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In this work experimental data referring to the structural and optoelectronic characteristics of
amorphous-germanium-nitrogen thin films are presented and discussed. The nitrogen content of the a-
Ge:N samples, deposited by the rf-sputtering technique in an Ar+ N, atmosphere, was allowed to vary
from typical impurity levels (less than 0.5 at. %) up to around 35 at. %. The material properties change
depending on the nitrogen concentration, determined from a deuteron-induced nuclear reaction. The
likely mechanisms of nitrogen incorporation into the solid phase are discussed, as well as the influence of
the nitrogen content on the transport and optical properties of the films. A proportionality constant re-
lating the total nitrogen concentration in the solid phase and the integrated absorption of the in-plane
stretching vibration mode of the Ge-N dipole has been determined. It has been found that a close analo-
gy exists between the general properties of a-Ge:N alloys and those measured in amorphous-silicon-

nitrogen alloys.

I. INTRODUCTION

During the last 20 years the subject of amorphous
semiconductors has progressed greatly so that device
structures’ such as solar cells, flat panel displays, and op-
tical memories, are now commercially available. One
major impetus of amorphous semiconductor technology
is the prospect of cheap and versatile thin-film semicon-
ductor alloys with a variable band gap over a relatively
wide energy range.

The rapid progress in the device area is the result of a
partial understanding of thin-film growth conditions lead-
ing to materials with much fewer structural and composi-
tional inhomogeneities. It is well established that this is
only possible when all the deposition parameters are
known and mastered. However, every plasma-assisted
thin-film deposition technique possesses a great, and
sometimes unknown and/or noncontrollable, number of
variables. System geometry and pumping performance
also play a fundamental role in the final quality of the de-
posited material.

Amorphous-germanium-nitrogen alloys are emerging
materials. Much less studied than the a-Si:N parent it
may have interesting applications, ranging from narrow-
band-gap semiconductors to insulating layers. Recent
work indicates that a-Ge:H is an electronic material and
that it may be effectively doped with nitrogen atoms.?
The present results may also contribute to the under-
standing of variable band gap a-GeN:H alloys.

The optoelectronic properties of a semiconductors are
strongly dependent on structure. The methodology used
to study the structural changes produced by N alloying
the a-Ge network has been the systematic variation of the
nitrogen partial pressure in the reaction chamber while
keeping constant all other deposition parameters. The
procedure allows us to measure the structural changes
produced by the incorporation of nitrogen in the film as a
function of nitrogen content in the solid phase. Infrared
(IR) spectroscopy has been used throughout the present
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work. It is, perhaps, the most important available tool to
determine the amount and the way by which lighter
atoms bond to an amorphous network.> Moreover, IR
spectroscopy is an easy, quick, and nondestructive
method.

In this work different nitrogen concentrations were in-
cluded in the a-Ge host network. It has been found that
N contents higher than ~10 at.% induce significant
changes in the alloy. The pseudogap widens with nitro-
gen incorporation and important variations in the elec-
tronic transport are measured. The main stretching vi-
bration modes of the Ge;N skeletal group have been
identified, as well as their strength and peak energy
dependence on nitrogenation. The proportionality con-
stant between nitrogen content and the integrated ab-
sorption of the in-plane asymmetric stretching mode of
the Ge;N group has been measured and found to be
KGen=5X10"%cm™2

II. EXPERIMENTAL

A. Sample preparation and composition

The a-Ge and a-Ge:N samples were deposited by rf
sputtering a pure crystalline Ge target of 99.9995% nom-
inal composition, in an argon (minimum purity:
99.997%) + plus nitrogen (99.999%) atmosphere. Be-
fore each deposition run the system was pumped down
for several hours. The most important residual gas par-
tial pressure corresponds to argon (P,, ~5X 10~ mbar),
followed by nitrogen (PNz:z2><10_7 mbar). All other

contaminants, up to an atomic mass of 80, remain with
partial pressure below 10”7 mbar (see Table I). A growth
rate of =1.3 As™ ! was adopted for all the samples being
reported here.

The N, partial pressure (PNz) in the reaction chamber

was adjusted before each deposition run and kept con-
stant during the growing process. With the exception of
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TABLE I. Deposition conditions and thickness for all the samples of the present work. The background partial pressures are from
a residual gas analyzer (RGA). SCCM denotes cubic centimeter per minute at STP.

Substrate Total Deposition Argon rf power
temperature pressure rate flow density
(°C) (mbar) (As™h (SCCM) (Wem™2)
2205 1.5X1072 ~1.3 ~200 ~1.2
Typical values of residual gas pressures before deposition runs
Molecule H, He H,0 0, Ar CO, (N,+CO)
P (mbar) 5x10°8 4x107° 4x10°8 1077 5X1077 3X1078 2x1077
Sample thickness
Sample No. 1 2 3 4 5 6 7 8 9 10 11
Thickness (um) 1.15 1.04 1.00 1.13 1.00 1.03 1.04 1.08 1.04 1.02 0.65

PN2 in the chamber during growth, all samples of the

present work were deposited under identical conditions,
having a typical thickness of around 1 um (see Table I).

