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We discuss electronic properties or plasma-deposited a-Si:H
alloys as functions of oxygen and nitrogen impurities. Ov«r
a vide rang* of processing conditions, fsacurts displayed by
the daca include: i) "anomalous" behavior in photoconduc-
tivity versus eemperacure for films deficient in lither, or
both, impurities (peaks appear that are associated with ther-
mal-quenching processes and supralineariCy); and ii) aodific-
ation to "classic" behavior in photoconductivity awing to
synaxqistic ttfaczs of oxygen and nitxogan. Correlations
with phocolumlnescance are presented. Optical amission ssac-
ssotaopif is discussed vithln the context of an emerging spec-
trojeopy for the detection of emitting reactive apecies In
the plasma. The presence af impurities, particularly N2, can
'be diagnosed.

INTRODUCTION

The distribution of gap 3tates for aominally Intrinsic a-Si:H alloys say sensitively
depend upon the degree of Incorporation of common atmospheric impurities encountered
In plasma, deposition. For any glow-discharge deposition 3ystea, Levels of nitrogen
and oxygen impurities are correlated vith: i) the quality of the vacuum (influenced
by air leaks, outgassing of residual chamber air and aoistura, backstreaoing from
pumping systems, etc.); and ii) the purity of process and carrier gases. The sep-
arate affects of each iapurity have already been 3tudied in :he case of reactively
sputtered a-Si:H [1,2]. In shi3 paper, we give a preliminary account af correla-
tions that are observed between film properties and concentrations of nitrogen and
oxygen impurities introduced into the silane gas 3trsam. A fundamental question
arose during the course of this study: To vhat exact axtent can :he density-of-
states distribution (and the electronic properties of filns) be manipulated by the
control of impurity levels in "a-5i:H" materials?

EXPERIMENTAL PROCEDURE

Predominantly aonohydride a-Si:H alloys were grown in a capacitively-couplad rf
glow-discharge reactor with a novel high-vacuum capability. The base vacuum was
^i x 10~7 torr at Ts "- 270

aC. Most films were grown on the cathode with negative
biases 2-50 7. Alloys reported upon here were produefcd under conditions p " 0.03-
0.25 torr and P - 15-50 M. "Low impurity" film standards were grown from specially
distilled silane containing <5 ppn ^ - Calibrated amounts of Hn and 03 (e.g., di-
luted in Ar) were added to the 3ilane gas stream. Using IE transmission data, the
range of hydrogen contest is our films vas calculated by two different methods in
the literature: 4-72 [3] and 33-43; [4], respectively.

Conductivity aeasurements were made after samples were annealed to 200°C in vacuum,
and then slowly cooled. Phctocurrent was measured by chopping aonochromated light

*Work performed under the auspices of the U.S. Department of
Energy.



ac 5 Hz and detecting ch« signal by lock-in techniques. In phoeolualnescence aea-
surements, temperature control ov«r 4.2-300 K was achieved by use of a continuous-
cransfer cryogenic system. Plasma species were sonitored by optical emission spec-
troscopy over the range \-200-300 na using a 0.2 a J-T aonochromacor and Kamanatsu
U136 phocomultiplier. Further details of procedure and results will be published
elsewhere [S],
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32SULIS AND DISCUSSION

A. Temperature-Dependent Dark. Conductivity (DCT) and Photoconductivity (?CT).

Fig. X illustrates transformations
In DC7 with impurity concent of the
ailane gaa stream. Low impurity
Film a (<5 ppa S2) exhibits free
electron transport with single
activation energy E,«(EC-E?) »
1.1 e7. It la observed cor all
low impurity films thac Er lies be-
low aidgap. Without knowledge or
any other film impurities, we can
only suppose that gap states intrin-
sic to the a-Si:H alloy par 3* pin
E«. ?CT for A la Fig. 2 is anom-
alous in appearance with low magni-
tude aad multiple peaks. The nature
of such peaks will be discussed
later.

Film b (600 ppm If,) exhibits hop-
ping transport in"DCT below T="35O 5.
In the absence of added Ch, we ob-
serve for all processing conditions
Chat •'•.150 ppm :U is a threshold for
defect transport in DC?. However at
50 W and 250 u, excessive amounts of
added M-> (e.g., 104 ppm) changed the
plasma chemistry sufficiently that de-
fects uere not introduced. The "anom-
alous" ?CT for o is vet7 oronotmesd,
peaking at ^170 S.

