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We discuss slectronic properties of plasu.-dcposi:ed a=-51i:H
alloys as finctions of oxygen and nitrogen impuriciaes. Over
a wida range of processing conditions, fsatures displayed by
the data include: 1) "anomalous” behavior in photoconduc-
tivity versus tamperature for films deficient in aither, or
both, impuritisa (peaks appear that are associated with ther-
zal-quenching processes and supralinearity); and ii) modific-
ation to "classic” behavior in photoconductivity owing to
synergistic effscuis of oxygen and nitrogean. Corralations
with photoluminescance ares presented. Optical amission spec-
croscopy 1s discussed within the context of an amerging soec-
troscopy for the detection of amitting reactive specias in
the plasma. The presence of impurities, particularly Np, can
‘be diagnosed.

INTRODUCTION

The distribution of gzap states for aominally intrinsic a=51:3 alloys zay sensitively
depend upon the dagree of incorporation of common atmoscheric impuricies encountered
in plasma deposition. For any glow-discharge deposition system, lavels of anitrogen
and oxygen impuritias are correlaced with: 1)} the quality of the vacuum (influenced
by air lasks, outgassing of residual chamber air and moiscture, backstreaming from
pumping 3yscems, etc.); and ii) the purity of srocess and carrier zases. The sep-
arate affects of a2ach impurity have already bean studied in the case of reactively
sputtered a-Si:3 {1,2]. In zhis paper, we give a prelimirary accowmt of corrala=~
tions that are cbserved between film properties and concencracions of aitrogen and
oxygen impurities introduced into the silane gas stream. A fundamencal question
arose during the course of this study: T what axact 2xZant can :the density-of-
states distribution (and the slectronic properties of films) e nanipulaced by the
concrol of impurity levels in "a-51:E" materials?

EXPERIMENTAL ?ROCEZDURE

Predominantly amcnohydride a~5i:8 alloys wers grown in a capacitively=-coupled =2
glow=discharge ceactor with a novel highevacuum capability. The base vacuum was
~é x 1077 corr at Te - 270°C. Most films were grown on the cachode with negative
biases 2-50 V. Alloys reported upon here were produckd under conditions p = 0.03-
0.25 torr and P = 15-50 W. "Low impurity” film sctandards were zrown from specially
distilled silane containing <5 ppm Np. Calibrated amounts of ¥y and 09 (2.3., di-
luzed in Ar) were added to the silane gas stream. Using IR transmission daca, the
range of aydrogen concent in our films was calculated by two different =zechods in
cthe litarature: 4-72 [3] and 33-43%7 [4], respectively.

Conductivity neasursments were nade after samples were aunealed to 200°C in vacuum,
and then slowly cooled. Photocurrent was meisured by chopping monochromsced light

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



at 5 Hz and detecting the signal by lock-in tachniques. In photoluminescence nea~
suraments, tempearacture control over 4.2-300 X wes achieved by use of a conctinugus-
transfer cryogenic system. Plasma species were monitorsd by optical amission spec-
troscopy over the range 1=200-300 am using a 0.2 = J-Y aonochromator and Zamamacsu
R136 photomultiplier. Further details of procedure and results will be published

alsewhners (5].

RESTLIS AND DISCUSSION

A. Tamperatura-Dependent Dark Conduccivity (DCT) and Photocomductivity (PCT).

Fig. 1 illustrates transformations
in DCT with impurity content of the
silane gas stream. Low impurity
Film a (<5 ppm N;) exhibits free
electrom cransporc with aingle
activation energy Ey=(Ec~ig) *=

1.1 a¥. It is observed for all

low impurity filns that Ey lies be-
low midgap. Without mowledge of
any othar film impurities, we can
only suppose that zap scaces incrin-
sic to the a~Si:H alloy »er se pin
Ep. DPCT for a in FTig. 2 is anom=
aious in appearance with low magni-
tude and multiple peaks. The nature
of such peaks will be discussed
lacer.

Film & (600 ppm M) exhibits hop= z 4
ping zransport in DCT below T=350 XK.

In the absence of added Co, we ob= - . -
serve for all processing condicioms fig. 1. DCT ac 15 WJ'. 100 u for DiZ-
that v150 ppm ¥, is a chreshold for ferenc Impurity Levels.

defect transport in DCT. However at
S0 W and 250 u, sxcessive amounts of
added ¥y (e.g., 10% ppm) changed the
plasma chemistry sufficiencly that de-
fects wara not introduced. The "anom=-
alous” 2CT for 0 is very gronouncad, 3
peaking at 170 X. ' i ' 15w

¢« 7 8
1000/ (K™

As typified by Film c- (1200 ppm N,
700 ppm Op) in Fig. 1, the addisiom
of oxygen removes the nitrogen-
relaced defects in DCT. Under

these conditions, only “~100 ppm 09
removes hopping in DCT, but does not
strangly modify che peak of & in

Fig. 2. This result implies that re~
combination centers rasponsible for
thermal quenching in 2CT are net the

same staces that give rise to hopping 1000/ T{K™1
in che dark. ?CT for ¢ imporzancly

exhibits modification toward "clas- Fig. 2. Corresponding 2CT. Flux £, =
sic" photoconducciviey (6] with in- = 1014 v's ca~2s=1 ac \ = 550 nn.

creasing Os. (The vescigial vallay
at %330 X in Fig. 2 for < would "S1ll up” with increasing incorporated 0). The daca

therefore indicace chat ¥ and O play a synergzistic role in effecting the cransforma~
tion from low impuricy, anomalous PCT inco "classic” 2CT.



