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In this work the electrical properties of nitrogen-doped hydrogenated amorphous germanium films~a-Ge:H!
using ammonia~NH3! as a gaseous doping source are reported. The results are compared with those of
N-dopeda-Ge:H films using N2 as a source gas. The doping mechanisms appear to be similar in both cases.
However, the doping efficiency of NH3 is smaller than that of N2. The use of NH3 also induces a very large
topological disorder. The present results give support to the view that active N doping ina-Ge:H originates
from overcoordinated nitrogen atoms~N4

1! without the need of one or more hydrogen neighbors.@S0163-
1829~96!05020-5#

I. INTRODUCTION

Nitrogen as an impurity in column-IV elemental semicon-
ductors takes a peculiar place because it introduces deep
states in the crystalline Si lattice,1 the situation regarding N
in c-Ge still being a matter of debate.2 The problems associ-
ated with the inclusion of N in tetrahedrally coordinated
semiconductors are partially overcome in amorphous net-
works. Hydrogenated amorphous silicon~a-Si:H! or germa-
nium ~a-Ge:H! films are obtained from the fast condensation
of the vapor phase, which allows the incorporation of atomic
species or molecular fragments dissociated by a plasma.3

Moreover, Spear and LeComber established that the doping
properties of elements of columns III and V are similar in
crystalline and amorphous group-IV semiconductors.4 The
doping mechanisms, however, are different in an amorphous
semiconductor compared with a crystal.5

It has been argued theoretically that overcoordination of
N is impeded in thea-Si network by its small size, and is
probably only possible if one or more of its neighbors is
hydrogen.6 Indeed, nitrogen is a poor dopant ina-Si:H.7,8On
the contrary, nitrogen appears to be a very efficient dopant in
a-Ge:H.9 The reasons for a different activity of N ina-Ge:H
as compared toa-Si:H are not yet clear, given the similar
valence structure and atomic size of both elemental semicon-
ductors.

The active doping properties of nitrogen in rf-sputtered
a-Ge:H films using N2 as a doping source were indepen-
dently established at Campinas10,11and Kaiserslautern.12 The
present paper deals with the transport properties of rf-
sputtered N-dopeda-Ge:H films using NH3 as a doping
source. These are compared with N-dopeda-Ge:H films us-
ing N2 as a doping source.11 The study aims at the under-
standing of the likely role of hydrogen in the doping process
by comparing precursor N-dopant species with and without
bonded hydrogen. The comparison adds relevant information
to the debate concerning the origin of the active N-donor site
in a-Ge:H, i.e., overcoordinated nitrogen11 or N-H
complexes.12

The present data show that the doping efficiency of NH3
is smaller than that of N2 and that the use of NH3 induces a
very large topological disorder, which in turn affects the
transport properties ofa-Ge:H at moderate and high doping

levels. These experimental findings give support to the view
that the active doping configuration is overcoordinated
N4

1.11 We suggest that the increased topological disorder
found with the use of NH3 is due to the incorporation of NH
and NH2 fragments into the network. These fragments, in
which nitrogen retains its trigonal coordination, passivate Ge
dangling bonds.

II. EXPERIMENT AND RESULTS

Nonintentionally doped and N-dopeda-Ge:H films were
prepared by rf sputtering a crystalline Ge target~99.9995
at. %! in a gas mixture of Ar~99.997 at. %!1H2 ~99.999
at. %! and of H21Ar1NH3 ~99.999 at. %!, respectively. De-
tails on optoelectronic characterization and deposition condi-
tions can be found in Ref. 11. The total nitrogen concentra-
tion in the solid phase was determined with the14N(d,p)15N
deuteron-induced nuclear reaction.13

Figure 1 shows the dark conductivitys(T) as a function
of inverse temperature for some selected samples of the se-
ries. Sample 1 is a nonintentionally dopeda-Ge:H sample.
At and above room temperature~RT! the dark conductivity
of all samples is thermally activated, i.e.,

FIG. 1. Dark conductivity vs inverse temperature for N-doped
a-Ge:H films deposited under different NH3 partial pressures. The
nonintentionally doped sample displays a thermally activated con-
duction down to low temperatures. Note the conductivity changes
induced by increasing NH3 pressures.
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s~T!5s0exp@2Ea /kBT#. ~1!