As typified by Film £• (1200 ppm S2,
700 ppm 03) in Fig. 1, the addition
of oxygen removes the nitrogen—
related defects in DCT. L'nder
these conditions, only ""'100 ppm 03
removes hopping in QCT, but does not
strongly modify the peak of b in
Fig. 2. This result implies that re-
combination centers responsible for
thermal quenching in ?C7 are not the
same states thac give rise to hopping
in the dark. ?CT for c importantly
exhibits modification toward "clas-
sic" photoconductivity [6] with in-
creasing 0%. (The vescigial valley
at ^330 5 in Fig. 2 for C would "fill up" with increasing incorporated 0). The data
therefore indicate that H and 0 play a syner?iszic cola ia effecting the transforma-
tion from low impurity, anomalous ?CT into "classic" ?CT.

» * 7 $ 9
IOOO/T(K")

Fig. 1. DCT at 15 W, 100
ferent Impurity Levels.

Fig. 2. Corresponding ?CT. Flux f\
» 10l4 Y'S ca-^s"1 at \ - 550 nm.



Finally, "Ila d was produced in che presence of an air leak that raised che baaa
vacuum co 2.4 x 10"* torr. Consistent with PC and photoluminescence excitation
spectra chat show no chang* in optical gap, 1 in Fig. 1 shows evidence of electronic

0.48 *<T. PCT for ddoping by N C:JC shifttd S ? from belov sidgap toward ZQ : Zr, ' 0
exhibits classic (doped) behavior with nut S 10"4 en2'/"1 at fx -
The "anti-activation" energy,
-0.54 eV, implies recombina-
eion centers located at (Ec-E^*
1.02 eV (plus a possible trap
depth AE). 3elow "O00 K, the ac-
tivation energy ("0.09 eV) is
either &E/2, with the recombina-
tion path directly between free
electrons and states "r", or it
descriSes hopping amongst states
below £<•.

Fig. 3 illustrates the preceding
trends ac conditions 50 W, 250 u:
a (low impurity); b (1000 ppm S,);
C (1000 ppm 0j); and d (540 ppm's,,
1000 ppm Of). Mote c shows Ehat
1000 ppm o£ dampens peaks, but does
act eliminate them1. Again, cha ayn-
erjistic effects of 0 and M are
demonstrated: PCT for a. is modi-
fied to the classic behavior d.

10'14 Y 3 cm'- 2 , - 1 .

rig. 3. PCT and DCT at 50 V, 250 u.
fX-1014 Y's ca-^s-1- at \-550 nm.

Fig. 4 illustrates PCT and DCT for a film (600 ppm N?, 100 ppm Oj) at low power and
wry low pressure. As l i t t l e as 100 ppm 0? removed hopping in DCT. The anomalous
peak became less prominent after
an anneal at 350" C for ^13 h.
This may indicate partial re-
newal of centers that induce
thermal quenching.

Intensity dependences of a peak in
PCT are shown in ?ig. 5. (Gas
ispurit7 is 600 ppm Ni). With
increasing intensity f, the peak
shifts to higher T. ap s fu is
slightly supralinear (v "1.2) in
a region of the thermal quenching
(high-T side of peak), and tends
toward bimolecularity 0J - 0.5)
on the low-? side. "Anomalous"
peaks in PCT persist2 under the
following conditions: i) broadband
illumination (450-650 am); i i) dc
aeasurement (no chopping} ; and
i i i ) either heating or cooling
(implying no thermally-stimulated
currents).

Fig. 4. Anomalous PCT at 15 V, 30
3efore and After Long-Tera Anneal.

The phenomena of thermal quenching and supralinearity were previously observed in a
variety of materials: CdSe:I:Cu [7], Ca:Mn [3], and possibly in a-ZnSe [9]. The
essence of such anomalous behavior3 is contained in the following simple aodel [10].
Suppose there exist two levels of recombination centers located at ET > 2r > Z± with
rather different electron capture cross sections 13^ ** aln- Here <ln - fAuvt-jn) ,
where oî  s Tjl 5 w in?r i (i"1.2). Sow In a (restricted) region for which u* >>

h i F i i l l f 7 a^ j i n r i
but where the quasi-Ferii level for trapped electrons sn2(f,T) > S?, l7fa
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Fig. S. Intensity Dependences of
Anomalous ?*ak (f\ in units y's
ca"2s~1; A"550 na).

increasing f, and 30 supralinaarity
results: in i> f/aw * f1+a- Thermal
quenching occurs for increasing T
since ^ * H2 ioP

1*** increasing
u» relative to ui. Thus
ia • f/«2 < c f/ui« Activation
on the low-T side of the peak oc-
curs because the recombination
path to dominant states "1" pro-
ceeds through electron :raps
(geminate-pair processes can also
be involved). Stridently, the
synergism of 0 and N suppresses
centers (states "2") that cause
thermal quenching, as illustrated
by transformations a+c and ct+d in
Figs, y and 3, respectively. If
phototrsnsport is bipolar at law
T, Ehen an exactly symmetrical
argument holds for holes4.

