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Ammonia as an active doping source gas of hydrogenated amorphous germanium films
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In this work the electrical properties of nitrogen-doped hydrogenated amorphous germaniuta{@ad)
using ammoniaNH3) as a gaseous doping source are reported. The results are compared with those of
N-dopeda-Ge:H films using N as a source gas. The doping mechanisms appear to be similar in both cases.
However, the doping efficiency of NHs smaller than that of N The use of NH also induces a very large
topological disorder. The present results give support to the view that active N dopm@GéH originates
from overcoordinated nitrogen atonid,*) without the need of one or more hydrogen neighbf&0163-
182996)05020-5

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

Nitrogen as an impurity in column-IV elemental semicon- N,".** We suggest that the increased topological disorder
ductors takes a peculiar place because it introduces dedpund with the use of NKlis due to the incorporation of NH
states in the crystalline Si latticethe situation regarding N and NH fragments into the network. These fragments, in
in c-Ge still being a matter of debateThe problems associ- Which nitrogen retains its trigonal coordination, passivate Ge
ated with the inclusion of N in tetrahedrally coordinated dangling bonds.
semiconductors are partially overcome in amorphous net-
works. Hydrogenated amorphous silic@Si:H) or germa- Il. EXPERIMENT AND RESULTS
nium (a-Ge:H) films are obtained from the fast condensation ] ) ]
of the vapor phase, which allows the incorporation of atomic  Nonintentionally doped and N-dopedGe:H films were
species or molecular fragments dissociated by a pldsmaPrepared by rf sputtering a crystalline Ge tar¢@9.9995
Moreover, Spear and LeComber established that the dopingf- %0 in a gas mixture of Ar(99.997 at. %+H, (99.999
properties of elements of columns Ill and V are similar inat- %9 and of H+Ar+NH; (99.999 at. % respectively. De-
crystalline and amorphous group-IV semiconducfof&he toils on optoelectronic characterization ano deposition condi-
doping mechanisms, however, are different in an amorphouéons can be found in Ref. 11. The total nitrogen concentra-
semiconductor compared with a crystal. tion in the solid phase was determined with tfis(d, p)*°N

It has been argued theoretically that overcoordination ofleuteron-induced nuclear reactith. _

N is impeded in thea-Si network by its small size, and is ~ Figure 1 shows the dark conductivig(T) as a function
probably only possible if one or more of its neighbors isOf inverse temperature for some selected samples of the se-
hydrogerf Indeed, nitrogen is a poor dopantarSi:H.”¢0On  ries. Sample 1 is a nonintentionally dopedSe:H sam.plle.

the contrary, nitrogen appears to be a very efficient dopant iit and above room temperatu(®T) the dark conductivity
a-Ge:H? The reasons for a different activity of N mGe:H  Of all samples is thermally activated, i.e.,

as compared t@-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 N as a doping source were indepen-
dently established at Campit&4'and Kaiserslautert? The
present paper deals with the transport properties of rf-
sputtered N-dopeda-Ge:H films using NH as a doping
source. These are compared with N-dope@e:H films us-
ing N, as a doping sourct. 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

Conductivity (Q'Icm'l)

bonded hydrogen. The comparison adds relevant information 3 4 5 6 " .

to the debate concerning the origin of the active N-donor site 1000/T (K )

in a-Ge:H, i.e., overcoordinated nitrogén or N-H

complexes? FIG. 1. Dark conductivity vs inverse temperature for N-doped

The present data show that the doping efficiency o NH a-Ge:H films deposited under different Nhpartial pressures. The
is smaller than that of Nand that the use of Njdinduces a  nonintentionally doped sample displays a thermally activated con-
very large topological disorder, which in turn affects the duction down to low temperatures. Note the conductivity changes
transport properties ai-Ge:H at moderate and high doping induced by increasing Nyfressures.

0163-1829/96/539)/125664)/$10.00 53 12 566 © 1996 The American Physical Society



53 BRIEF REPORTS 12 567

TABLE I. Deposition conditions, composition, and optoelectronic properties of the present samples.
PnH, is the NH; partial pressure during depositioBy and Cy are nitrogen and hydrogen content, respec-
tively; ort and E, are room-temperature conductivity and activation energy, respectikglyis photon
energy corresponding to an absorption coefficient dfc&@; E, is Urbach’s edge energy.

