
From Eq. (10) we observe that as the voltage is ramped 
up, the condition for the current density at the source to be 
monotonically increasing (i.e., for dj(O, t )/dt not to change 
sign) is just 

-q- j(O,t}dr -€o~qV»O. 2 (it )2 d 2 

2€ofYl 0 dt 
(13) 

Consequently, a loss in the monotonicity of the emitted cur
rent can only occur if q V (t ) changes its inflection [i.e., if the 
second derivative of q V (t ) changes sign]. If the voltage peaks 
earlier than the beam front transit time, a change in the in
flection will always occur. A decrease in the emitted current 
will then depend on how the magnitude of the convexity of 
V (t ) compares with the amount of charge in the diode region. 

In conclusion, we have derived an equation which re
lates the space-charge-limited emission of current in a non
relativistic diode to the time-dependent applied voltage. The 

equation is useful for identifying controls for time-depen
dent current emission. In a limiting case, we have obtained 
agreement with earlier calculations treating the beam dy
namics associated with constant current emission. 
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In this letter some properties of off-stoichiometric amorphous germanium-nitrogen compounds 
are presented. It is shown that the inclusion of nitrogen atoms in the Ge network produces 
important changes in the optical and electrical properties of the material. The samples were 
prepared by rf sputtering a Ge target in an argon plus nitrogen atmosphere. Optical transmission 
and dark conductivity versus temperature measurements are presented and discussed. The 
preparation conditions permitted the variation of the optical band gap in a continuous way 
between 0.9 and 2.7 eV. As expected for un hydrogenated samples, the dark conductivity 
measurements indicate a high density of states in the pseudogap, confirmed by an ill-defined 
activation energy. Preparation conditions that might improve the transport properties are 
indicated. 

Elemental and alloy amorphous semiconductor films 
have acquired increasing importance in the fields of micro
electronics, image pick-up devices, and solar energy conver
sion. Depending on the preparation methods their properties 
can be varied by changing composition and/or deposition 
conditions. In particular a-Si based alloys obtained by the 
inclusion of column IV atoms and nitrogen have been exten
sively investigated. a-Six C I _ x:H (Ref. 1) and a-SiNx:H 
(Ref. 2) possess energy band gaps higher than a-Si:H, while 
a-Six Gel _ x:H (Ref. 3) and a-Six Sn l _ x:H (Ref. 4) are nar
rower band-gap materials. At present, tailoring the optoelec
tronic properties of amorphous semiconductor alloys has 
been relatively successful. A lot of research work is being 
done, in particular with respect to transport properties that 
appear to be very sensitive to preparation conditions in a way 
that is not yet completely understood. In the field of photo
voltaic conversion there is a need to find an active layer 
amorphous material having an energy band gap that opti-

mizes the electric power generation from the solar spectral 
distribution. This optimum band-gap value of 1.4--1.5 eV is 
easily obtained with a-Six Gel _ x :H, x being in the 0.4-0.5 
range. However, the inclusion of Ge atoms in the a-Si 
network deteriorates the transport properties of the alloy. 
Recent work shows that this effect depends on the prepara
tion method and a much better material has been obtained 
by the glow discharge decomposition of GeF4 + SiF4 and 
H2•

5 At present it is not known if other amorphous germani
um compounds will possess good photoelectronic proper
ties. 

An abundant literature exists on the properties of a-Ge 
(Ref. 6) and a-Ge:H (Ref. 7). Published reports describe 
methods for obtaining stoichiometric germanium nitride 
(Ge3N4 ) layers by reacting ammonia with germanium tetra
halides or germanium, and by reacting germanium with hy
drazine. 8

-
12 In Ref. 12 the properties of off-stoichiometric 

germanium oxynitride films as a function of oxygen content 
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TABLE I. Nitrogen relative partial pressures and extrapolated band gaps 
for some a-GeNx samples (T, = 36O·C and P N , + PAc = 1.2 Pal. 

Sample 03 06 07 08 09 10 1l 

P N 0 3x 10- 3 10-~ 3 X 10-2 10- ' 3x 10- 1 6XIO- 1 

P N , + PAc 
E.(eVI 0.95 0.98 0.99 1.0 \.33 2.61 2.73 

are d~ribed. Several reports exist also on the passivating 
propertIes of Ge3N4 on GaAs and Ge surfaces. 12-15 Finally, 
the effect of nitrogen doping on c-Ge and a-Ge has been 
investigated by Pavlov et al. 16 and by Takano et al. 17 

To the present author's knowledge no reports exist on 
the fundamental properties of off-stoichiometric amorphous 
germanium nitride compounds. In this letter some determi
nations. of these properties are presented. It is shown that, 
depe~dmg on the preparation conditions and nitrogen con
tent m the Ge network, a variable band-gap material is ob
tained. The reported deposition conditions allowed us to 
continuously vary the forbidden band of a-GeNx in the 0.9-
2.73-eV range. 
. The samples ~ere prepared by rf sputtering a Ge target 
m an argon plus mtrogen atmosphere in a Leybold-Heraus 
Z-4OO model system. The base vacuum was 10-4 Pa and 
high-purity gases were used. For each series of samples all 
deposition conditions were kept constant, except the nitro
gen partial pressure. The total gas pressure in the chamber 
and the substrate temperature were 1.2 Pa and 360 °C re
spectively. Nitrogen partial pressures were varied bet~een 
4.5 X 10- 3 and 0.6 Pa. The sample thicknesses, determined 
by the deposition rate and by interference fringes, varied 
between 300 and 400 nm. Coming 7059 glasses were used as 
substrates in all cases. After deposition the structural prop
erties were investigated by x-ray diffraction in a PW 1140 
Philips generator (CuKa line) coupled to a diffractometer at 
a scan speed of 1 deg min - I. All the samples, with exception 
?f the ?ne of p.ure Ge, proved to be amorphous by x-ray 
mspectlon. Optical measurements were made with a Beck
mann DK 24 spectrophotometer. Dark conductivity as a 
function of temperature was measured in an evacuated 
chamber in the room-temperature - 150°C range. C0-
planar W-mm-Iong aluminium strips 0.5 mm apart were 
evaporated on the samples. Excellent ohmic behavior was 
observed in the 10-1OO-V polarization range. Conductivity 
measurements were performed. within this bias range. 

