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We use positron annihilation spectroscopy (PAS) to identify the phosphorus-defect cafiipiex
in n-type hydrogenated amorphous Gi%i:H). The positrons are attracted and localized at the small
open volume associated with the dangling bond defects. The radiation detected after annihilation gives
a characteristic P signature, regarded d®a “fingerprint.” Additional evidence is obtained from a
comparison to P-implanted amorphized Si, as well as from theoretical calculations. This work lays the
foundation for PAS studies of impurity-defect related processes3itH. [S0031-9007(99)09089-4]

PACS numbers: 61.43.Dq, 68.55.Ln, 71.55.Jv, 78.70.Bj

The electronic properties of hydrogenated amorphousg PAS ideally suitable for studying thin-Si:H films
Si (a-Si:H) devices, such as thin film transistors and so-and devices [9].
lar cells, are controlled by states in the band gap [1], Conventional Doppler broadening (DB) PAS was first
dominated by the amphoteric Si dangling boi®) [2].  used to distinguish between tii¥ and D~ signatures in
Depending on the number of electrons occupying a darnvarious a-Si:H alloys, and their spatial distribution in a
gling bond (0, 1, or 2), the charge @& can be posi- p-i-n device was profiled [9]. DB, however, is mostly
tive (D), neutral (D°), or negative(D~). These are sensitive to the low-momentum part1 a.u) of the an-
the prevailing deep-level defects ptype, intrinsic, and nihilation spectrum. The higher-momentum components,
n-type a-Si:H, respectively. Because of the low forma- which contain the differences betwe&1 and*D ™, are
tion energy of these defects, doping efficiency is low.obscured by the background. Our attempts to detect fine
Charged dangling bonds form at the expense of band edggructure at large momenta (due to annihilation with core
electrons or holes. Although this is understood on theoelectrons) in ratios of DB spectra were unsuccessful, in-
retical grounds [3] there is no clear theoretical or experi-dicating thatD™ and *D~ are indistinguishable in con-
mental evidence whether the defects pair with dopant ventional DB experiments. To distinguish between these
atoms, although there are many cases of dopant/defeto defects we seek the P “fingerprint” in the annihilation
pairing in crystals. It was postulated, on the basis of caspectrum oflocalized positrons, in which case a small
pacitance [4] and electron spin resonance measuremerftaction of the positron wave function overlaps with the
[5], that an isolatedD™ and a PP~ complex (*D~) core electrons from the nearest-neighbor atoms, and van-
can exist inn-type (P doped)-Si:H. However, a clear ishes exponentially at larger distances [6].
identification of the*D ™, which would prompt further For this end, we use coincidence PAS (CoPAS) [10],
experimental and theoretical work and lead to a bettebased on the analysis of coincidence DB events, reg-

understanding of-Si:H, was not firmly established. istered by two energy-sensitive detectors. The energy
In this Letter, we use positron annihilation spectroscopycondition E = 2mgc? (the rest mass of the annihilating
(PAS) to achieve the firstlirect identification of *D~.  patrticles) is enforced to ensure the detection of the red-

PAS has been established as a nondestructive mateand blueshifted photons of the same annihilation event,
als characterization tool [6,7], with sensitivity to open-resulting in a significant enhancement of the peak-to-
volume defects, spanning over wide ranges of size anbdackground ratio [10]. Thus, as opposed to DB, CoPAS
concentration [8]. The method is based on the propenenables the investigation of the high-momentum contribu-
sity of positrons, during their thermal diffusion, to “seek” tion due to positrons annihilating with core electrons.

and become localized at the open volume at dangling We exploit the elemental specificity of the P and Si
bond defects [9]. The electronic information about theatomic structures in CoPAS to distinguish between the
surrounding environment is imprinted on the radiationD~ and*D~ in a-Si:H. The characteristic P fingerprints
produced upon annihilation with an electron. Variable-in the annihilation radiation are observed experimentally
energy positron beams enable depth profiling of samples n-type a-Si:H and a-Si, and identified by theoretical
by controlling the positron implantation depth, thus mak-calculations.
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Although we clearly distinguish between tii®~ and fine structure contained in the spectra, ratiogairs of
*D~, we must stress that we obtain no information as tespectra of P-containing material and undoped material are
the bonding of the P. It could be threefold coordinatedproduced, taking special care to ensure the similarity of
(P39, the majority of the P or fourfold coordinatél, ").  sample preparation. We compare the ratios of the experi-
An isolated B in a defect-free environment or g P/D~ mental spectra of (1P doped versus intrinsia-Si:H;
pair would both appear as neutral entities to the positron(2) P-implanted versus’®Si-amorphizeda-Si; theoreti-
whereas the /D~ or*D~ present a large Coulomb trap- cally calculated ratios for (3) hypothetical P crystal versus
ping center giving a significantly larger specific trappingSi crystal ¢-Si); (4) P-vacancy complex versus vacancy
rate, due to its negative charge [11], than the neutral cerin c-Si; (5) P-D° complex versu®? in a-Si:H with P at
ters. Examples for such competition between neutral anthe nearest Si site.
negatively charged defects in other materials can be found Ratios of the doped to undoped CoPAS spectra-&i
in the literature [12]. Therefore, the positron annihilationand a-Si:H pair samples are shown in Fig. 2(a)$i—
in n-typea-Si:H anda-Si originates from the negative dan- crosses;a-Si:H—solid circles). The experimental data
gling bond defectsp™ or *D ™. are smoothed with a Gaussian whose width corresponds

