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Abstract
This paper is devoted to the optoelectronic properties of hydrogenated
amorphous germanium (a-Ge:H) deposited by the plasma-enhanced chemical
vapour deposition (PECVD) technique on the powered electrode under different
applied radio frequency power (rf-power) in a conventional, parallel plate
reactor. This study investigates in more detail the density of states of the material
by analysing the optical absorption spectra obtained by combining optical
measurements, photothermal deflection spectroscopy (PDS) and constant
photocurrent method (CPM) techniques. The PDS and CPM results are in good
agreement. The disorder parameter in optimized samples (E0 V ∼ 42 meV)
seems to be the lowest reported to date. However, the deep-gap states density
ND is higher in optimized a-Ge:H than in optimized hydrogenated amorphous
silicon (a-Si:H) by more than an order of magnitude.

1. Introduction

Hydrogenated amorphous silicon (a-Si:H) based binary alloys are always a subject of much
interest in the development of high-quality photovoltaic solar cells which require narrow band-
gap materials. It is generally admitted that the optical band-gap of a-Si:H is easily narrowed by
adding to the amorphous silicon network atoms of germanium [1]. As a consequence, there is a
sharp deterioration of the electronic properties of hydrogenated amorphous silicon–germanium
alloys (a-Si–Ge:H) with an increasing Ge concentration [1] which is not well understood yet.
So, instead of approaching the a-Si–Ge:H film deposition problem as a perturbation of the
standard conditions which produce high-quality a-Si:H, many authors [2, 3] have suggested that
the photo-response of a-Si–Ge:H alloys can be improved by the optimization of the deposition
methods leading to high electronic quality a-Ge:H films similar to that already reached for
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a-Si:H, and also through proper understanding of their optoelectronic properties. In this view
and in order to approach this methodology, a large amount of results obtained on optimized
a-Ge:H films deposited by different techniques has been published. In particular, it has
been reported by Godet et al [4, 5] that some properties, such as disorder, in a-Ge:H thin
films produced on the grounded anode by the plasma enhanced-chemical vapour deposition
(PECVD) technique are strongly improved when germane gas (GeH4) is diluted at 1% in
H2 under some optimized plasma conditions and under the so-called ‘standard’ deposition
conditions, (i.e., low rf-power and low pressure). However, these standard deposition
conditions result in a low deposition rate (rd ∼ 0.5 Å s−1). On the other hand, Wetsel et al [6],
Turner et al [7] and Wickboldt et al [8] have shown that the optoelectronic properties of a-Ge:H
deposited by the PECVD technique on the powered electrode (cathode) were dramatically
superior to those films deposited on the unpowered electrode (anode) where device-quality
a-Si:H is conventionally deposited. The differences in film growth and structure observed
in the cathode-deposited a-Ge:H compared to the anode-deposited a-Ge:H have been largely
discussed by these authors and attributed mainly to the high ion bombardment energy at the
cathode surface.

The present study reports on the optoelectronic properties of a-Ge:H films deposited on the
powered electrode. In particular, the effect of the rf-power was investigated on the deposition
rate and the electronic parameters by combining optical measurements, photothermal deflection
spectroscopy (PDS) [9] and constant photocurrent method (CPM) [10] techniques. The
comparison between the results obtained by the two techniques is also discussed.

2. Experimental details

The a-Ge:H films used in this study were deposited by PECVD of a mixture of germane and
hydrogen gases in the reactor described elsewhere in the literature [8]. The samples were
deposited on the powered electrode (diameter = 5.7 cm and 1.4 cm gap spacing between the
electrodes) of the system with 13.56 MHz signal and at different applied rf-power ranging
from 12 to 48 W (table 1). The chamber pressure was regulated at 0.95 torr and the substrate
temperature was maintained at 200 ◦C. The gas flows were 1.00 sccm GeH4 diluted with 40.00
sccm H2.

Infrared (IR) transmission measurements were performed on a-Ge:H films deposited
on roughened crystalline silicon substrates to derive the vibrational absorption spectra in
the frequency range 400–2400 cm−1 and to obtain the total bonded hydrogen content CH.
The thickness d , the band gap parameters E04, defined as the energy at which the absorption
coefficient α is equal to 104 cm−1 (with a 0.01 eV absolute error), the static refractive index n0,
the average gap Em as well as the dispersion energy Ew were determined from standard optical
transmission (OT) measurements performed on the films deposited simultaneously on Corning
7059 glass substrates. PDS and CPM techniques were used to determine accurately the sub-
band gap absorption α(h̄ω) down to quite low energies. The analysis of the derived spectra
allows us to derive the main parameters characterizing the density of states (DOS) distribution
within the mobility gap, in particular the deep defect density ND and the valence-band tail
width E0 V (parameter characteristic of the disorder and the distorted or weak Ge–Ge bonds).

