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We use positron annihilation spectroscopy (PAS) to identify the phosphorus-defect complexspD2d
in n-type hydrogenated amorphous Si (a-Si:H). The positrons are attracted and localized at the small
open volume associated with the dangling bond defects. The radiation detected after annihilation gi
a characteristic P signature, regarded as apD2 “fingerprint.” Additional evidence is obtained from a
comparison to P-implanted amorphized Si, as well as from theoretical calculations. This work lays t
foundation for PAS studies of impurity-defect related processes ina-Si:H. [S0031-9007(99)09089-4]

PACS numbers: 61.43.Dq, 68.55.Ln, 71.55.Jv, 78.70.Bj
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The electronic properties of hydrogenated amorpho
Si (a-Si:H) devices, such as thin film transistors and s
lar cells, are controlled by states in the band gap [1
dominated by the amphoteric Si dangling bondsDd [2].
Depending on the number of electrons occupying a da
gling bond (0, 1, or 2), the charge ofD can be posi-
tive sD1d, neutral sD0d, or negativesD2d. These are
the prevailing deep-level defects inp-type, intrinsic, and
n-type a-Si:H, respectively. Because of the low forma
tion energy of these defects, doping efficiency is low
Charged dangling bonds form at the expense of band ed
electrons or holes. Although this is understood on the
retical grounds [3] there is no clear theoretical or exper
mental evidence whether theD defects pair with dopant
atoms, although there are many cases of dopant/def
pairing in crystals. It was postulated, on the basis of c
pacitance [4] and electron spin resonance measureme
[5], that an isolatedD2 and a P-D2 complex spD2d
can exist inn-type (P doped)a-Si:H. However, a clear
identification of thepD2, which would prompt further
experimental and theoretical work and lead to a bett
understanding ofa-Si:H, was not firmly established.

In this Letter, we use positron annihilation spectroscop
(PAS) to achieve the firstdirect identification of pD2.
PAS has been established as a nondestructive mat
als characterization tool [6,7], with sensitivity to open
volume defects, spanning over wide ranges of size a
concentration [8]. The method is based on the prope
sity of positrons, during their thermal diffusion, to “seek
and become localized at the open volume at dangli
bond defects [9]. The electronic information about th
surrounding environment is imprinted on the radiatio
produced upon annihilation with an electron. Variable
energy positron beams enable depth profiling of samp
by controlling the positron implantation depth, thus mak
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ing PAS ideally suitable for studying thina-Si:H films
and devices [9].

Conventional Doppler broadening (DB) PAS was fir
used to distinguish between theD0 andD2 signatures in
various a-Si:H alloys, and their spatial distribution in a
p-i-n device was profiled [9]. DB, however, is mostly
sensitive to the low-momentum parts,1 a.u.d of the an-
nihilation spectrum. The higher-momentum componen
which contain the differences betweenD2 and pD2, are
obscured by the background. Our attempts to detect fi
structure at large momenta (due to annihilation with co
electrons) in ratios of DB spectra were unsuccessful,
dicating thatD2 and pD2 are indistinguishable in con-
ventional DB experiments. To distinguish between the
two defects we seek the P “fingerprint” in the annihilatio
spectrum oflocalized positrons, in which case a smal
fraction of the positron wave function overlaps with th
core electrons from the nearest-neighbor atoms, and v
ishes exponentially at larger distances [6].

For this end, we use coincidence PAS (CoPAS) [10
based on the analysis of coincidence DB events, re
istered by two energy-sensitive detectors. The ene
condition E ­ 2m0c2 (the rest mass of the annihilating
particles) is enforced to ensure the detection of the re
and blueshifted photons of the same annihilation eve
resulting in a significant enhancement of the peak-
background ratio [10]. Thus, as opposed to DB, CoPA
enables the investigation of the high-momentum contrib
tion due to positrons annihilating with core electrons.

We exploit the elemental specificity of the P and S
atomic structures in CoPAS to distinguish between t
D2 and pD2 in a-Si:H. The characteristic P fingerprints
in the annihilation radiation are observed experimenta
in n-type a-Si:H and a-Si, and identified by theoretical
calculations.
© 1999 The American Physical Society 3819
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Although we clearly distinguish between theD2 and
pD2, we must stress that we obtain no information as
the bonding of the P. It could be threefold coordinate
sP3

0d, the majority of the P or fourfold coordinatedsP4
1d.