Finally, Fila d was produced in the presence of an air leak that raised the Hase
vacuum to 2.4 x 10=6 corr. Comnsistenc with 2C and photoluminescence excitation
spectra that show no change in optical gap, 4 in Fig. 1 shows evidence of electronic
doping by N that shifted Ep from below nidgap toward S¢ : Zg = 0.48 eV. PCT for d
axhibits classic (doped) behavior with nut 3 1074 emdr=1 at W 1014 y's cm=2s-L,
The "anti-activation” energy,
=0.54 eV, implies recombina-
tion cencers locatad at (Ec-Ep)=
1.02 aV (plus a possible crap
dapth AE). Below 300 X, the ac-
tivation energy (=0.09 V) is
aither AE/2, with the recombina-
tion path dirsctly between fres
slactrons and states "z, or it
descriBes hopping amongst atatas
balow Eq. '

Loge, (R7'cm™

Fig. 3 illustrates the praceding
trands at conditioms 30 W, 250 u:
a (low impurity}; & (1000 ppm ¥9);
¢ (1000 ppm O3); and d (540 ppm ¥,,

i ! . : : ' L L

1000 ppm 02). Note ¢ shows that 123 £ SR N s e S aa o Y
1000 prm Oy dampens peaks, but does 1900/ (K1

not eliminate theml. aigain, the syn-

ergistic effects of O and ¥ are Fig. 3. 2CT and DCT at 30 W, 250 u.
demonstrated: PCT for & is modi- £3=1014 v's cmm2s~l ar \#550 am.

fied to the classic behavior d.

Fig. 4 illustrates PCT and DCT for a f£ilm (600 ppm N, 100 »pm Op) at low power and
very low pressure. As litcla as 100 ppm O vemoved hovping iz DCT. The anomalous
Peak became less promineat after

an anneal at 350°C for ~13 h.

This nay indicate partial re-

noval of centers that induce

thermal quenching.

Incensicy dependances of a peak in
PCT are shown in Fig. 5. (Gas
impurity is 600 ppm Nj). With
increasing intensity f, the peak
ahifts to higher T. &5 ™~ £V is
slightly supralinear (v = 1.2) in
a ragion of the thermal quenching
(high=T side of peak), and tends
toward bimolecularity (v = 0.3)
on the low-T side. '"inomalous”
peaks in PCT persist? under the

1 ! | ¢ i ' '

following conditions: i) broadband T
illumination (450-650 am); ii) de 1000/ TR

ceasurament (no chopping); and

1ii) either heating or cooling Fig., 4. Apomalous PCT at 15 W, 20 &
(implying no thermally-stimulated 3efora and After Long-Term Anneal.
curreats).

The phencmena of thermal quenching and supralinearity ware previcusly observed in a
variety of materials: CdSe:I:Cu (7], Ga:Mn [3], and possibly in a-ZnsSe [9]. The
essence of such anomalous behavicr3 is contained in the following simpla model [101.
Suppose there exist two lavels of recombination centers located at E; > Zp > I with
rathar different electran capture cross sections Goy >> Tlp. Hera dn = /(wi+wr),
where wy = T3l = voynpry (i%1,2). Now in a (restricted) region for which wy >> wy,
but vwhare tha quasi-Fermi leval for trapped electrons s,y (f,I) > By, wa & 17£% for



increasing £, and so supralinearity
sasulcs: dn v f/uy v €179, Thermal . ————
queaching occurs for ‘ncreasing T
sincs 957 ~ £y ioplies IncTeasing
wy relacive £o wy. Thus 4k 4
in + f/ug << f/wy. Activation
on the low=T side of the peak oc-
curs because the recombination
path to dominant staces "1" pro-
ceeds through slactzon Iraps
(geminata-pair procasses can also
be involvaed). ESvidently, the [t 2 .
syaergism of 0 and N supprasses

centers (scates "2") that cause T e,
chermal quenching, as illustraced 1000/% (X
by transformations a+¢ and a+d in

Figs. 2 and 3, respectively, If Fig. S. Intensity Dependences of
phototransport is bipolar ac low snomalous Peak (fy {n unizs v's
T, then an axactly symmetrical cn~29~1l; 1\=550 am).

argument holds for holes™.