Pnw, Cn(=10%) Ch ORT Ea Eos Eo
Sample (mbap (cm™d) (+0.5% Qecm™t (eV) (eV) (meV)
1 5.8 5.3x10°° 0.43 1.21 60
2 <1078 NA 5.3 2.6x10°4 0.34 1.22 80
3 1.6x1076 1.4x1019@ 5.3 3.4x1073 0.23 1.23 90
4 3.7x10°¢ 2.8x1019@ 5.7 1.1x10 72 0.18 1.21 113
5 8.1x10°® 5.5x 101°2 6.0 2.4<1072 0.15 1.22 117
6 2.1x10°° 1.4x 107 6.2 2.4x1072 0.18 1.21 126
7 4.0x107° 2.7 107 6.0 2.6x1072 0.19 1.21 137
8 5.8x107° 3.7x 109 6.5 2.8<1072 0.19 1.20 155

3 xtrapolated from higher nitrogen concentrations.

o(T)=opexd —E,/kgT]. (1) Ill. DISCUSSION

Let us summarize the electronic transport of N-doped
Figure 1 indicates that an increasirli{;;JH3 in the reaction ﬁéﬁti;HNTin(:;el:jSIggm%Izzca:\,ii%llggcrsncig;dsblsnstgggza;?wgr-
chamber during growth produces large changes in both thgyally activated conductivity in the 170-400-K range. The
room-temperature conductivityzr and the activation energy dark conductivity of themost conductive N-doped sample
Ea. The hydroger(Cy) and nitrogen(Cy) concentration of  (C,~5x10™ cm ) possesses a high-temperature activation
the samples, as well as some relevant properties, are shovénergy ofE,m=0.12 eV and a low-temperature activated
in Table I. Note that(i) Cy, stays approximately constant in behavior E,1)=10 meV. TheE, ) value is consistent
all samples(5.5-6 at. %, an indication that conductivity with a thermally activated nearest-neighbor hopping at the
changes do not originate from a different hydrogenation buFermi energy E-. Heavily N-doped a-Ge:H samples
from impurity activity (in fact a slight increase o€y is  (Cy=10"cm™?) display two activation energieE ) cor-
measured aBnp, is increasey (ii) the optical gafEy, does  responds to_ the promotion_of carriers to extended states near
not change in the serié¢see Table), as expected in samples the conduction-band mobility edge, 1) corresponds to the
in which the nitrogen concentration stays within doping ley-€Xcitation of electrons to a shallow impurity band, located at
els, i.e.,.Cy=1% (no detectable Ge-N alloying effesii) around 50-60 meV belt?w the mobility edge. Note that the
the characteristic energy of the Urbach téH,) increases g-?opeocli (fro_mNNz) a-fO?éH Sf‘gnpfs a.IWf"IlyS possess a low
noticeably with nitrogen incorporation. This behavior is dif- efect densityNpos= cm ). For similar nitrogen con-

) . . centrations the present samples possess, on the contrary, a
ferent from that of N-dopea-Ge:H sample series using,N one order of magnitude largétyos where DOS denotes the
as a source gas.

. . density of states.
The present N-doped-Ge:H samples may be meaning- Tsu, Lucovsky, and Mantift studied the structure of

fully compared with those of Ref. 11 because they have beeg,\, gischarge silicon nitride films prepared from $itN,
deposited in thesamerf sputtering system undesimilar
deposition conditions, the only difference between the two
series being the use of a different dopant gas sourgan
NH; 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 NHis used
has been measured. For similar nitrogen concentrations,
however, the Urbach enerdindicative of topological disor-
den is much larger in the case of NH

Figure 2 compares the activation energy of N-doped = o
a-Ge:H as a function of total nitrogen content for both series 0 107 3

. . . itrogen concentration (cm™)

of samples. It is clear from Fig. 2 that, although the doping
effects look very similar with the use of the two gases, equal F|G. 2. High-temperaturéT>300 K) activation energy of the
amounts of nitrogen in the network do not induce equal acconductivity vs nitrogen concentration in N-dopesGe:H films
tivation energies and conductivity changes. WhensN$i  ysing N, (circles and NH; (squaresas a doping source. Both dop-
used the whol&, versusCy curve flattens and shifts toward ing sources induce similar changes of the activation energy. Note,
larger N concentrations. This is an indication that thehowever, the flattening of the curve and its shift to larger N con-
N-active doping efficiency is smaller for NHhan for N,. centrations for samples doped from NH
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FIG. 3. Room-temperature conductivity and activation energy of 024 025 026 027 028 0.29

N-dopeda-Ge:H samples as a function of the partial pressure of
NH; during deposition. Two different behaviors are apparent for
P, lower and higher than TG mbar, respectively.