3. Results and discussion

3.1. Deposition kinetics

It has been frequently reported that the rf glow discharge decomposition of germane diluted
in hydrogen at low rf-power and low pressure is the most widely used technique for optimized
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Figure 1. Deposition rate rd as a function of the applied rf-power.

a-Ge:H deposition. However, the standard deposition conditions lead to a low deposition rate
(rd ∼ 0.5 Å s−1) which constitutes a serious drawback in applications when thick films are
desired. Therefore increase of rd in the a-Ge:H film preparation without degradation of the
optoelectronic properties of the material is required. In this study the increase of rd up to
10.5 Å s−1 has been reached by operating the discharge in the high-pressure and high rf-power
regime. Figure 1 presents the effect of the applied rf-power on rd (obtained from the ratio of
the film thickness to the deposition time). It can immediately be seen that rd increases linearly
with increasing rf-power from 12 to 35 W. This behaviour can be explained by the fact that in
the high rf-power regime the discharge becomes resistive and the rf energy is more efficiently
coupled to the plasma through the bulk electrons which gain energy from the electric field
produced in the inter-electrode space [11]. As a result, more radicals are dissociated in the
discharge and reach the grounded electrode with a high sticking coefficient. At the highest
powers (rf-power >35 W) the rd appears to increase more slowly up to ∼10.5 Å s−1. This
effect can be explained by the possibility of heavily diluted germane gas being fully dissociated
at these powers, and so the addition of further rf-power cannot increase gas utilization.

3.2. Structural and optical properties

The IR absorption spectrum for a non-optimized sample deposited at 48 W is represented
in figure 2. This spectrum fits a general picture already reported for the cathode deposited
a-Ge:H since no peak at 860 cm−1, corresponding to contamination with oxygen, is observed
after several hours of air exposure [7]. The stretching band shows beside the main Ge–H band
centred at 1875 cm−1 a relatively large contribution centred at 1975 cm−1. This component
can be related to the distinct bending band consisting of two well resolved peaks centred at
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Figure 2. Infrared absorption spectrum for the sample prepared at rf-power of 48 W.

about 760 and 830 cm−1 respectively, and indicates a significant proportion of (GeH2)n groups.
The corresponding absorption band at 2090 cm−1 [12, 13] in a-Si:H is often accepted as being
incompatible with good electronic properties. This is indeed verified here, as discussed in
section 3.3. When the rf-power is decreased to 25–30 W (optimized samples), the stretching
band essentially consists of a single band centred at 1875 cm−1, which shows that the hydrogen
is mainly incorporated as isolated monohydride Ge–H groups. In addition to this type of
inference, the total bonded hydrogen content CH is obtained from the integrated area Iω under
the absorption band corresponding to the Ge–H wagging mode centred at 560 cm−1 [14]:

NH(cm−3) = Aω Iω = ω

∫
α(ω)

ω
dω (1)

where α(ω) is the absorption coefficient of the film at frequency ω, and Aω = 1.6 ×1019cm−2

is the proportionality factor for this band, obtained by the calibration of NH (cm−3) against the
hydrogen content deduced by the nuclear reaction technique. The percentage of hydrogen CH

in the films was then deduced from the following relation:

CH(at.%) = Aω Iω
ρc–Ge

× 100 (2)

where ρc–Ge = 4.5×1022 cm−3 is the atomic density of crystalline germanium. Experimental
errors in the analysis of the IR measurements result mainly from the determination of the base
line of the spectrum and from the determination of the film thickness. An error of about 1 at.%
is estimated on the evaluation of CH. The values of CH deduced from this analysis and typical
parameters characteristic of the samples deduced from OT measurements are listed in table 1.
An important remark can be made immediately from these data. It can be seen that the rf-power
has little effect on the variation of CH since the values remained at (5.5 ± 1) at % except for
the sample deposited at higher rf-power (48 W), i.e. at higher rd. Figure 3 is a plot of the
band-gap parameters E04 as a function of rf-power. It can be seen that E04 increases linearly
as the rf-power increases from 12 to 25 W and remains constant above 25 W. It is too difficult
to attribute the E04 variation to an explicit alloying effect with hydrogen, since no variation
of CH within experimental error is observed in these samples. The observed trends may be
correlated to the microstructure of the material. But the small changes expected in the relative
IR absorption peak heights around 800 cm−1 cannot be observed since the determination of
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Table 1. The rf-power characteristics of the samples. The deposition rate rd was obtained from
the ratio of the film thickness to the deposition time. The hydrogen content CH was derived from
the infrared absorption band at 560 cm−1. The thickness d, the band-gap parameters E04, the static
refractive index n0, the average gap Em and the dispersion energy Ew were deduced from optical
transmission measurements.