Figure 1 indicates that an increasingPNH3
in the reaction

chamber during growth produces large changes in both the
room-temperature conductivitysRT and the activation energy
Ea . The hydrogen~CH! and nitrogen~CN! concentration of
the samples, as well as some relevant properties, are shown
in Table I. Note that:~i! CH stays approximately constant in
all samples~5.5–6 at. %!, an indication that conductivity
changes do not originate from a different hydrogenation but
from impurity activity ~in fact a slight increase ofCH is
measured asPNH3

is increased!; ~ii ! the optical gapE04 does

not change in the series~see Table I!, as expected in samples
in which the nitrogen concentration stays within doping lev-
els, i.e.,CN<1% ~no detectable Ge-N alloying effects!; ~iii !
the characteristic energy of the Urbach tail~E0! increases
noticeably with nitrogen incorporation. This behavior is dif-
ferent from that of N-dopeda-Ge:H sample series using N2
as a source gas.11

The present N-dopeda-Ge:H samples may be meaning-
fully compared with those of Ref. 11 because they have been
deposited in thesame rf sputtering system undersimilar
deposition conditions, the only difference between the two
series being the use of a different dopant gas source. N2 and
NH3 have different dissociation energies. The active species
in the plasma and their chemical interaction with the growing
film are also different. As a result a factor 2 larger incorpo-
ration of nitrogen in thea-Ge:H network when NH3 is used
has been measured. For similar nitrogen concentrations,
however, the Urbach energy~indicative of topological disor-
der! is much larger in the case of NH3.

Figure 2 compares the activation energyEa of N-doped
a-Ge:H as a function of total nitrogen content for both series
of samples. It is clear from Fig. 2 that, although the doping
effects look very similar with the use of the two gases, equal
amounts of nitrogen in the network do not induce equal ac-
tivation energies and conductivity changes. When NH3 is
used the wholeEa versusCN curve flattens and shifts toward
larger N concentrations. This is an indication that the
N-active doping efficiency is smaller for NH3 than for N2.

III. DISCUSSION

Let us summarize the electronic transport of N-doped
a-Ge:H films using N2 as a doping source.11 Intrinsic and
lightly N-doped samples~CN<1019 cm23! possess a ther-
mally activated conductivity in the 170–400-K range. The
dark conductivity of themost conductive N-doped sample
~CN'531019 cm23! possesses a high-temperature activation
energy ofEa(HT)50.12 eV and a low-temperature activated
behaviorEa(LT)510 meV. TheEa(LT) value is consistent
with a thermally activated nearest-neighbor hopping at the
Fermi energy EF . Heavily N-doped a-Ge:H samples
~CN>1020 cm23! display two activation energies.Ea(HT) cor-
responds to the promotion of carriers to extended states near
the conduction-band mobility edge.Ea(LT) corresponds to the
excitation of electrons to a shallow impurity band, located at
around 50–60 meV below the mobility edge. Note that the
N-doped~from N2! a-Ge:H samples always possess a low
defect density~NDOS,1018 cm23!. For similar nitrogen con-
centrations the present samples possess, on the contrary, a
one order of magnitude largerNDOS where DOS denotes the
density of states.

Tsu, Lucovsky, and Mantini14 studied the structure of
glow discharge silicon nitride films prepared from SiH41N2

TABLE I. Deposition conditions, composition, and optoelectronic properties of the present samples.
PNH3

is the NH3 partial pressure during deposition;CN andCH are nitrogen and hydrogen content, respec-
tively; sRT and Ea are room-temperature conductivity and activation energy, respectively;E04 is photon
energy corresponding to an absorption coefficient of 104 cm21; E0 is Urbach’s edge energy.

Sample
PNH3

~mbar!
CN~61019!

~cm23!
CH

~60.5%!
sRT

~V cm!21
Ea

~eV!
E04
~eV!

E0
~meV!

1 5.8 5.331025 0.43 1.21 60
2 ,1026 NA 5.3 2.631024 0.34 1.22 80
3 1.631026 1.431019~a! 5.3 3.431023 0.23 1.23 90
4 3.731026 2.831019~a! 5.7 1.131022 0.18 1.21 113
5 8.131026 5.53 1019 a 6.0 2.431022 0.15 1.22 117
6 2.131025 1.43 1020 6.2 2.431022 0.18 1.21 126
7 4.031025 2.73 1020 6.0 2.631022 0.19 1.21 137
8 5.831025 3.73 1020 6.5 2.831022 0.19 1.20 155

aExtrapolated from higher nitrogen concentrations.