T -1/4 (K-1/4)

FIG. 4. Dark conductivity of sample 8 as a functi®i*. Vari-

able range hopping dominates electron conductioh<aB00 K.
or SiH,+NHs;. In the latter, they found evidence of the in-

corporation of NH and NK groups into the films. Samples

deposited using NPpinstead of NH indicate that the source

Slane, Similar experments Uaing NDave not been done fImS (om N is one order of magnitude larger than i

with Ge but the similar valence structure of Si and Ge anoequalent samples doped from, NThe Igrger topological

the identical bonding configuration @SisN, anda-Ge;N, disorder of the former, and the concomitant large DOS, al-

lead us to imagine that NH and NHjroups are also incor- lows _electron hoppmg between localized state€atthat

porated ina-Ge:H films. Indeeda-Ge:N:H alloys deposited contnbu_te_ to conduction. As expected, the low-temperature

under high NH pressures display absorption bands at photogonductivity — of ~ these  samples  follows  a

energies corresponding to NH and Nkbcal vibrationsl®  o(T)~oy exd—(To/T)"] law'® as shown in Fig. 4. Note

We conclude then that the augmented disorder originateat this behavior is never found in N-dopadSe:H samples

from NH and NH fragments that incorporate as Ge using N, as a dopant source in which the conductivity re-

dangling-bond terminators inducing a large strain in the netmains activated at low temperatures at all doping letels.

work. Note that here N retains its trigonal coordination and isThe picture is consistent with the incorporation of NH and

electrically inactive. The picture is consistent with the dataNH, groups in which nitrogen retains its trigonal coordina-

of Fig. 2, which indicate that Nklis a less efficient dopant tion. The presence of hydrogen in the dopant species does

than N,. As a consequence of the disorder induced by NHnot appear to enhance the doping activity of N in #h&e:H

and NH, fragments it is expected that the N-doping effi- network.

ciency should not only be smaller with the use of ammonia, The question of the different activity of nitrogen in the Si

but should also decrease faster with increasing N contenjng Ge amorphous networks remains to be answered. The

The flattening and shifting of thE, curve in Fig. 2 indicate  present contribution indicates that Nk, in thea-Ge net-

that this is the case. , work, a poorer dopant gas than, NThis experimental find-
Figure 3 showsrgr andEqym) versus the partial pressure g\ hich supports the view that,N is the active configu-

OT NH; during growthLSTwo distinct regions are apparer_1t N ration, suggests that atomic relaxation aGe:H allows

Fig. 3. For Pyy,<10 mbar there is a clear correlation tetrahedral coordinated nitrogen.

between changes in conductivity and&gr . In this low

Pnh, region Iforr] and E, are specular images of each

other. Within the simple model of electronic transport of
hydrogenated amorphous semiconductors the conductivity is
given by Eq.(1) where oy is referred to as the minimum
metallic conductivity:oo=n(Ec)euokgT, n being the free A factor of 2 larger amount of nitrogen is incorporated in
carrier density angu, the mobility atE-. The correlation N-dopeda-Ge:H films when NH is used as a dopant gas
found for Inogt andE, (Fig. 3) suggests that at low doping instead of N (films deposited under similar conditionghe
levels the changes in conductivity are associated to chang@s-doping mechanism appears to be similar with both gases;
in the density of free carriera(Ec), uo being essentially the N-doping efficiency, however, is smaller for plHMore-
constant at the conduction-band edggtended states in the over, the use of Nklinduces a large topological disorder in
mode). For these moderately N-doped samples a prefactothe network. It is suggested that it stems from the incorpora-
0,~100-3000Q* cm™t is found, consistent with a free car- tion of NH and NH groups as Ge dangling-bond termina-
rier mobility of a few cnfV 1s ™! as expected in extended tors. The present results suggest that active N doping in
states’ a-Ge:H originates from overcoordinated nitrogeriN,")

The right-hand side of Fig. 3 corresponds to heavilyand not from nitrogen-hydrogen complexes as, for instance,
doped samplesorr stays approximately constant despite Ge-NH,-Ge?

small but significant variations of the activation enefgge
Fig. 2). The RT conductivity of the most N-dopextGe:H

IV. CONCLUSIONS
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