a-Si:H alloys were produced at the National Renew-to the detector resolution. Because of the extra trapped
able Energy Laboratory by glow-discharge (GD) chemicaklectron, the low-momentum annihilation@t” (or *D ™)
vapor deposition. Intrinsic (TP29) andtype (S940429- is enhanced in comparison tB° [9], giving a ratio
#109) samples were deposited at 260substrate tem- larger than unity ap; = 0 a.u. Closer inspection shows
perature. Typically, GD:-Si:H contains about 9 at. % H different widths of the low-momentum peaks farSi
as measured by infrared absorption. Theype material and a-Si:H. The narrower peak for the-Si ratio is
was produced by the decomposition of a mixture of silanen indication of smaller differences between the electron
and phosphine, resulting in a P concentration of approximomentum distributions within the defects of the P- and
mately 900 ppm in the:-Si:H alloy. The thicknesses of Si-implanted material, as compared to the P-doped and
the intrinsic and the-doped films were 1600 and 580 nm, the intrinsic a-Si:H. This can be caused by a larger
respectively, measured by a profilometer. open volume of the defects in the implanted Si, or by the

Samples prepared by ion implantation were used foH in a-Si:H, modifying the distribution of the localized
comparison witha-Si:H. A reference amorphous Si positron wave function.

(a-Si) was obtained by room temperature 200 k&gi* Well-pronounced peaks gt = *=1.40 a.u. (vertical
implantation of n-type float-zone (FZ) single crystal lines) appear in the-Si and a-Si:H curves. A second
Si(100) to a fluence of X 10'® cm™2. The?Si isotope set of peaks ap; = *3 a.u. can be seen in the ratio
was chosen ovefSi in order to avoid accidental nitrogen of the ion-implanted samples, but are not present in the
contamination of the sample. TheSi structure was «-Si:H ratio. Further studies are needed to reveal these
subsequently relaxed at 500 for 2 h. The P-rich minor details. The statistical error af = *=1.40 a.u.
a-Si sample was produced by'P* implantation before the smoothing is 0.7% for the-Si ratio and
(200 keV, 1.7 X 10> cm™2) of FZ Si(100), preceded approximately the symbol size for the-Si:H. The

by #S" implantation (150 keV,1 X 105 cm™2), to  strong peaks at this value @f are clearly revealed after
enhance the degree of amorphization. This sample wasubtraction of the broad central component, approximated
not subjected to a structural relaxation.

A coincidence system was constructed with two
high-efficiency high-purity Ge detectors with a com-
bined resolution of 2.12 keV (at 514 ke\*’Sr) for
measuring the total Doppler shiffAE = pjc, due to
the longitudinal component of the electron momentum.
A tunable monoenergetic positron beam, providing
~10° e" /s, was used to probe the samples as a functior €
of depth. The energy for CoPAS experiments was®
chosen so that the interior of the amorphous materia @
was probed. Spectra 0f30-40) X 10° counts and
~100 X 10° counts were acquired for each of the
a-Si anda-Si:H samples, respectively.

The measured by CoPAS annihilation probability den-
sities of the intrinsic andh-type a-Si:H and a-Si are
very similar (Fig. 1), showing small differences at high-
momentum annihilation. Although a typical spectrum
extends to*12 a.u., we focus on thépy| < 3.5 a.u. re-

gion, for which the experimental error is sufficiently small FiG. 1. Experimental CoPAS spectra of and i-type a-Si
with respect to the observed differences. To enhance thenda-Si:H (limited to| p| < 3.5 a.u.).
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' ' | i ! ' with the phosphoru&-shell electrons, can then be seen in

I
1.0 a) comparison to self-implanted-Si, as in Fig. 2(a).
=4 1.0 In light of the findings of Ref. [10], elements other than
P would create features in the ratio curves at different

values of p. The clear similarities in the structure of
the a-Si anda-Si:H ratio data ap; = *=1.40 a.u. bring a
Joog firm experimental support for the recognition of the ™
- ’ defects in then-type a-Si:H. Nevertheless, the peaks
ég}‘ x a-Si — xé I at p = £1.40 a.u. are not conclusively identified as P
fingerprints without theoretical support.
09 - A rough estimate of the expected Doppler shift caused
| | | | | | — 0.8 by the L-shell electrons of P can be made using the Virial
0.08 - b) X X theorem to approximate the electron kinetic energy by its
% x x X binding energy. The obtained value (1.58 a.u.) is in a
x x - fair agreement with the measureg = 1.40 a.u. Since
X x i% Ref. [14] shows that such calculations consistently over-
estimate the magnitude of the experimentally observed
0.04 |- T Doppler shifts, we perform detailed theoretical calculations
[15], to obtain the momentum distribution for a Si crystal,
and for a hypothetical P crystal, created by replacing each
Si atom of the diamondlike lattice with a P atom. Similar
atomic superposition model calculations have been com-
0.00 -ﬂff R S, . pared with experimental data [12]. They reproduce quali-
! ' ' ! P! ' tatively all experimental features, though the guantitative
13 C) ,’ \ 1y . differences can be as large as a factor of 2.
11 1,14 The calculated momentum distribution densities were
[ convoluted with the experimental sampling function (de-
\ /N tector resolution), and their ratio is shown in Fig. 2(c)
Voo (dashed line). The inadequate values for srhajl (less
| '\ J than~1 a.u.) are unimportant for our discussion and are
\