Polished intrinsic crystalline Si wafers were used as
substrates for optical measurements in the 200-4000
cm ! wave-number range. The absorption coefficient in
the near-infrared visible (NIR-VIS) region of the spec-
trum was determined on films deposited, during the same
deposition run, onto Corning 7059 glass substrates. rf
sputtered chromium coplanar Ohmic contacts were used
for electrical measurements.

Rutherford backscattering is used to detect high Z ele-
ments in low or medium Z matrices. Light elements in
heavy Z matrices are studied by means of nuclear reac-
tions. The nitrogen content of the present a-Ge:N sam-
ples was determined from a deuteron-induced nuclear re-
action* [“N(d,p)'>N]. The method allows us to deter-
mine a nitrogen content as low as 10’ atoms cm™* in
samples having a typical thickness of 107*% cm. The
analysis was performed with a 4-meV van de Graaff ac-
celerator, with an incident deuterium beam of 610 keV.

Table II shows the nitrogen concentration (cm~*) of
the sample series. From these concentrations the percent
nitrogen content in the alloys has been determined by in-

Elmer spectrophotometer, were processed to obtain’ the
film thickness (see Table I), the index of refraction, and
the absorption coefficient.

The strength, the width, and the position of the ab-
sorption bands corresponding to Ge-N vibrations were
obtained from IR data using curve-fitting computer pro-
grams. The transmission spectra were obtained from
Fourier-transform spectrophotometers in the mid and far
IR energy ranges using the Perkin-Elmer FT1600 model
and the Bio-Rad FTS-40 model apparatuses, respectively.

III. RESULTS

A. Transport properties: dc dark conductivity

It has been experimentally found that the addition of
nitrogen to the argon plasma during the deposition pro-
cess affects the conductivity of the a-Ge films in a way
that depends on the relative nitrogen partial pressure
(Py,)-

Figure 1 shows the dependence on temperature (1) of
the dc dark conductivity (o,) of some selected a-Ge:N
samples. The transport data are plotted in a log,q0,

terpolating between pure Ge and stoichiometric 8-Ge;N,.  versus T~ '/* representation. The conductivity of an in-
Use has been made of the experimental values™® of the
germanium nitride density (p=5.3 gcm™3), the B-Ge;N,
henacite structure having 4.6X10%? nitrogen atoms
P -3 & & TABLE II. Compositional and electrical characteristics.

cm

B. Optoelectronic characterization

Notes: na denotes not available; b denotes below the detectable
limit.

Sample Py [N] [N] ORT
The dark conductivity (=120-400 K range) of the 2 2 .
. . . No. (mbar) (cm™?) (%) (Q cm)
films was measured in an evacuated chamber, using a di-
gital electrometer connected to a microcomputer. Be- 1 <1077 b 9x107?
sides the acquisition of electric data and the correspond- 2 5.0x10°¢ na 1.5x1072
ing sample temperature, the microcomputer was used to 3 8.6X107¢ na 1.8X 1072
control the temperature variation rate of the sample (~3 4 1.5X107° 1.6X10%° 0.2 1.8X1072
K min~! in the present work). The samples were vacuum 5 4.0X107° 6.0x10% 0.7 1.7X1072
annealed during ~20 min at 400 K before the conduc- 6 7.0X107° 9.1X10% 1.1 1.5X107?
tivity versus temperature measurements. The experimen- 7 24x107* 3.0x10% 3.7 1.1X1072
tal conductivity data were then computer processed in or- 8 7.5X 10:2 8.8X 102 10.8 3.5X 10:2
der to obtain, with the help of linear regression methods, 13 iéi ig_ s égi 1822 g(z)é 25:;(;97
the best fit to theoretical predictions. 1 L5 10-2 5 9% 102 355 ~10-9

The optical transmission data, from a A-9 Perkin-
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FIG. 1. Logarithm of the dark conductivity of some selected
a-Ge:N samples vs T~ !4, Note the straight-line fit in all cases,
an indication of a variable range hopping transport mechanism.

trinsic a-Ge film (sample no. 1) deposited under the same
conditions has also been plotted in Fig. 1. The same tem-
perature dependence of the conductivity is measured in
all the a-Ge:N samples of the present work below room
temperature (RT).

It is well known® that the electrical behavior of sput-
tered a-Ge films depends on deposition conditions and on
annealing temperatures. In other words, on the density
of structural defects and on thermal history. The sample
series being reported here was grown under the same
nominal conditions [substrate temperature, total gas pres-
sure in the chamber, gas flow (except N,), and rf power].
They were not annealed after deposition or prior electri-
cal conductivity measurements. It is assumed then that
the deposition conditions and the thermal history of the
samples are identical and, as a consequence, the conduc-
tivity data may be compared for the purpose of electronic
transport analysis.

According to Tables II and III and Fig. 1, very low
Py, values (5% 107¢ <Py, <L.5X 107 mbar) in the re-

action chamber provoke a very small increase of the

TABLE III. Optical characteristics. Notes: na denotes not
available; b denotes below the detectable limit.

Sample [N] E, (Tauc) E,, VB
No. (cm™?) (eV) (eV) (eVcem) ™ '/?