LT tmy
%

L 2 ] . e

W Ho2

1.0 Q. e -,.7*%\17 IS‘OK 7

3. Spectral and Tamperature-~ 4(DOPED) \ / §

Dependent FPhotaluminescence ! ‘\ S80nm EXCITATION

(PLT)
PL amission spi..za at 30 K are
illustraced in Fig. 6 for some
filmg of Figs. L and 2. Except
for the doped #ilm d, all
spectra are dominated by the
canonicsl peak at V1.3 eV [11,12]. L
This peak also dominates in {ilms
with: 1) N impurity alone hi
(£10% ppm Na); 14) O alome L J
(£1000 ppm 07); and 1ii) both im= L |
puritiu.hi: :hnfags.:(xc- cE:E pr?- Y] 0 3 20
nounced shifts of Eo (as for ¢).
Oxygenaced £ilms show no hint PHOTON ENERGY fuw (ov]
of the strongly thermally- Fig. 6. Spectral PL for Differanc
quenched peak near 1.1 eV as- Iopurity Lavels (Fringes due to
sociatec with charged defects Interference Zffects).
of ncnbridging oxygen (13].
Conceivably, higher lavels of
0, in the gas stream could create such defects, after saturating all bridging sites

si-0=51L.

Ty farb. wnits)
¥

By conmtrast, the PL spectrum for Film d axhibits a peak near 1.0 eV thac strongly
dominates the canonical component at all TR 4.2 K (see Fig. 7). Since this low=
enerzy component is got rapidly quenched with T it cannoc be confused wich PL in-
velving an oxygen-related charged defect. Instead, it probably iovolves an in-

t: '‘nsic defect in a-31:H that is incyoduced by nitrogen doping. Indeed, a low-
anergy component in ?L (0.8-0.% aV) thac persists to high T was first noted in che
case 0of phosphorus doping {14], and may even be relaced to defacts in c-5i intro=
duced by ion implancacion [15].



Fig. 7. PLT for Emission
Components of Doped Film

d. Comparison with Canon-
ical Component of Low Im=

puricy Film a. (Arb.
Normalizatiem).

C. Optical Emissicn Spectroscopy (OFS)
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QES is a anon-parturbative teachnique used to detect amiczting risctive species in the

plasma.

Complamenced by othar tachniques, OES may lead to an understanding 3f the

relationships among tha plasma chemistry, the surface reacticns that promota film
growth, and the sleczTonic (and microstructural) properties of filams.

The threshold for decomposition of SiH, i3 7.5 eV (in photolysis), producing pri-
oary neutral species SiH,, SiHj, and g
{16]. Populations of primary reactive
in genarazl be =any orders of zagnitude
>11.7 aV are required for ionizaciom.

taken during film de=
posicion with 600 ppm
added N3. The follow-
ing amjor species were
identified: 51(238 um,
391 am); SiH(414 nm);
H5({450-630 am); Balmer
series Hy(486 am) and
Hy(636 cm); Mo

(C37, + 337 )} and
nore nn:a: vely
SLE*(399 am) and
S1C1(281 am). Nj is,
no doubt, a ubiquitous
impurity of the usual
plasma deposition sys-
tem. The detectiom
level here was V50 ppm
Ny. SiCl was only
present in silane that
was specially distilled
to eliminate ¥, (<5 ppm).
Soma film property depend-
ences upon silane tanks
oay be attributable

to this traze im-

purity; its detection demonstrates the semsitivity of OES.

INTENSITY

that act as zajor reactive intermediates

lons such as §i*, SiH+, SiHF, and SiHY will
below the neutrals, since alaceron energies
Tig. 8 i3 part of a reapresentative spectIum
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Fig. 8.
Added N'?..

450

WAVELENGTH {am)

500

OES of Plasma with 500 apm
(S50 W, 250 u).

A vealkness of 0ES is

that potentially important species, such as SiH,, absord but do not exmit between



200-800 nm. 2 OPTICAL EMISSION SPECTRDICORY
Fig. 9 depiccs increasing amission o

incensity with power, and hencs
with elactron tamperature and
changing energy discribuciom.
This Figurs iliustraces the sen-
sitive dependence of tha plasma
chamistry upon the procaasing
conditions, the 3subject of a
concinuing study.
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Fig. 9. O0ES Inceasity versus Zower
for S{H(41% am), S%(288 am), and
A,(656 am).
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FOOTNQTES

1. 1000 ppm O~ in che Zas stream corresponds to “1T bonded O in che bridging com-

iguracion $i{-0=51 as ascipatad Cfrom the ancisymmecrzic screcch mode ac
Y 2 980 cm~l.
2. We thank M. 3rodsky and T. Tiedje for propaosing some of Chess tescs.
3. Detailed compucer-generated fits to daca will be published 2lsevhere.
'8 In tha case of alectron phototransporz, staces "1 zay nerhaps be relaced o

Spear's E? states.
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