rf-power rd CH d E04 Em Ew

(W) (Å s−1) (at.%) (µm) (eV) n0 (eV) (eV)

12 4.8 4.4 3.12 1.19 4.23 2.34 46
20 6.2 4.6 2.13 1.22 4.17 2.53 45
25 7.8 5.5 1.93 1.25 4.11 2.60 43
30 8.4 4.9 1.94 1.25 4.10 2.59 41
35 9.5 5.9 2.06 1.25 4.04 2.59 40
40 9.6 6.1 1.57 1.25 4.01 2.58 39
48 10.5 7.7 1.19 1.25 3.96 2.59 38

the base line is usually affected by interference fringes. In fact, the existence of a relationship
between a small-range structure and a-Ge band-gap has been frequently asserted [15]. In order
to understand this phenomenon well, the variation of the static refractive index n0 is deduced
from the analysis of the Wemple–Didominico one-oscillator model [16], and analysed as a
function of rf-power. According to this model, the dispersion relation of the refractive index
is given by

n2(h̄ω) = 1 +
Ew Em

E2
m − (h̄ω)2

(3)

where Ew denotes the dispersion energy related to the coordination number of the atoms and
Em defines the average gap usually considered as the energy separation between the centres
of both the conduction and the valence bands. The static refractive index n0, Em and Ew are
determined by considering the variation of [n2(h̄ω)− 1]−1 as a function of (h̄ω)2; the deduced
values are listed in table 1. The increase of the average gap Em (which has the same trends as
E04) can be correlated with the decrease of n0 in the range 12–25 W according to the formula
derived by Penn [17]:

n2
0 = 1 + A

(h̄ωp)
2

E2
m

(4)

where h̄ωp is the plasma energy for valence electrons and A is a parameter depending on
the matrix element. Above this range, n0 diminishes while no change is observed in Em and
E04 values. This variation suggests that the increase of rf-power is accompanied with a little
microstructure and a small density loss in the material. The values of the dispersion energy
Ew show the same trends as n0 and suggest a decrease in the average coordination number of
the atoms.

Since the values of n0 and Ew remain high in all of the range of rf-power variation, and
no oxygen contamination is revealed by the IR transmission spectra, we speculate that the
particular microstructure of these films is not of the ‘island and tissue’ type [18] but may rather
consist in a dense matrix with small isolated voids within the network with a low hydrogen
content.

3.3. Subgap absorption

In this section the density of states of the material is investigated in detail by analysing carefully
the optical absorption spectra obtained as explained before from a combination of PDS, CPM
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Figure 3. Band-gap parameters E04 as a function of the applied rf-power. The mobility gap Eg is
also represented for comparison. The difference between E04 and Eg remains practically the same
at a value of 0.09 eV.

and OT measurements. The PDS-derived spectra are normalized to absolute values by matching
the Urbach edge region with the optical absorptance spectra deduced from OT measurements
in the high-energy range [19]. Then, according to our procedure proposed recently [20], the
optical absorption coefficient α(h̄ω) is determined from the ratio of the normalized PDS spectra
to the transmittance ones. The CPM spectra are then carefully calibrated by fitting to the entire
optical absorption coefficient spectra α(h̄ω) [21]. Using this method to calibrate CPM spectra
is more accurate and offers the enormous advantage to have a large overlap range between the
spectra. An example of such a calibration is given in figure 4. It can clearly be seen that there is
a perfect agreement between the PDS- and the CPM-derived spectra in the Urbach edge region
over more than one decade. This result suggests that both PDS and CPM techniques detect the
same optical transitions in this range. In the high-energy range the CPM spectrum deviates
from the α(h̄ω) spectrum because, in this range, surface recombination limits the photocurrent
as the light penetration depth decreases with increasing α(h̄ω). In the low-energy range the
CPM spectrum falls below the PDS spectrum because the PDS technique probably probes
more optical transitions and absorption surface [22] which the CPM technique cannot detect.
This problem is not well understood and will not be considered in this study.

