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TABLE I. Deposition conditions, composition, and optical properties of N-doped u-Ge:H films. In all cases, the substrate temperature and the hydrogen 
partial pressure were: T,=220*5 "C and 1.3X lo-’ mbar, respectively. 

N2 partial Hydrogen Nitrogen 
pressure CH m) C&mclear) 

Sample (mbar) (%I (cmn3) 

OlH <5x10-7 5.8 . . . 

02H 4x 10-6 5.6 1.0x 10’” 
03H 7x 10-6 5.6 1.5x 10’9 
04H 1.5x10-s 5.6 4.3 x 10’9 
05H 3X 1o-5 5.7 1.1x10” 
06H 7x 10-s 5.3 2.0x 1020 

%knsitivity limit. Value extrapolated from higher N concentrations. 

E,(ffd) 
(ev) 
0.49 

0.23 
0.20 
0.11 
0.20 
0.21 

(%) 

1.22 

1.21 
1.22 
1.22 
1.22 
1.21 

Eo 
(Urbach) 

(meV) 
52 

62 
73 
83 
88 

114 

(P%) Doping 
(cm-‘) Effy. 

5.0x lOI *.. 

1.1 x 10” 1.1x10-2 
1.4x 10” 9.3x 10-j 
1.7 x 10” 4.0x 10-j 
2.0x 10” 1.8~ lo-’ 
4.5 x 10” 2.2x 10-j 

transmission spectra at energies associated to the Ge-0 
vibrations, lead us to think that the measured conductivity 
variations may have a different origin. The doping effi- 
ciency of phosphorus and boron in a-Ge:H hlms prepared 
by glow discharge has been studied by Stutzmann.12 Con- 
trary to the case of P doping in a-Si:H films of electronic 
quality, in which the impurity content is proportional to 
the dopant gas (PH,) concentration,‘3 Stutzmann fmds in 
a-Ge:H films a square root dependence of P content on 
phosphine partial pressure. It is important to note that the 
intrinsic a-Ge:H samples of Ref. 12 possess a DOS of ap- 
proximately lOi* cm-‘, a factor of 20 larger than the DOS 
of the rf sputtered a-Ge:H films being reported here. Jousse 
et a1.14 studied the doping efficiency of As in if-sputtered 
a-Si:H films. It was found that, in spite of a linear depen- 
dence of impurity incorporation on dopant gas pressure, 
similar to the one shown in Fig. 1, there is no a square-root 
dependence of active doping efficiency with either the gas 
or the solid-phase active dopant concentration. The au- 
thors of Ref. 14 interpret these results in terms of surface 
reactions produced by energetic particle bombardment typ- 
ical of sputtering processes. Let us mention that the rf- 
sputtered a-Si:H films reported in Ref. 14 possess a high 
DOS in the pseudogap. 

It useful at this point to discuss some aspects of sub- 
stitutional doping in tetrahedrally coordinated amorphous 
semiconductors. Substitutional active doping in electronic 
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BIG. 1. Nitrogen concentration in the solid phase vs N2 partial pressure 
of rf sputtered a-Ge films (open circles) and a-Ge:H samples (filled cir- 
cles). 
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quality films is more involved than just conductivity vari- 
ations, which may have a quite different origin, i.e., ther- 
mal treatments, particle bombardment, etc. The analysis 
becomes particularly relevant when the efficiency of the 
doping process is being quantified. There is an abundant 
literature reporting on the doping efficiencies of different 
group III and group V elements in group IV amorphous 
semiconductors. In many cases, however, a complete char- 
acterization of the samples is lacking. In our opinion, the 
determination of the active doping efficiency requires: (i) a 
starting intrinsic material having a very low DOS (this 
requirement has almost never been met in the case of 
a-Ge:H); (ii) a relatively low density of states (DOS) in 
the pseudogap in all doped samples (as a consequence, the 
dark conductivity must be thermally activated, at least, at 
room temperature and above); (iii) an overall impurity 
content corresponding to true doping levels (typically be- 
low 0.5 at. %), rather than higher foreign atom concen- 
trations leading to the alloy phase; and (iv) the same de- 
gree of hydrogenation in all samples (many of the changes 
measured in the transport and in the optical properties of 
doped amorphous samples may be a consequence of a dif- 
ferent degree of hydrogenation and not of impurity activ- 
ity). Not all of the above requirements have been suffi- 
ciently considered in studies concerning doping effects in 
a-Ge:H films. In most cases the poor quality of the intrinsic 
material was a limiting factor for an appropriate determi- 
nation of the doping efficiency. 

According to the model proposed by Street,3 a reason- 
able measure of the fraction of fourfold coordinated col- 
umn V impurities in the a-Ge:H network can be obtained 
by equating their number to the density of compensating 
defects, as measured for instance, by photothermal deflec- 
tion spectroscopy. The results of this operation on the data 
of Table I are shown in Fig. 2, where the nitrogen doping 
efficiency versus the total nitrogen content in the solid 
phase has been plotted. It may be seen that the fraction of 
active dopant sites decreases as the square root of the total 
impurity concentration. In the same figure the doping ef- 
ficiencies of phosphorus in a-Si:H’2 and a-Ge:H13 films 
have been plotted. The agreement between the doping ef- 
ficiency of N in a-Ge:H and of P in a-Si:H is remarkably 
good. This is not the case for P-doped a-Ge:H films.t3 It is 
interesting to note that Street’s model is followed in cases 
where the starting DOS is low, either in GD or r-f-sputtered 
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FIG. 2. The doping efficiency (7) vs the concentration in the solid phase 
for N-doped if-sputtered o-Ge:H (circles), P-doped glow discharge 
o-Si:H (see Ref. 13) (triangles), and P-doped glow discharge a-Ge:H 
(see Ref. 12) (squares). 

material. Let us remember that a departure from the 
square-root dependence of doping efficiency on impurity 
content, was also measured in rf sputtered As- and 
B-doped a-Si:H films of poor quality.i4 The present results 
suggest then, that these departures may be a consequence 
of a large defect density and not of a different doping mech- 
anism or preparation technique. More experimental work 
is underway to clarify the point. 

It is the present authors’ belief that substitutional dop- 
ing by nitrogen of a-Ge:H by a similar mechanism to that 
of other group V elements in a-Si:H is a very significant 
result because: ( 1) N is an uncommon dopant and the 
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present work should stimulate research in other materials; 
(2) a-Ge:H is an increasingly important material for solar 
cell and sensor technology; (3) the availability of alternate 
dopants will help understanding the doping properties; and 
(4) a nontoxic dopant is quite appealing. 

Summarizing, the results of the present work indicates 
that: (i) nitrogen is an efficient dopant in a-Ge:H films of 
electronic quality, its doping efficiency being comparable as 
to that measured in P-doped a-Si:H. (ii) the present ex- 
periment data agree with the predictions of Street’s3 model 
of substitutional doping in tetrahedrally bonded amor- 
phous semiconductors. 
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