An isolated P30 in a defect-free environment or a P4
1yD2

pair would both appear as neutral entities to the positro
whereas the P30yD2 or pD2 present a large Coulomb trap
ping center giving a significantly larger specific trappin
rate, due to its negative charge [11], than the neutral ce
ters. Examples for such competition between neutral a
negatively charged defects in other materials can be fou
in the literature [12]. Therefore, the positron annihilatio
in n-typea-Si:H anda-Si originates from the negative dan
gling bond defects,D2 or pD2.

a-Si:H alloys were produced at the National Renew
able Energy Laboratory by glow-discharge (GD) chemic
vapor deposition. Intrinsic (TP29) andn-type (S940429-
#109) samples were deposited at 250±C substrate tem-
perature. Typically, GDa-Si:H contains about 9 at. % H
as measured by infrared absorption. Then-type material
was produced by the decomposition of a mixture of sila
and phosphine, resulting in a P concentration of appro
mately 900 ppm in thea-Si:H alloy. The thicknesses of
the intrinsic and then-doped films were 1600 and 580 nm
respectively, measured by a profilometer.

Samples prepared by ion implantation were used f
comparison witha-Si:H. A reference amorphous S
(a-Si) was obtained by room temperature 200 keV29Si1

implantation of n-type float-zone (FZ) single crystal
Si(100) to a fluence of1 3 1016 cm22. The 29Si isotope
was chosen over28Si in order to avoid accidental nitrogen
contamination of the sample. Thea-Si structure was
subsequently relaxed at 500±C for 2 h. The P-rich
a-Si sample was produced by31P1 implantation
(200 keV, 1.7 3 1015 cm22) of FZ Si(100), preceded
by 29S1 implantation (150 keV, 1 3 1015 cm22), to
enhance the degree of amorphization. This sample w
not subjected to a structural relaxation.

A coincidence system was constructed with tw
high-efficiency high-purity Ge detectors with a com
bined resolution of 2.12 keV (at 514 keV,85Sr) for
measuring the total Doppler shift,2DE ­ pkc, due to
the longitudinal component of the electron momentum
A tunable monoenergetic positron beam, providin
,105 e1ys, was used to probe the samples as a funct
of depth. The energy for CoPAS experiments wa
chosen so that the interior of the amorphous mater
was probed. Spectra ofs30 40d 3 106 counts and
,100 3 106 counts were acquired for each of th
a-Si anda-Si:H samples, respectively.

The measured by CoPAS annihilation probability de
sities of the intrinsic andn-type a-Si:H and a-Si are
very similar (Fig. 1), showing small differences at high
momentum annihilation. Although a typical spectrum
extends to612 a.u., we focus on thejpkj , 3.5 a.u. re-
gion, for which the experimental error is sufficiently sma
with respect to the observed differences. To enhance
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fine structure contained in the spectra, ratios ofpairs of
spectra of P-containing material and undoped material
produced, taking special care to ensure the similarity
sample preparation. We compare the ratios of the exp
mental spectra of (1)P doped versus intrinsica-Si:H;
(2) P-implanted versus29Si-amorphizeda-Si; theoreti-
cally calculated ratios for (3) hypothetical P crystal vers
Si crystal (c-Si); (4) P-vacancy complex versus vacanc
in c-Si; (5) P-D0 complex versusD0 in a-Si:H with P at
the nearest Si site.

Ratios of the doped to undoped CoPAS spectra ofa-Si
and a-Si:H pair samples are shown in Fig. 2(a) (a-Si—
crosses;a-Si:H—solid circles). The experimental dat
are smoothed with a Gaussian whose width correspo
to the detector resolution. Because of the extra trapp
electron, the low-momentum annihilation atD2 (or pD2)
is enhanced in comparison toD0 [9], giving a ratio
larger than unity atpk ­ 0 a.u. Closer inspection shows
different widths of the low-momentum peaks fora-Si
and a-Si:H. The narrower peak for thea-Si ratio is
an indication of smaller differences between the electr
momentum distributions within the defects of the P- an
Si-implanted material, as compared to the P-doped a
the intrinsic a-Si:H. This can be caused by a large
open volume of the defects in the implanted Si, or by t
H in a-Si:H, modifying the distribution of the localized
positron wave function.