1 b 0.71 0.84 536

2 na 0.70 0.86 516

3 na 0.71 0.85 518

4 1.6 X10%° 0.70 0.84 518

5 6.0X 10%° 0.70 0.86 518

6 9.1X10% 0.71 0.83 513

7 3.0X10%! 0.69 0.84 507

8 8.8 X 10%! 0.77 0.90 450

9 1.8X10% 0.95 1.16 406

10 2.5X10% 2.04 2.25 340

11 2.9X 10?2 2.11 2.48 330
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room-temperature dark conductivity (ogt) and a small,
but measurable, parallel upward shift of the whole con-
ductivity curve. Increasing values of PNz’ above

1.5X 107> mbar, lead to a change of the slope of the
log 004 vs T~ !/* curve and a conductivity decrease. The
experimental data can be well fitted in all cases by Mott’s
=174 law,°

o(T)=ogexp[—(To/T)V*], (D

which is indicative of a variable range hopping transport
mechanism.’

B. Optical properties

The optical absorption of a-semiconductor films is usu-
ally reported in three different energy regions: (i) a high
energy region— also called intrinsic absorption, that
roughly corresponds to band-to-band transitions and
where the absorption coefficient «a is typically higher than
10* cm™!; (ii) an intermediate energy region— having an
exponential shape normally associated with transitions
involving tail states; and (iii) @ subgap absorption region—
which is associated with (a) transitions between deep de-
fect states and the valence or conduction band, (b) local
vibrations involving lighter atoms, and (c) the resonant
modes of the host network.

The main results are the following.

(i) The intrinsic absorption region. The optical-
absorption data, in the NIR-VIS energy range, were used
to determine E, (the photon energy corresponding to an
absorption coefficient a=10* cm™!) and Tauc’s optical
gap E, (defined as the energy corresponding to the extra-
polated zero absorption in a V'anE versus E plot, where
n is the index of refraction and E the photon energy), see
Fig. 2. The slope V' B (obtained from a V'aE versus E
plot) can be associated with structural disorder and cor-
responds to the steepness of the joint density of states of
the valence- and conduction-band edges. It roughly
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FIG. 2. Tauc’s representation of the absorption edge of some
a-Ge:N samples. The figure shows the square root of the prod-
uct of the absorption coefficient (a) times the refractive index
(n) and the photon energy vs the photon energy. Tauc’s optical
gap is the energy of the extrapolated linear region (intrinsic ab-
sorption) to zero absorption.
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reflects the randomness of the amorphous structure, a
larger structural disorder resulting in a small V'B.

The results of the data fitting are listed in Table III. It
can be seen from the table that low nitrogen doses do not
affect the optical gap (neither Ey, nor E,) of the host net-
work. However, PN2 in the 1073 mbar range (sample
nos. 8—11) widens the band gap of a-Ge, as expected.'®
As in the case of a-Si:N alloys,'"!? an increasing N con-
tent corresponds to smaller V'B values, a consequence of
an increasing density of threefold-coordinated nitrogen
atoms.!?

(ii) The absorption edge region. The samples of the
present work do not contain any hydrogen. As a conse-
quence, the network contains a large density of dangling
bonds producing an intense subgap absorption. Hence,
the exponential absorption edge is ill defined in all the a-
Ge:N samples. No relevant information could be ob-
tained from this energy region.

(iii) The subgap absorption region. In the 200-4000
cm ™! wave-number range, vibrations of local modes asso-
ciated to the presence of bonded nitrogen and resonant
modes of the host a-Ge are detected. An absorption peak
associated to a Ge-N stretching vibration'* appears at
~690 cm~! in samples prepared under PNZZ4><10_5

mbar. Figure 3 shows the absorption coefficient versus
photon wave number of the main Ge-N stretching vibra-
tion measured on sample nos. 6—-11. The corresponding
absorption peak of the less nitrogenated samples was
below the detectable limit of the Fourier-transform in-
frared spectrophotometer (around =0.5 at.%). The
main absorption band in Fig. 3 corresponds to the asym-
metric in-plane Ge-N stretching vibration mode. From
Fig. 3, it is clear that the absorption increases as PN2 (and

the nitrogen concentration [N] in the solid phase) in-
creases. The appearance of new absorption bands is evi-
dent from the figure. The origin of these bands will be
identified in the discussion section.
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FIG. 3. Absorption coefficient vs wave number in the IR
range of the a-Ge:N alloy samples. Note the appearance of new
absorption bands as the nitrogen content in the films increases
(see text).
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IV. DISCUSSION

A. Nitrogen incorporation into the a-Ge network

The overall properties of the samples are directly relat-
ed to their composition. Let us first discuss the incor-
poration of nitrogen into the films. Table II shows the
composition of the eleven samples of the series being re-
ported here while Fig. 4 shows the dependence of nitro-
gen concentration in the solid phase as a function of PN2

in the chamber. Sample no. 1 has not been intentionally
contaminated with nitrogen (residual PN2 <2x107’

mbar) and represents the intrinsic a-Ge material. Sam-
ples labeled 2—-11 were grown with increasing Py, in the

chamber.

The problem of nitrogen incorporation into different
materials has been addressed in the literature.!> 7 How-
ever, the large number of different materials into which
the role of nitrogenation has been studied, as well as the
numerous methods used for such a purpose, prevent a
unified analysis. It is known, however, that it is highly
dependent on the following: (i) gas partial pressures,
which determine the mean free path for collisions of the
molecules and influences whether the reactions occur at
the growing surface, in the gas, or at the target surface;
(ii) the gas flow giving the residence time of the different
species; (iii) the substrate bias and temperature which con-
trol the chemical reactions at the growing surface; and
(iv) the rf power fed into the plasma which determines the
ionization and dissociation rates of the gases, and the
deposition rate. Other deposition parameters may affect
the film properties and composition, the overall process
being very complex.