11rF Vo \ I/ 7 omitted from all calculated ratios. Although such a P
‘oo 2 1200 - crystal does not exist, it serves to establish the P fin-

10 -_—\_J,_? :{\/—- gerprint peaks in the ratio curve af1.40 a.u. and ap-
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proximately*=3 a.u. The positions of the peaks gt =
' L +1.40 a.u. (Fig. 2, vertical lines) are in excellent agree-
2 3 ment with the experimentally observed ones in th&i
anda-Si:H ratios. Moreover, thg = =3 a.u. peaks in
p|| (a'u') the a-Si data are also predicted by the theory.
FIG. 2. (a) Experimental ratios of doped-to-undopedi:H The same calculations were repeated to obtain the mo

(solid circles) anda-Si (crosses), with the arrows pointing mentum distribution spectra of positrons annihilating at a

towards the respective scale; (b) residual spectrum aftePi \(acancy(V) and a E-decorated S? Vgcan@-v) in
subtracting a central Gaussian component from the curves in-Si. The ratioP-V vsV is also shown in Fig. 2(c) (dotted

(a) (same symbols); (c) theoretical calculations of the followingline). The characteristic P-related peaks appear at the same
ratios: (1) P on Si latice versus Si crystal (dashed line)yajye of the longitudinal momentum, though the height of
gg *FI;OV%Z?QS}S/D%OQMGX-.Versus vacancy i (dotted lin€); o heaks decreased. The peak positions are characteristic
a-Si:H (solid line). . - . -
of the chemical structure, and the peak height is determined
by the crystal and defect geometry [16].
by a Gaussian [Fig. 2(b), same symbols]. As a first-order The momentum distribution calculations were extended
approximation, this approach takes care of the slope of thg 4-Si:H, using supercells with Si and H positions ob-
ratio curve atp = *=1.40 a.u. tained by molecular dynamics simulations [17]. By re-
We use the P-implanted amorphized Si to shed lighplacing a Si with a P atom in the immediate vicinity of
on the nature of the strong featuresgt= =140 a.u.  the defect, thus simulatingD?, the momentum distribu-
It is well established that P binds very efficiently to tion ratios of*D° vs D° were calculated for two super-
vacancylike defects in Si [13]. Thus, the large andcells. The addition of an extra charge as I~ requires
compatible P and densities at the probed depth provide additional assumptions on the momentum distribution of
a strong annihilation signal from P-decorated defectsihe extra electron, and it is not considered at this time.
Well-defined features, due to the annihilation of positrons\evertheless, we can still distinguish betweg® and
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DY, Their ratio is shown in Fig. 2(c) (solid line). We phosphorusL-shell electrons in the case 6D . This
investigated the sensitivity of the calculations to the sizds the first direct evidence of this defect complex in
of the open volume &atD?, by adding an extra vacancy a-Si:H. We show that thé D~ is the dominant deep-
to the*DV site, thus forming'D° + V, for which the ra- level defect in heavily doped-type a-Si:H. Further
tio to D° was recalculated. The higher momentum regiorprogress in the characterization of the impurity-defect
>3 a.u. is sensitive to the open volume. Since our expericomplexes ina-Si:H, as well as in the development of
mental error in this region is large, we cannot distinguishdetailed theoretical models can be achieved by another
these effects. PAS technique—2-dimensional angular correlation of the
The theoretical calculations are in excellent agreemerannihilation radiation.
with the experimental data and achieve the positive The authors would like to thank Dr. R. Biswas (AMES
identification of the*D~ complex. The fingerprints of Laboratory) for kindly providing the atomic positions in
the P L-shell annihilation atp; = *1.40 a.u. appear the a-Si:H supercells from molecular dynamics calcula-
in all ratios of “n-to-i” type materials with different tions. This research was supported by the U.S. DOE-BES,
signal strengths. Furthermore, the smaller peaksat  Division of Materials Science (WSU), and under U.S.
+3 a.u., seen in the experimentalSi ratio, are also DOE Contracts No. DE-AC36-83CH10093 (NREL), and
evident in the theoretical calculations. The intensity of aNo. DE-AC02-76CH10886 (BNL). V.J. Ghosh would
given electron annihilation signal depends on the overlafike to thank M. Alatalo and M. Puska for the use of their
between the positron and the electron wave functions andomputer codes.
the open-volume size of the defect. As the open volume
increases, the core-electron annihilation diminishes. This
is reflected in the different peak heights for the different
sets of experimental and theoretical ratio curves. The
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