Well-pronounced peaks atpk ­ 61.40 a.u. (vertical
lines) appear in thea-Si and a-Si:H curves. A second
set of peaks atpk > 63 a.u. can be seen in the ratio
of the ion-implanted samples, but are not present in t
a-Si:H ratio. Further studies are needed to reveal the
minor details. The statistical error atpk ­ 61.40 a.u.
before the smoothing is 0.7% for thea-Si ratio and
approximately the symbol size for thea-Si:H. The
strong peaks at this value ofpk are clearly revealed after
subtraction of the broad central component, approxima

FIG. 1. Experimental CoPAS spectra ofn- and i-type a-Si
anda-Si:H (limited to jpkj , 3.5 a.u.).
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FIG. 2. (a) Experimental ratios of doped-to-undopeda-Si:H
(solid circles) anda-Si (crosses), with the arrows pointing
towards the respective scale; (b) residual spectrum af
subtracting a central Gaussian component from the curves
(a) (same symbols); (c) theoretical calculations of the followin
ratios: (1) P on Si lattice versus Si crystal (dashed line
(2) P-vacancy complex versus vacancy inc-Si (dotted line);
(3) pD0 versusD0 in a-Si:H (solid line).

by a Gaussian [Fig. 2(b), same symbols]. As a first-ord
approximation, this approach takes care of the slope of
ratio curve atpk ­ 61.40 a.u.

We use the P-implanted amorphized Si to shed lig
on the nature of the strong features atpk ­ 61.40 a.u.
It is well established that P binds very efficiently to
vacancylike defects in Si [13]. Thus, the large an
compatible P andD densities at the probed depth provid
a strong annihilation signal from P-decorated defec
Well-defined features, due to the annihilation of positro
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with the phosphorusL-shell electrons, can then be seen
comparison to self-implanteda-Si, as in Fig. 2(a).

In light of the findings of Ref. [10], elements other tha
P would create features in the ratio curves at differe
values ofpk. The clear similarities in the structure o
thea-Si anda-Si:H ratio data atpk ­ 61.40 a.u. bring a
firm experimental support for the recognition of thepD2

defects in then-type a-Si:H. Nevertheless, the peak
at p ­ 61.40 a.u. are not conclusively identified as
fingerprints without theoretical support.

A rough estimate of the expected Doppler shift caus
by theL-shell electrons of P can be made using the Vir
theorem to approximate the electron kinetic energy by
binding energy. The obtained value (1.58 a.u.) is in
fair agreement with the measuredpk ­ 1.40 a.u. Since
Ref. [14] shows that such calculations consistently ov
estimate the magnitude of the experimentally observ
Doppler shifts, we perform detailed theoretical calculatio
[15], to obtain the momentum distribution for a Si crysta
and for a hypothetical P crystal, created by replacing ea
Si atom of the diamondlike lattice with a P atom. Simila
atomic superposition model calculations have been co
pared with experimental data [12]. They reproduce qua
tatively all experimental features, though the quantitati
differences can be as large as a factor of 2.

The calculated momentum distribution densities we
convoluted with the experimental sampling function (d
tector resolution), and their ratio is shown in Fig. 2(
(dashed line). The inadequate values for smalljpkj (less
than,1 a.u.) are unimportant for our discussion and a
omitted from all calculated ratios. Although such a
crystal does not exist, it serves to establish the P fi
gerprint peaks in the ratio curve of61.40 a.u. and ap-
proximately63 a.u. The positions of the peaks atpk ­
61.40 a.u. (Fig. 2, vertical lines) are in excellent agre
ment with the experimentally observed ones in thea-Si
anda-Si:H ratios. Moreover, thepk ø 63 a.u. peaks in
thea-Si data are also predicted by the theory.