It is worth mentioning at this point that varying Py,

between different deposition runs while keeping a con-
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FIG. 4. Nitrogen concentration (solid phase) vs nitrogen par-
tial pressure in the chamber during film deposition. A linear re-
lationship exists between both parameters up to partial pres-
sures of nearly 1073 mbar. Higher N, partial pressures indicate
a saturation process. See discussion.
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stant total pressure in the chamber means that the Ar
partial pressure is also varying. A simple calculation in-
dicates that the mean free path is 15% higher in the al-
most pure Ar atmosphere of the less nitrogenated sam-
ples than in sample no. 11. A smaller mean free path
means more frequent and less energetic collisions, de-
creasing both the dissociation rate of N, molecules and
the deposition rate. This may be the origin of the satura-
tionlike process appearing at N, pressures higher than
~1073 mbar (see Fig. 4). This saturation phenomenon
has been observed to occur in other materials.!>1718
Note that for PN2 up to = 1073 mbar, the experimental

data of Fig. 4 indicate a proportionality between PN2 and

[N] in the solid phase. This is an indication that at low
PN2 the incorporation of nitrogen is limited by the availa-

bility of N, molecules in the gas phase. A decrease of the
deposition rate at high Py, has been detected, a conse-

quence of chemical reactions occurring, predominantly,
at the target surface (the sputtering yield of germanium
nitride is smaller than that of pure germanium).

B. Electronic transport

Mott!® calculated the electronic transport due to
phonon-assisted hopping between localized states in
amorphous materials [see Eq. (1)]. The prefactor oy and
the parameter T in Eq. (1) can be expressed as

op=e’a 2vth(EF) (2)
and
T0:7b7/3/kBN(EF) ) (3)

where e is the electronic charge, a is the hopping dis-
tance, vy, is a phonon frequency (~10" s™'), N(E) is
the density of localized states at the Fermi energy, y is
the inverse rate of fall off of the wave functions associated
with localized states, and kjp is the Boltzmann constant.
A is a dimensionless constant ranging from 16-19.

As expected for a material having a large density of de-
fects, a well-defined straight-line fit is obtained in a
log,go; vs T~ 1/* plot (see Fig. 1), which is typical of a
variable range hopping conduction mechanism. The
analysis of the present conductivity data gives the o, and
T, values appearing in Table IV. From them it is, in
principle, possible to determine N(Er) and y. However,
as pointed out in Refs. 8 and 20, unreasonable values for
N(Ep) and y may result from small deviations to the true
fit. Moreover, there is some uncertainty regarding vpp.
Some authors?! consider that this phonon frequency may
be two orders of magnitude smaller than the correspond-
ing one in the crystalline lattice. In the present case, the
defect densities at the Fermi energy determined from the
fit to experimental values are unreasonably low (of the or-
der of 10" cm™3eV™!). These are the defect densities
characteristic of state-of-the-art a-Si:H films possessing a
thermally activated dark conductivity down to low tem-
peratures.

The localization length of the electronic wave function
is inversely proportional to the square root of the binding
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TABLE IV. Transport analysis. The parameters o, and T
are those corresponding to Egs. (1), (2), and (3). The density of
states at the Fermi level was estimated using a constant y value
(y"'=10A).

Sample oo T, N(Ep)
No. (Qcm)™! (K) (cm™3 eVl

1 1.6 <108 9.0X% 107 1.7X10'®
2 2.7%X 108 9.1x 107 2.3X10'®
3 3.3x10°% 9.1X 107 2.4x10"
4 2.2X 108 9.6X 10’ 1.6 X108
5 7.9% 108 1.1Xx 108 1.7X10'®
6 2.9X%10'° 1.9 10® 1.1x10'®
7 3.0x10'° 2.0Xx10% 1.2Xx 10"
8 1.0x 10" 5.3X108

9 1.9X10'° 1.6X10°

energy of the state.” For a deep state, as the one originat-
ing from a dangling bond, the localization length should
be of the order of 10 A. Transitions between localized
states cease almost to occur when the distance between
defects is larger than approximately ten times the locali-
zation length. Tunneling, therefore, occurs between
states which are less than 100 A apart, which means that
hopping conduction at room temperature is important
when the density of states at the Fermi energy is of the
order of 10'® cm 3 eV ™! or higher. The present conduc-
tivity data indicate that hopping is the dominant conduc-
tion mechanism, as expected for unhydrogenated sam-
ples.

More reasonable values for N(Ey) in a-GeN samples
can be calculated using the wave-function localization pa-
rameter y as determmed by Knotek et al.?? in a-Ge. As-
suming y =~0.1 A~! as determined in Ref. 22 from a-Ge
layers of different thickness, the N(E) obtained from the
calculations are more realistic. Table IV shows these cal-
culated N (Eg)’s of Ge-rich alloys. The procedure, how-
ever, is applicable only in samples having a low [N] con-
tent (up to [N]=~4 at. %), in which the Fermi energy is
pinned by the deep defects of the a-Ge network (Ge dan-
gling bonds). As the nitrogen content into the samples
increases ([N]> 4 at. %), a decrease in N(E) is expected
(due to the widening mechanism of the pseudogap) asso-
ciated to a stronger localization. A quantitative analysis
of nitrogen-rich samples using conductivity measure-
ments is not possible at this stage.