Table I ind.icates nitrogen partial pressures used in the 
pre~aration,of some se.lected samples and the corresponding 
optIcal band' gaps obtamed by extrapolating the linear region 
of the (ahv) 1/2 vs hv plot to zero absorption (a is the absorp
tion coefficient). 

X-ra~ d.iffraction measurements indicate a small degree 
of crystalJ.lmty for the pure Ge sample. Very small. diffrac
tion peaks appear coming from (111), (220), (311), and. (400) 
planes. The position of the peaks, however, appears at angles 
0.2-0.3° smaller than those corresponding to single crystal 
Ge. If minute flows of nitrogen are allowed in the chamber 
during deposition all signs of polycrystaUinity disappear. 
The appearance of diffraction peaks when sputtering Ge at 
T. ~360 °Cis not at all surprising. Barnaetal" s showed that 
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crystallization processes for evaporated Ge films begin in 
this temperature range. More recently Evangelisti et al. 19 

investigated by extended x-ray absorption fine structure 
(EXAFS) the amorphous-to-crystal transition in thermal 
evaporated Ge films as a function of substrate temperature. 
They found that the structure of a-Ge evolves continuously 
to greater order as the deposition temperature increases in 
the interval from 130 to 300 °C and no well-defined. transi
tion temperature can be defined. The absence of any x-ray 
structure in the films containing nitrogen was taken as a 
proof of amorphousness and later confirmed by Raman scat
tering measurements. This behavior might be interpreted by 
a lattice relaxation mechanism produced by the inclusion of 
nitrogen atoms with smaller coordination configurations. At 
present it is not known to what extent nitrogen atoms prefer 
to accommodate in a tetrahedral or a trigonal coordinated 
site in a Ge network. Nevertheless, some speCUlations can be 
made if the present material is compared to silicon-nitrogen 
compounds. It is useful to remember that Ge3N4 crystallizes 
with the same structure as Si3N4. Chemical vapor and glow 
discharge deposited silicon nitride are amorphous. Radial 
distribution function experiments show that local configura
tions are very similar to those in stoichiometric polytype {3-
Si3N4 with planar bonded N atoms and tetrahedral bonded 
Si.20 This structure is consistent with Sp3 silicon hybrid orbi
tals while N bonding is explained in terms of a linear combi
nation of p orbitals, the planar geometry being given by a 
strong repulsion of nonbonded Si atoms. 21 Photoemission 
studies show that in a-SiN x the valence-band maximum, 
dominated by Si 3p states in a-Si, recedes linearly with x 
from 0 to 1.2. For x;;;'0.85 the highest occupied states change 
over to N 2p.22 At the moment, no detailed calculations and 
measurements exist concerning a-GeN x' Nevertheless. the 
similarities in the electronic valence structure of Si and Ge 
suggest that the coordination structure and the band-gap 
widening mechanism should not be very different in these 
materials. 

Figure 1 shows a (ahv)I/2 vs hv plot for some selected 
samples. It can be clearly seen that, as the nitrogen partial 
pressure in the reaction chamber increases, the extrapolated 
band gap widens in a continuous way. Within the experi
mental conditions reported here it was not possible to attain 
the stoichiometric composition of germanium nitride, whose 
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FIG. I. Square root of the product of the absorption coefficient and the 
energy vs photon energy for some of the samples shown in Table 1. Also the 
extrapolated optical band gaps are indicated. 
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FIG. 2. Temperature dependence of the dark conductivity for some samples 
of Table I. 

optical band gap has been reported to be higher than 4 
eV. 13.14 In the series being discussed the maximum band gap 
was obtained when the nitrogen partial pressure was 0.6 Pa 
(i.e., equal to the Ar partial pressure). Figure 1 suggests that 
in a-GeN", as in the case of a a-SiNx , threefold coordinated 
N becomes dominant over the fourfold coordinated N atoms 
for increasing x. The temperature dependence of the dark 
conductivity is shown in Fig. 2 for some selected samples. It 
can be seen that the resistivity of the samples increases as the 
nitrogen content increases, i.e., larger optical band gaps cor
respond to higher resistivities. A high density of defects in 
the pseudo gap is expected and confirmed by an ill-defined 
activation energy. It is useful to remember that the samples 
are unhydrogenated. 

The question concerning the use of hydrogen or flu
orine to clean the pseudo gap remains open. Experiments in 
that direction are being carried on. Other preparation meth
ods may prove to be useful to produce an activated conduc
tivity material, i.e., the glow discharge of GeH4 (or GeF4) 
+ NH3, GeH4 (or GeF4) + N2 + H 2, etc. 
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In conclusion, it has been shown that as the nitrogen 
content increases in the Ge network a concomitant increase 
in the band gap of the material is observed. This observation 
suggests a kind of parallelism between the structural and 
bond characteristics of a-GeN x and a-SiN x • 
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