Some characteristic parameters of the material can be derived from the analysis of these
spectra at low energies. The apparent Urbach energy E0app, characterizing the disorder and the
distorted or weak Ge–Ge bonds, is usually determined by a linear regression of the exponential
data range. However, the contribution of the deep defect absorption in this range may increase
this parameter, in particular for the non-optimized samples. For the same reason the deep defect
density obtained by integrating the excess absorption above the exponential edge, which is the
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Figure 4. Calibration of a CPM spectrum by fitting to the entire optical absorption coefficient
spectrum deduced from optical and PDS measurements.

usual procedure for a-Si:H [9], is strongly underestimated. For obtaining more correct values
of the disorder parameter E0 V and the deep defect density ND, the optical absorption spectra
are analysed by using the deconvolution procedure proposed recently by Bouizem et al [23].
A good fit to the data was obtained with a Gaussian distribution for the deep-gap states centred
at ED = (0.60 ± 0.02) eV below the conduction-band mobility edge, with a full width at
half maximum equal to 0.32 ± 0.02 eV. The values of the mobility gap Eg, and the values
of E0 V and ND deduced from this analysis are listed in table 2. The values of the mobility
gap Eg correlate well with those of E04 and its variation as a function of rf-power shows the
same trends (figure 3). The ‘true’ E0 V values obtained by this procedure are not influenced,
as explained before, by the contribution from the deep-gap states absorption in the Urbach-tail
range. They differ by about 2 meV only for the optimized samples and about 12 meV for
the worst sample (with the highest deep-states absorption) from the ‘apparent’, E0app, ones.
Since the PDS- and the CPM-derived absorption spectra corroborate very well in the Urbach
edge region, the deconvolution of these spectra leads to the same E0 V values with 1 meV
absolute uncertainty ascribed to the errors in both determinations. Also, it must be noticed that
the E0 V as well as the E0app values obtained here for the optimized samples are smaller than
those of high-quality a-Ge:H or a-Si:H reported in the literature [4, 7, 24]. As expected, the
values of the deep defect density ND obtained from the analysis of PDS-derived spectra are
systematically higher than the corresponding values deduced from the analysis of CPM-derived
spectra. This difference can be attributed to additional contributions from optical transitions
which are not detected in CPM measurements and probably to additional absorption of a
defective surface and/or interface layers detected by PDS measurements [22]. Figures 5 and 6
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Table 2. The mobility gap Eg, the disorder parameter E0 V, and the deep defect density ND
deduced from the decomposition procedure given in section 3.2. The apparent Urbach energy
E0app values are also reported for comparison.

ND (×1016 cm−3)

r.f-power Eg E0 V E0app

(W) (eV) (meV) (meV) PDS CPM

12 1.10 49 50 28 17
20 1.13 43 45 25 8
25 1.16 42 44 18 4
30 1.16 43 47 21 5.5
35 1.16 44 48 20 5.2
40 1.16 45 52 37 7.5
48 1.16 53 65 130 12

show respectively the variations of the disorder parameter and the deep defect density ND with
rf-power. It can be seen that all the parameters obtained by both PDS and CPM techniques
follow roughly the same trends in the whole rf-power range; they present an optimum in
the 25–30 W range. The remarkable improvement of these parameters in this range is most
readily attributed to high ion bombardment energy at the cathode surface, to a better surface
passivation by the hydrogen atoms during the film growth, and to the hydrogen incorporated
mainly as Ge–H bonds which is effective in reducing Ge network distortion by substituting for
overconstrained Ge–Ge bonds and in saturating the dangling bonds. The quality of the films
eventually deteriorates as the rf-power increases and becomes too high (rf-power >35 W). This
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Figure 6. The deep defect density ND deduced from the analysis of the PDS- and the CPM-derived
spectra as a function of the applied rf-power.

high rf-power regime influences the nature and concentration of various species present in the
plasma which play a dominant role in the deposition kinetics and are ultimately responsible
for the film growth. The degradation of the material properties to its inhomogeneous structure
is correlated to the (GeH2)n groups as shown by the IR absorption spectra, and to the loss in
the density of the material as revealed by the variations of the static refractive index and the
dispersion energy.

Despite the lowest values of the disorder parameter obtained here for the optimized a-Ge:H,
the deep-gap states density remains higher by more than an order of magnitude than in a-Si:H
device quality [24]. The high value of a-Ge:H deep-gap states density can be quantitatively
explained by the thermal equilibrium model proposed by Smith and Wagner for a-Si:H [25]
as has been suggested in our earlier work [26].

4. Conclusion

In this paper, special attention was paid to the analysis of PDS- and CPM-derived optical
absorption spectra obtained down to quite low energies on a-Ge:H films deposited on the
powered electrode. The mobility gap, the disorder parameter and the deep-defect density
were analysed by a suitable deconvolution procedure applied to optical absorption coefficient
spectra. The PDS and the CPM results obtained are in very good agreement. The values
of the disorder parameters (E0 V ∼ 42 meV) obtained seem to be the best reported to date.
However, the deep-gap states density ND is higher in the optimized a-Ge:H than in optimized
a-Si:H by more than an order of magnitude.
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