C. Optical properties

1. Absorption edge

Table III and Fig. 5 indicate that the pseudogap of a-
Ge:N alloys undergoes important changes for nitrogen
concentrations higher than ~10?> cm~?, i.e., around 10
at. % where a very significant pseudogap widening is
measured. Important changes are also measured in the
V'B slope of Tauc’s representation. As the concentration
of nitrogen increases (N being an atom of quite different
size and coordination than the host network), an increas-
ing density of defective sites is expected to appear. The
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FIG. 5. Energy corresponding to an absorption coefficient of
10* cm™! (Eq,), and steepness of the absorption edge (VB ) vs
nitrogen content in a-Ge:N samples. Note that the E(, energy
remains constant up to a nitrogen concentration of approxi-
mately 10”2 cm ™3, a higher nitrogenation producing a steep in-
crease of the optical E(, gap. The effects of nitrogen on the dis-
order, however, are evident at smaller impurity levels (decrease
of VB).

decreasing values of V' B shown in Table III and Fig. 5
must be related to the erosion of the band edges (above
the tails) due to a decrease of Ge-Ge bond density.!?

The similarity of the valence structure of Si and Ge
leads us to think that the gap widening mechanism in a-
Ge:N is similar to the one in @-Si:N.!* Structural studies
of off-stoichiometric a-Ge:N, (Ref. 23) show that the lo-
cal configuration or amorphous germanium nitride is
similar to the one of 3-Si;N, with planar bonded nitrogen
atoms and tetrahedral bonded silicon. This structure is
consistent with sp® germanium hybrid orbitals while N
bonding may be explained in terms of a linear combina-
tion of p orbitals, the planar geometry being given by a
strong repulsion of nonbonded Ge atoms. Photoemis-
sion studies show that in a-Si:N,, the valence-band max-
imum, dominated by Si 3p states in a-Si, recedes linearly
with x. At high nitrogen concentrations the highest oc-
cupied states change over N 2p.!%13 This behavior is con-
sistent with Fig. 5 where the dependence of E,, on nitro-
gen content is shown. It is also consistent with the de-
crease of the film conductivity as the alloys becomes ni-
trogen richer (see Table II).

2. Infrared absorption:
Asymmetric in-plane Ge-N mode

The group formed by a planar bonded N atom and its
three germanium neighbors is the skeletal Ge;N group.
Its possible normal vibrations are the following: a
breathing mode, an out-of-plane stretching mode, the
symmetric and asymmetric in-plane stretching mode, and
an in-plane bending mode. The asymmetric stretching vi-
bration involves the displacement of the N atom and of
the three Ge neighbors. It is strongly IR active and, as
will be shown shortly, its strength is proportional to ni-
trogen concentration.

Figure 3 shows the absorption band of the asymmetric
in-plane stretching vibration mode for the a-Ge:N alloy
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samples. As the nitrogen content in the material in-
creases several effects are measured: (a) the overall ab-
sorption increases, as expected, (b) the absorption band
broadens and new absorption features appear, and (c) the
energy corresponding to the maximum absorption of all
absorption bands shifts to higher energies.

Let us discuss these experimental findings separately.

An increased overall absorption with nitrogen content
is expected simply because of an augmented density of
Ge-N dipoles. The energy of the main resonance' is cen-
tered at =690 cm™!. The integrated absorption of the
local modes has been calculated as

Alw)= [[alo)/w]do , @)

where oa(w), o, and o; represent the absorption
coefficient, the corresponding wave number, and the peak
wave number of the stretching absorption band being in-
tegrated, respectively. The asymmetric stretching in-
plane vibration is centered at w,~690 cm ™!, but increas-
ing nitrogen concentration in the film induces the appear-
ance of two other satellite resonances at w,~870 cm™!
and w;~1100 cm~!. Their position and strength are re-
lated to new environments of the Ge-N dipoles.

Figure 6 shows the nitrogen content [N], as determined
from nuclear reaction data, of different a-Ge:N samples
versus the integrated area of (i) the main absorption band
[A(w;)] and (i) the whole set of stretching vibrations
(w1, ®,, and w;). It may be seen from the figure that the
integrated absorption of the stretching bands is propor-
tional to the nitrogen concentration in the a-Ge:N films,
ie.,

[IN]=Kgon A4 (@) . 5)

The analysis of the present data indicates a propor-
tionality constant,

t
| ®
[aN
—_ 1022[:_ .
§ 1
N’ F
Z
]021 L .
102 10° 104

Integrated Area A (o) (em™)

FIG. 6. Integrated absorption of the main in-plane stretching
mode vs nitrogen content for a-Ge:N samples The slope of the
straight-line fit is Kg.y =5.0X 10! cm 2. The filled circles in-
dicate the integrated area of the absorption bands centered at
about 690 cm™!. The open triangles represent the integrated
area of all stretching vibrations (690, 870, and 1100 cm ~!).