The same calculations were repeated to obtain the m
mentum distribution spectra of positrons annihilating a
Si vacancysV d and a P-decorated Si vacancysP-V d in
c-Si. The ratioP-V vsV is also shown in Fig. 2(c) (dotted
line). The characteristic P-related peaks appear at the s
value of the longitudinal momentum, though the height
the peaks decreased. The peak positions are characte
of the chemical structure, and the peak height is determi
by the crystal and defect geometry [16].

The momentum distribution calculations were extend
to a-Si:H, using supercells with Si and H positions ob
tained by molecular dynamics simulations [17]. By r
placing a Si with a P atom in the immediate vicinity o
the defect, thus simulatingpD0, the momentum distribu-
tion ratios of pD0 vs D0 were calculated for two super
cells. The addition of an extra charge as inpD2 requires
additional assumptions on the momentum distribution
the extra electron, and it is not considered at this tim
Nevertheless, we can still distinguish betweenpD0 and
3821
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D0. Their ratio is shown in Fig. 2(c) (solid line). We
investigated the sensitivity of the calculations to the si
of the open volume atpD0, by adding an extra vacancy
to thepD0 site, thus formingpD0 1 V , for which the ra-
tio to D0 was recalculated. The higher momentum regio
.3 a.u. is sensitive to the open volume. Since our expe
mental error in this region is large, we cannot distingui
these effects.

The theoretical calculations are in excellent agreem
with the experimental data and achieve the positi
identification of thepD2 complex. The fingerprints of
the P L-shell annihilation atpk ­ 61.40 a.u. appear
in all ratios of “n-to-i” type materials with different
signal strengths. Furthermore, the smaller peaks atpk ø
63 a.u., seen in the experimentala-Si ratio, are also
evident in the theoretical calculations. The intensity of
given electron annihilation signal depends on the over
between the positron and the electron wave functions a
the open-volume size of the defect. As the open volum
increases, the core-electron annihilation diminishes. T
is reflected in the different peak heights for the differe
sets of experimental and theoretical ratio curves. T
detection of the second peak (if present) atpk ø 63 a.u.
in the a-Si:H data, however, depends strongly on th
structural configuration of the defect, as indicated by t
calculatedpD0 1 V versusD0 ratio.

As pD2 and D2 localize positrons identically, the
respective contributions to the annihilation spectru
scale with their respective concentrations. A quantitati
analysis of theD2ypD2 concentration ratio inn–type
a-Si:H cannot be performed at this stage because
the lack of pD2 and D2 experimental reference. The
atomic superposition calculations cannot provide a
ditional insights, because of the strong dependence
the input structure from molecular dynamic simulation
Nevertheless, we argue thatpD2 is the dominant defect
based on the following facts. First, contrary to dopin
of crystalline Si, a sizable amount of the P atoms in
heavily dopeds5 3 1019 cm23d a-Si:H remains threefold
coordinated [3,4], accounting for a density compatib
to that of the dangling bond defectss5 3 1018 cm23d.
Second, molecular dynamics simulations [17] show t
presence of open volume at the threefold coordinatedD
defects. And third, it is well established that P atom
bind very efficiently to vacancylike defects in Si [13]
Therefore, it is probable to find P atoms bound to th
open volume atD2, thus formingpD2, and less likely
existing as an isolated P3

0 configuration.
In conclusion, here we positively identified the

fingerprint in the ratio of Doppler spectra of positro
annihilation in n- vs i-type a-Si:H by comparison to
theoretical calculations and samples prepared by (P
Si) ion beam implantation. We argue that theD2 and
pD2 defects are indistinguishable in the process of t
localization of the positron wave function, however the
annihilation signatures differ by the contribution from th
3822
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phosphorusL-shell electrons in the case ofpD2. This
is the first direct evidence of this defect complex in
a-Si:H. We show that thepD2 is the dominant deep-
level defect in heavily dopedn-type a-Si:H. Further
progress in the characterization of the impurity-defec
complexes ina-Si:H, as well as in the development of
detailed theoretical models can be achieved by anoth
PAS technique—2-dimensional angular correlation of th
annihilation radiation.
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