬁnbnmninmmumﬂm.bﬂcmdop[nﬁ
shifts the dark conductivity over a wide range from 210~
for the undoped material to 3x10 * (fkem) ' at ~3x 10"
Bfcc. In the same way, the activation energy increases from
80 to the maximum value of 517 meV. Further doping leads

to a very sharp increase of oy and w {p)iype
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FIG. 3. oploy and opp,, (at 100 mW/em?) as a function of the boron
concentration [B] (atfee) in the films measured by SIMS. oy is the measured
value of conductivity under illumination, &, the dark conductivity, and o, .,
the: calculated phodoconductivity (equal to og—oy).

material M 1181% with values for E, that become once again
smaller. In analogy with a study of boron doping in polycrys-
talline silicon,'® such a sharp increase in the dark conductiv-
ity may be interpreted as being the result of the increase in
carrier concentration and mobility. [ Note that another recent
study of our ;|@i|;1'\c:-u|:lm:I dealing with compensation by the two
types of dopants (P and B) did not lead to such a low dark
conductivity value as the one obtained here in the present
work.] The plot of the dark conductivity shows for higher
temperatures (100200 °C) a steeper decrease than for tem-
peratures below 100 °C. We plotted the lower values of E,
which comrespond to the RT conductivity points drawn in
Fig. 2. The doping ratios needed here to achicve the compen-
sation of the material at ~| vppm—ocomesponding to a boron
concentration value of about 3% 10'® at/cc—are significantly
lower than those reported in Refs. 3 and 11 using a remote
plasma-enhanced chemical-vapor deposition (RPECVD) sys-
tem; in the latter work, compensation was obtained for a
boron concentration of 5% 10'7 (atfcc). Furthermore, the re-
mote PECVD deposition leads to maximum values of E;
around 0.7 eV,*!! i.e., significantly higher than what is found
leere {0.517 V). This difference may e dus to a higher band
gap prevailing in the RPECVD material; possibly, the higher
band gap arises from a lower crystalline volume fraction.

In Fig. 3 we plot oy/o,; and Gy, (at 100 mWicm®) as a
function of the boron concentration (atfec) in the flms as
measured by SIMS. To avoid confusion with the notation, we
will write

= O photo T T+ (1)
with oyp=conductivity as measured under illumination,
Tty = photoconductivity [calculated from Eg. (1)1, and fi-
nally or,=dark conduoctivity. /o, Ehﬂ"i_.f.:?. a curve similar to
th: One fﬂr Ed'; the same i-$ irue fﬂf u'lfm and Oy, {ﬂ_]fﬂ'd
shows a maximum valoe of about 610" around compensa-
tion, whereas Tnoto exhibits a minimum of 1.5%107%

3

{£} cm) ", This maximum of the photoconductive gain at 100
mWicm* for our compensated uc-5Si:H is a little higher than
the one observed in Refs. 3 and 11 and measured there under
0.5 AMI illumination. These high values of photoconductive
gain arc an indication that pec-Si:H can indecd be used as a
photovoltaically active material. In order to explain the mini-
mum in photoconductivity obtained for compensated pc-
5i:H, we propose two possible lines of thought. First, one
may compare this minimum to a similar minimum observed
in a previous study®’ for compensated amorphous silicon
films. It was found there that a transition from one type of
dominant free camrier to the other (n ~r f_} is responsible for
the minimum in photoconductivity observed on this particu-
lar compensated Alm. A similar ¢ffect may also prevail in the
present series of pe-SitH films. A second, possible explana-
tion starts from the following general equation for photooon-
ductivity:

phoso= € LpP T falty), (2)

with .., =effective mobility of the holes {electrons).
P ng)=free-carrier density of the holes (respectively, elec-
trons), and e=elementary charge. By microdoping in the
vppm range around the compensation point, we are able to
move the Fermi level slightly and this probably did not
change very much, neither the material structure, nor the
defect dengity. A direct consequence of this is a correspond-
ing variation in the carrier densities through a variation of
the donor or acceptor densities. Now, let us recall the grain-
houndary trapping model for uc-Si:H.'? where the barrier
potential between crystallites is a function of (he carrier den-
sity. Thus if for our compensated film the carrier density is
such that the barrier potential has here a maximum value,
then automatically the effective mobility and finally the pho-
toconductivity will present here a mimmum. Unfortunately,
at present we do nol have enough transport measurements on
thcac compensatcd films to be able to discriminate between
these two possible explanations.