4566

KGen=5.0X10"% cm™2 (6)

associated to the asymmetric in-plane stretching Ge-N vi-
bration at @;~690 cm ™.

Assuming an error of around 15 at. % in the absolute
nitrogen concentration [N], associated to instrumental
sensitivity limits and/or to data processing, this propor-
tionality constant matches very well the experimental
points. The errors originate mainly from uncertainties in
the sample thickness, in the nuclear reaction data, and in
the absolute value of the integrated absorption area.
Within an overall 15 at. % error limit the experimental
data indicate a perfect linear dependence of log;o[N] on
log ol A(®;)] up to [N]=35 at. %. At high nitrogen con-
tent, however, the integrated absorption data contain
contributions of new satellite absorption bands which
may originate some errors. Figure 6 shows that, in the
present case, the integration of the whole absorption
band does not modify the final result significantly.

Once a calibration constant is established by indepen-
dent methods, it allows a rapid determination of alloy
composition from optical measurements. The procedure
has been applied to hydrogenation in a-Si:H and a-Ge:H
thin films?* and also to determine the nitrogen content of
a-Si:N:H alloys.!®?>26 Concerning the calibration con-
stant of nitrogen in a-Si:N:H alloys, however, the values
given in the literature may differ by as much as one order
of magnitude, going from Z»K=2.9X10"® cm™? to
6K =1.7X10" cm™ 2 A likely explanation of these
discrepancies may involve the use of different methods to
determine the absolute concentration of nitrogen atoms.
Moreover, in the case of a-Si:N:H films, the in-plane
stretching vibration mode of the Si-N bonds [w,(Si)=~ 850
cm™!] and the wagging mode of the Si-H bonds
[@yag(S1) =~ 650 cm~!] may overlap for high hydrogen
and/or nitrogen concentrations. These sources of error
are absent in the present nonhydrogenated a-Ge:N sam-
ples.

3. The frequency shift of the
main absorption band and the
appearance of satellite absorption bands

It is well established that the presence of back impurity
atoms having an electronegativity different from the host
network induces a shift of the peak energy of a dipole vi-
bration.?”?8 Depending on the electronegativity of the
impurity, as related to the host atom electronegativity,
the shift occurs toward lower’3® or toward
higher?’~%%31:32 energies. It is worth mentioning at this
point that the absence of back atom(s) [or back-atoms(s)
dangling bond(s)] also influences the electronic distribu-
tion around the Ge-N dipole.>°

In the present alloy case the frequency shifts are associ-
ated with changes in the Ge-N interatomic distance
which results from modifications in the electronic charge
distribution around the germanium atom. The new
charge distributions are the consequence of inductive
effects produced by the back atom(s) of the dipole being
considered. Nitrogen is more electronegative than ger-
manium and, as the density of N back atom(s) increases
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with nitrogenation, the degree of s character of the Ge-N
bond increases, shortening the Ge-N bond length and in-
creasing the effective force constant and vibration fre-
quency. Figure 7 shows the shift of the w, and w, peak
frequencies of the Ge;N skeletal group as a function of
Ey,.

In the low [N] regime (sample nos. 5, 6, 7, and 8) only
one absorption band is measured, centered at w;~=690
cm™ L As PN2 is increased during deposition, more nitro-

gen atoms are incorporated into the host giving rise to in-
ductive effects. The shift toward high frequencies is
linear with N content and at [N]~10* cm~? it amounts
to 25 cm™!. The measured variations are shown in Table
V, where the peak position of two new absorption bands
(w, and w;) has also been indicated. The satellite bands
corresponding to Ge-N dipole vibrations in different envi-
ronments are detected in alloy samples having [N]=20
at. % (see Table V).

The experimental results indicate that, in N-rich a-
Ge:N alloys, three absorption bands associated to the
asymmetric in-plane stretching vibration mode appear in
the IR transmission spectra. The data can be well fitted
by the sum of three Gaussian curves, as shown in Fig. 8.
Similar IR features have been detected in a-SiN, :H films
having a high N concentration.>* A possible phenomeno-
logical explanation follows (see Fig. 9).

In the relatively low nitrogen concentration range only
the main absorption band at ~690 cm™! appears. The
corresponding structure is shown in Fig. 9(a) (isolated
triads of Ge-N dipoles). Increasing nitrogen content in
the a-Ge network [see Fig. 9(b)] leads to a situation where
two neighboring Ge atoms are bonded to nitrogen. In-
ductive effects (charge redistribution around the bond)
appear in both triads of Ge-N bonds producing a shift in
the main vibration energy (Fig. 7). The process involves
more neighboring Ge-N bonds as the nitrogen content in-
creases and a stronger absorption is measured (Fig. 3).
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FIG. 7. Peak stretching frequencies vs the Eg, optical gap for
a-Ge:N alloys. Filled squares: main vibration mode. Filled cir-
cles: first satellite to the main stretching mode. The positive
slope is indicative of inductive effects.
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TABLE V. Absorption band characteristics. Notes: na
denotes not available; b denotes below the detectable limit;
A(w;) represents the integrated area of the absorption band of
the in-plane stretching Ge-N vibration mode centered at =~ 690
cm™!; w; indicates the peak energy of different absorption bands
(see text).