3. Spectral and Temperature-
Dependent Photoluminescence
(PIT)

?1 emission sp-...ifa at 50 K are
illustrated is Kit- 6 for some
films of Figs. 1 and 2. Except
for the doped film d, all
spectra are dominated by the
canonical peak at ^1.3 eV [11,12].
This peak also dominates in films
with: i) S impurity alone
(5104 ppm tM; ii) 0 alone
(<1000"ppm 0 2); and iii) both Im-
purities, in the absence of pro-
nounced shifts of S? (as for C).
Oxygenated films show no hint
of the strongly thernally-
quenchert peak near 1.1 *V as-
sociated vith charged defects
of aonbridging oxygen [12].
Conceivably, higher levels of

O-i in the gas stream could create such defects, after saturating all bridging sites
Si-O-Si1.

3y contrast, the ?L spectrum for Film d sxhibits a peak near 1.0 sV that strongly
dominates the canonical component at all ~ Z 4-2 K (see Fig. " ) . Since this low-
energy componese is noe rapidly quenched with T it cannot be confused with ?L in-
vr-lving as oxygen-related charged defect. Instead, it probably involves an in-
ti 'asic defect In a-3i:H that is Introduced by nitrogen doping: Indeed, a low-
energy component in ?1 (0.8-0.9 eV) that persists to high T was first noted in the
case of phosphorus doping [14], and say even be related to defects in c-31 intro-
duced by ion implantation [15].

Fig. 6. Spectral ?L for Different
Impurity Levels (Fringes due to
Intarference Effects) .



Fig. 7. FLT for Emission
Components of Dop«d Film
d. Comparison with Canon-
ica l Component of Low Im-
purity Fila a. (Arfa.
Normalization).
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C. Opcical Emission Spectroscopy (CHS)

OES Is a non-perturbativa technique used co detect emitting rtactive species in che
plasma. Complemented by other techniques, OES may lead co an understanding or che
relationships among eh* plasma chemistry, she surface reactions chat promota film
growth, and che electronic (and alcrostructural) properties of films.

The threshold for decomposition of 3iH4 i s 7.5 tV (In photolysis) , producing pr i -
mary neutral species SiH,, SiBj, and E Chat act as major reactive intemediaces
[16]. Populations of primary reactive ions such as 3 i + , 3iE+ , 5iB7, and 3iH$ wi l l
in general be sany orders of magnitude below che neutrals, since electron energies
>11.7 *V are required for ionization. Fig. 3 i s part of a representative spectrum
taken during film de-
position with 600 ppm
added M?. The follow-
ing aajor species ware
identif ied: SK283 am,
391 nm); SiH(414 nm);
H2(450-630 am); 3almer
aeries ^(436 am) and
H,(S56 am); !!->
(C 3 T U + 3 3 O f and
more tentatively
SiH+099 am) and
S1CK281 am). S2 i s ,
no doubt, a ubiquitous
impurity of che usual
plasma deposition ays-
tea. The detection
level here was "oO ppm
S2 . SiCl was only
present In silane chat
was special ly d i s t i l l e d
to eliminate ^ (<5 ppm).
Some film property depend-
ences upon si lane tanks Fig. 3.
may be attributable Added :?-•
to this trace im-
purity; i t s detection demonstrates che sens i t iv i ty of OES. A weakness of OES i s
chat potentially important species, such as 3iE2 , absorb but do not amic betveen

300 3SO 400 430
WAVELENGTH (nm)

OES of Plasma with 500
(50 W, 250 u ) .

500

ppm



200-300 on.

Fig. 9 depicts Increasing *mission
Intensity with power, and hence
wich electron temperature and
changing energy distribution.
This Figure illustrates eha sen-
sitive dependence of tha plasma
chemistry upon che procassing
conditions, tha subject of a
continuing study.
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FOOTNOTES

1. 1000 ppm 0- in the gas stream corresponds Co ''I* bonded 0 in the br idg ing eon-
f i g u r a t i o n " S I - 0 - 5 i as asc iaaced from the antisymmetric 3ere teh aode ac
?; » 980 cm"1.

2. He thank M. 3rodsky and I. Tiedje for proposing some or these tests.
3. Detailed computer-generated fits to data vill be published elsewhere.

In tha case of *lectron phototransporr, states "1" nay perhaps be related :o
Spear's states.
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