The ahsorption in the subgap region as measured hy
PDS is shown for the compensated film (0.9 vppm) in Fig. 4.
The PDS spectra were calibrated at 600 nm from transmis-
sion and reflection measurements. The low photon energy
(<1 eV) absorption value for this film is <10 cm™" and this
is remarkably low for pc-Si:H material. For comparison, a
pe-Si:H film compensated by the use of two types of dop-
ants, i.c., [' and B (our previous serica), shows a valos higher
than 30 cm™',*® whereas the high photon energy (>1.5 eV)
absorption is very similar for both series. We also measured
{but did not plot) the absorption as a function of microdoping
in the region 0-3 vppm and observed identical spectra with
small vanations in the low photon energy absorption values:
These variations are less than a factor of 2. Similarly, work
done previously on compensated a-5itH flms by our own
group™ showed also roughly constant deep defect densities
(eonstant subgap obsorption} as a function of the doping
level (in the same range of low-level doping as studied here).
The subgap absorption has been related in pe-Si-H material
both to deep defects and to free-carrier absorption;™ we con-
clude, here, from the low values of subgap absorption ob-
served on cur set of films that these are not doped strongly
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FIG. 4. Absorption of the compensated film (0.9 vppm microdoping) mea-
sured by PDS and transmissionfreflection data, The calibration of the PDS
rorue wras dona af SO0 am (2007 &V

enough to observe the effect of the free carriers. Further-
more, it has been concluded from IR transmission spectros-
copy measurements on doped pc-5i:H material® that the ob-
served base-line shift is related to free-carrier absorption. IR
measwewenls oo ow compensated serics indeed do not
show a base-line shift, confirming thus that there is no ob-
servable free-carrier absorption,

In order to explain the temperature behavior of the dark
conduetivity (for the temperature range from RT up to about
100° C) we will now use the usual simple expression for a
thermally activated conductivity:

T=dy E“P{_Epffﬂt {3}

with op=conductivity prefactor and E =ellfeciive activalion
energy. This is based on the work of Ref. 14 for VHFGD
eamples with Ey near midgap. Then, in Fig. 5 we can plot
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FIG. 6. oy for three different samples [undoped, 0.4 vppm, 0.9 vppm (com-
pensated)] from the compensated series as a function of the light exposure
thme {yodium lamp at 500 wWian”, ~1.3% 10" plotousfon” s},

In oy vs £, and identify two different regimes: The data can
be fitted by two exponentials demonstrating the usual
Meyer—Neldel behavior™ as well as the so-called anti-
Meyer—Neldel behavior (inversion of the slope):"*'%*

o= g eXp( E,/Eg). (4}

For E =02 eV (compensation regime) we are in the usual
Meyer—Neldel behavior (positive slope) with a statistical
shift of Er due to doping™ The transport in this regime
across the internal potential basriers is believed to be domi-
nated by thermionic emission. Contrary to this, for £, <0.2
eV, we conclude that the transport is dominated by tunneling
from band states of the Si crystallites through the band-tail
states of the intervening amorphous phase. In additon, the
plot of ogy (room temperatore dark conductivity) vs E,, can
agnin be fitted with two exponentials showing, thereby, the
consistency of the Meyer—Neldel rule."