a)

c)

b)

d)

db -- -

O Ge
e N

Sample [N] Alwy) W) @, W3
No. (%) (cm™1) (cm™1) (cm™1) (cm™!)
1
2 b b b b
3 b b b b
4 0.2 b b b b
5 0.7 na na b b
6 1.1 150 690 b b
7 3.7 645 690 b b
8 10.8 1745 695 b b
9 22.1 4840 700 830 b
10 30.6 4457 713 885 1120
11 35.5 5580 715 900 1130
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FIG. 8. Absorption spectra of a-Ge:N alloy films showing the
several absorption bands due to nitrogenation. Note the overall
increase of the integrated absorption with nitrogen content.
The disorder induced breathing mode (~300 cm ~!) depends on
nitrogen through disorder. (a) Sample no. 9, [N]=22.1 at. %;
(b) sample no. 11, [N]=35.5 at. %.

FIG. 9. Different chemical environments inducing frequency
shifts of the main Ge-N dipole vibration. See text for a detailed
discussion.

Possible configurations giving rise to the two new ab-
sorption bands w, and w; are depicted in Figs. 9(c) and
9(d), respectively. The band at 870 cm ! appears when
two (or more) nitrogen atoms are bonded to the same Ge
atom, in a bonding configuration similar to that of the
stoichiometric alloy. The absorption still corresponds to
an asymmetric in-plane stretching Ge-N vibrational
mode. At higher nitrogen concentrations, inductive
effects will also shift this new vibration frequency (see
Fig. 7).

The inductive effects shown in the figure indicate that,
as the nitrogen concentration increases, both frequencies
increase, but at a different rate. A higher slope for the
more energetic vibration (w,) means a stronger inductive
effect, giving support to the model bonding configuration
shown in Fig. 9(c).

Besides an increased density of Ge-N dipoles, higher
nitrogen concentrations in the alloy network are also re-
sponsible for an increased structural disorder (see the
V'B value, Table III) due either to fluctuations in the
bond angles and bond lengths, or to the creation of dan-
gling bonds. The mentioned disorder leads us to think
that Ge dangling bonds induce the absorption feature
detected at w;~1100 cm ™! [see Fig. 9(d)]. This because
the absorption features at energies higher than =890
cm ™! are absent in gaseous compounds (no dangling
bonds) possessing Ge-N dipoles. In the solid a more en-
ergetic absorption may appear associated with a coordi-
nation defect. The above interpretation, in terms of the
defective Ge;N skeletal structure, does not rule out other
possibilities.

4. Other vibration modes
in the far and mid IR energy range

Crystalline Si and Ge lattices have no first-order in-
frared absorption. In amorphous Si and Ge, however,
the lack of long-range order relaxes the crystal momen-
tum and the symmetry rules prohibiting first-order ab-
sorption and, in principle, all vibration modes can con-
tribute to the first-order absorption process. In other
words, within a disordered network all vibration modes
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can be active in the IR. In the present specific case, the
introduction of nitrogen atoms into the a-Ge network
will enhance the disorder, producing stronger IR absorp-
tion bands.>* 3

The disorder is at the origin of the absorption band
measured at about ~300 cm !, which we identify as a
disorder induced breathing mode, involving Ge-Ge dipole
vibrations. A similar disorder induced Si-Si in-plane
breathing mode, occurring at =~ 500 cm™ !, has also been
detected in a-Si:N alloys.3®

The absorption band appearing at =450 cm ™! is prob-
ably associated to the symmetric in-plane stretching
mode of the Ge;N skeletal group. In order to proceed to
a correct identification of the vibrational modes in the
solid phase it is useful to compare the IR transmission
spectra to the absorption features of molecules of similar
symmetry. In the present case a molecule containing Ge
and N atoms and having the Ge;N structure should be
studied. A compound that allows a rough analogy with
the a-Ge:N alloy under study is trigermylamine
[(GeH;);N], an extremely unstable and reactive gaseous
species.’”3® The structure of the (GeH;);N molecule is
shown in Fig. 10. The figure also contains the main vi-
bration modes and peak positions of the gaseous species.
Besides the absence of a connective network, the main
difference between the samples being analyzed is the pres-
ence of hydrogen atoms as bond terminators of the three
Ge atoms. Let us summarize the vibration characteris-
tics of trigermylamine.

(i) The Ge atoms are probably noncoplanar in triger-
mylamine. A valence force field calculation®’ gives a
bond angle of 116° at nitrogen. The vibrations of the py-
ramidal site for a threefold-coordinated N are qualitative-
ly similar to the vibrations of N in a planar configuration.
Both have four characteristic vibrations involving the

H
H H
\/Ge/ \G<
H \171/ H
H—Gle—H
H
(GeH3)3N
e B
a) b) <) d)

FIG. 10. Simplified skeletal representation for the triger-
mylamine [(GeH;);N] molecule (top). The possible stretching vi-
brations for the Ge;N group in an a-Ge host (the open circles
represent the Ge atoms and the dots N atoms) (Ref. 39) (a) the
symmetric in-plane stretching vibration mode ( =370 cm™!); (b)
the asymmetric in-plane stretching vibration mode (=~850
cm™!); (c) the symmetric (pyramidal configuration) stretching
mode, and (d) the asymmetric near in-plane (pyramidal
configuration) stretching mode. Vibrations (c) and (d) are
characteristics of gaseous trigermylamine.
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displacement of N and its three Ge neighbors.