FIG. 2. High-temperature~T.300 K! activation energy of the
conductivity vs nitrogen concentration in N-dopeda-Ge:H films
using N2 ~circles! and NH3 ~squares! as a doping source. Both dop-
ing sources induce similar changes of the activation energy. Note,
however, the flattening of the curve and its shift to larger N con-
centrations for samples doped from NH3.
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or SiH41NH3. In the latter, they found evidence of the in-
corporation of NH and NH2 groups into the films. Samples
deposited using ND3 instead of NH3 indicate that the source
of the H in the NH and NH2 groups is ammonia and not
silane. Similar experiments using ND3 have not been done
with Ge but the similar valence structure of Si and Ge and
the identical bonding configuration ofa-Si3N4 anda-Ge3N4
lead us to imagine that NH and NH2 groups are also incor-
porated ina-Ge:H films. Indeed,a-Ge:N:H alloys deposited
under high NH3 pressures display absorption bands at photon
energies corresponding to NH and NH2 local vibrations.

15

We conclude then that the augmented disorder originates
from NH and NH2 fragments that incorporate as Ge
dangling-bond terminators inducing a large strain in the net-
work. Note that here N retains its trigonal coordination and is
electrically inactive. The picture is consistent with the data
of Fig. 2, which indicate that NH3 is a less efficient dopant
than N2. As a consequence of the disorder induced by NH
and NH2 fragments it is expected that the N-doping effi-
ciency should not only be smaller with the use of ammonia,
but should also decrease faster with increasing N content.
The flattening and shifting of theEa curve in Fig. 2 indicate
that this is the case.

Figure 3 showssRT andEa(HT) versus the partial pressure
of NH3 during growth. Two distinct regions are apparent in
Fig. 3. For PNH3

<1025 mbar there is a clear correlation

between changes in conductivity and inEa(HT) . In this low
PNH3

region ln@sRT# and Ea are specular images of each
other. Within the simple model of electronic transport of
hydrogenated amorphous semiconductors the conductivity is
given by Eq.~1! wheres0 is referred to as the minimum
metallic conductivity:s05n(EC)em0kBT, n being the free
carrier density andm0 the mobility atEC . The correlation
found for lnsRT andEa ~Fig. 3! suggests that at low doping
levels the changes in conductivity are associated to changes
in the density of free carriersn(EC), m0 being essentially
constant at the conduction-band edge~extended states in the
model!. For these moderately N-doped samples a prefactor
s0'100–300V21 cm21 is found, consistent with a free car-
rier mobility of a few cm2 V21 s21 as expected in extended
states.3

The right-hand side of Fig. 3 corresponds to heavily
doped samples.sRT stays approximately constant despite

small but significant variations of the activation energy~see
Fig. 2!. The RT conductivity of the most N-dopeda-Ge:H
films ~from NH3! is one order of magnitude larger than in
equivalent samples doped from N2. The larger topological
disorder of the former, and the concomitant large DOS, al-
lows electron hopping between localized states atEF that
contribute to conduction. As expected, the low-temperature
conductivity of these samples follows a
s(T)'sH exp@2(T0/T)

1/4# law16 as shown in Fig. 4. Note
that this behavior is never found in N-dopeda-Ge:H samples
using N2 as a dopant source in which the conductivity re-
mains activated at low temperatures at all doping levels.11

The picture is consistent with the incorporation of NH and
NH2 groups in which nitrogen retains its trigonal coordina-
tion. The presence of hydrogen in the dopant species does
not appear to enhance the doping activity of N in thea-Ge:H
network.

The question of the different activity of nitrogen in the Si
and Ge amorphous networks remains to be answered. The
present contribution indicates that NH3 is, in thea-Ge net-
work, a poorer dopant gas than N2. This experimental find-
ing, which supports the view that N4

1 is the active configu-
ration, suggests that atomic relaxation ina-Ge:H allows
tetrahedral coordinated nitrogen.

IV. CONCLUSIONS

A factor of 2 larger amount of nitrogen is incorporated in
N-dopeda-Ge:H films when NH3 is used as a dopant gas
instead of N2 ~films deposited under similar conditions!. The
N-doping mechanism appears to be similar with both gases;
the N-doping efficiency, however, is smaller for NH3. More-
over, the use of NH3 induces a large topological disorder in
the network. It is suggested that it stems from the incorpora-
tion of NH and NH2 groups as Ge dangling-bond termina-
tors. The present results suggest that active N doping in
a-Ge:H originates from overcoordinated nitrogen11 ~N4

1!
and not from nitrogen-hydrogen complexes as, for instance,
Ge-NH2-Ge.

12

FIG. 3. Room-temperature conductivity and activation energy of
N-dopeda-Ge:H samples as a function of the partial pressure of
NH3 during deposition. Two different behaviors are apparent for
PNH3

lower and higher than 1025 mbar, respectively. FIG. 4. Dark conductivity of sample 8 as a functionT1/4. Vari-
able range hopping dominates electron conduction atT,300 K.
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