During light-soaking experiments the conductivity under
illomination oy of three different samples was simulta-
neously monitored (Fig. 6): The intensity of the sodium lamp
used (about 500 mW/em?, ~1.5%10" photons/cm® s} was
controlled by a photodiode in parallel. The behavior of the
three samples is rather surprising. While the value oy of the
undoped material slowly decreases with long-term illumina-
tion, in contrast to this, in the compensated sample (0.9
vppm) oy seems even to increase slightly with time. The
undercompensated probe (0.4 vppm, slightly (=) type) shows
a small Auctuation but remains more or less constant over the
observed time period. From the plot it seems that all curves
are probably converging after long-time illamination to the
same point. Analyzing the net photocurrent,

 phato™= Tt~ T » (3)
before and after degradation we cbserve that the photocur-
rents for all three films are hardly affected by long-time light



exposure; furmhermore, they have similar values around

3x107* (Qtom) ', Thus the variations of oy in Fig. 6 are

mainly due to changes in the dark conductivity. In fact, the
observed decrease of the dark current is accompanied by an
increase in the activation energy, meaning that Fp is pushed
during degradation towards midgap. Thus light-soaking has
less effect (or even practically no effect) on compensated
material; a low degradation rate was also found, at least for
the beginning of degradation, in a previous study done with
microdoped a-5i:H films.** It is generaily said about micro-
crystalline material that it degrades less than 2-5i:H because
of a sclf-limiting mcchanism in the formation of the light-
induced defects.™® It was further shown in Ref. 2 that the
dangling-bond (DB) defect density is proportional to the
crystallite size & inhibiting thus for films with large crystal-
lites {&>120 A) the creation of new detectable DBs through
light soaking. As a conclusion, we can say that the degrada-
tion rate of pec-Si:H films depends mainly on the density of
the already existing defects and on the position of Ey as
prevailing in the initial state.

IV. CONCLUSIONS

The VHPGD process favors the deposition of microcrys-
talline silicon with a high crystalline volume fraction, yield-
ing thereby highly conductive doped gc-8i:H laycrs, as pre-
viously shown;® the VHF process is also favorable for the
deposition of undoped wc-Si:H films; these can be used as a
photovoltaic active material, even though undoped Blms
have basically low activation energies (due to extrinsic im-
puritics and contamination dopants). With low-level boron
doping, "compensated™ films can be deposited, with the
Fermi-level positon at midgap.

Compensation of the initial {n)-type material could be
achieved here by the introduction of a microdoping tech-
nigue. The very sharp compensation point obtained corre-
sponds to maxima for the dark conductivity activation energy
and the photoconductive gain {photo/dark current ratio) and
to a minimum for the dark conductivity.

Light-soaking experiments with a high intensity pressure
sodium lamp have shown clearly better stability for the new
compensated uc-3i:H than for undoped flms. In fact, from
our series of films, the compensated one appears to be the
toet appropriate for solar cell applications —as a new prom-
ising stable photoactive material—since it degrades the least,
its dark conductivity is the lowest, and its photoconductive
gain is the highest. The degradation experiments on compen-
sated gec-SitH are indeed very encouraging: This new photo-
voltaic material has now to be explored by light soaking of
the whole solar cell device, where all possible effects of
degradation (ficld, interface effects) are iaken Inwo account.

Using such compensated material for the implementation
of entirely we SitH p-i-n eolar cells, the extension of the
built-in field into the cell could lately be improved (better
field uniformity).” compared to previously published results.”

It the better stability of such all uc-Si:H solar cells can be
confirmed, microcrystalline silicon could become a new en-
couraging thin-film base matevial that cuuld conlribule w g
solution to the photovoltaic problem provided the efficiency
can be increased cloge to 10%. The most realistic application
of our microcrysialline material remains nevertheless the de-
velopment of stable tandem structures with a standard amor-
phous p-i-n bottom cell and an entirely pc-S5iC:H p-i-n as
top cell. The remaining question is now if the VHFGD pro-
cess is also favorable for the growth of microcrystalline Si
carbide films.
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