(ii) There are two IR absorption bands in gaseous
(GeH;);N which do not move on deuteration:3"3% a very
strong and broad band at ~850 cm ™! attributed to the
asymmetric stretching mode of the Ge;N structure, and a
weak band at ~370 cm™! originating from the sym-
metric stretching mode of trigermylamine, respectively.

Some considerations on the vibration frequencies of the
skeletal Ge;N structure in solid a-Ge:N and gaseous
(GeH;);N follow.

(a) Trigermylamine is a structure in which three hydro-
gen atoms are bonded to each Ge. As hydrogen is more
electronegative than Ge a charge redistribution around
the Ge atom is expected. As a consequence, the stretch-
ing vibrations should be more energetic in the molecule
than in an isolated Ge-N dipole, as found. As the nitro-
gen concentration increases in a-Ge:N, however, the
presence of N back atoms leads to a charge redistribution
around the atoms going in the same direction as the one
existing in trigermylamine. This fact may explain the
reasonable agreement in energy of the asymmetric in-
plane stretching vibrations in both the gaseous and the
solid phases (850 and 870 cm™!, respectively) of the
Ge;N skeletal group.

(b) In the present work, the absorption band at ~450
cm™! has been associated to the in-plane symmetric
stretching mode in a-Ge:N. The analogous band in tri-
germylamine was found at 370 cm~!. The energy
difference may originate from the nonplanar
configuration in (GeH;);N which involves the motion of
the N atom.

(c) There are no Ge-Ge bonds in trigermylamine and,
consequently, no absorption band at 300 cm™!. The
dependence of the absorption strength of the 300 cm ™!
feature on nitrogen concentration in a-Ge:N lead us to
think that 300 cm ™! vibration is a disorder induced Ge-
Ge breathing mode.

The nature and the origin of an absorption band can be
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FIG. 11. Absorption coefficient at peak energy vs nitrogen
concentration in the solid phase for the stretching and breathing
modes of a-Ge:N alloys. Note the dependence on nitrogenation
of all vibrational modes.
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established by investigating the dependence of its
strength and position on alloying. A linear relationship
between absorption strength and composition with no ex-
tra bands at high alloy ratios, as well as a constant band
shape, means that just the density of dipole oscillators is
varying. Similarly, an equal shift of peak absorption en-
ergy with composition for two different absorption bands,
or a linear relationship between maximum absorption
coefficients for a couple of bands, indicate that both have
a common origin.

Figure 11 shows the dependence of the absorption
strength on alloying of asymmetric in-plane Ge-N
stretching, Ge-N symmetric stretching, and Ge-Ge
breathing modes at 700, 450, and 300 cm !, respectively.
The overall absorption increase on alloying indicates that
nitrogenation is associated with the three modes.

V. CONCLUSIONS

In this work we report a detailed study of the opto-
electronic and structural characteristics of rf-sputtered
amorphous-germanium-nitrogen films. The main con-
clusions follow.

(1) Under selected deposition conditions and system
geometry two different nitrogen incorporation regimes
were identified: (a) at Py, < 10~ 3 mbar the nitrogen con-

centration in the solid phase is proportional to PN2 being

determined by the availability of N, molecules in the re-
action chamber, and (b) at PN2 > 1073 mbar the incor-

poration of nitrogen tends to saturate. We suggest a like-
ly mechanism to explain this saturation phenomenon.

(2) In all samples electronic transport is dominated,
below room temperature, by a variable-range-hopping-
like mechanism. This behavior is consistent with a
nonhydrogenated amorphous network and with mea-
sured optical properties. A calculation assuming an in-
verse decay constant for the localized state wave function
of 0.1 A~ (as in pure a-Ge) gives density of states (DOS)
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at the Fermi level above 10'® cm ™3 eV ™! in the less nitro-
genated samples. Wide-band-gap a-Ge:N films possess a
smaller DOS.

(3) The optical properties of the samples in the
NIRVIS energy range exhibit a general behavior similar
to a-Si:N films, an indication of a similar bonding
configuration. Photoemission studies must be performed
to give a clearer picture of the band-gap widening mecha-
nism.

(4) The main absorption bands in the IR energy range
have been identified and the dependence of their strength
and shape on N content has been quantified. The abso-
lute nitrogen content of the samples was determined from
a deuteron-induced nuclear reaction [*N(d,p)’N]. A
proportionality constant relating the integrated absorp-
tion of the in-plane stretching vibration mode and the to-
tal nitrogen content was determined: Kge.n=5.0X10'®
cm ™2,

(5) Inductive effects due to increasing nitrogenation
have been measured in the main stretching vibration
modes. The appearance of new absorption bands at
~870 and ~1100 cm ! is reported. They are tentatively
ascribed to Ge-N stretching vibrations in an environment
including nitrogen atoms and dangling bonds in different
neighboring bonding configurations.

(6) Absorption features appearing at ~450 and at
~300 cm ™~ ! have been associated to symmetric stretching
and to breathing modes involving the disordered a-Ge;N
and the a-Ge skeletal groups, respectively. Their depen-
dence on N content was studied.
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