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The effects of adding small quantities of gallium atoms to hydrogenated amorphous germanium
(a-Ge:H) on its dark-conductivity, band-gap, electronic density of states and the hydrogen bonding,
were studied in detail by dark-conductivity, optical and infrared-transmission, and photothermal-
deflection-spectroscopy measurements. Films of a-Ge:H having relative Ga atomic concentrations
ranging between 3x107° and 1x10™2 were deposited by the cosputtering of solid Ge and Ga targets
in a rf-plasma sputtering chamber. The Ga incorporation was found to produce significant changes
in the conductivity in the whole studied concentration range. The sign of the thermopower signal
reveals a change from n- to p-type conduction for Ga concentrations reaching a value of about (1-
5)x107*. No variations in the magnitude of the band gap were detected for Ga atomic concentrations
lower than 1x1073. For higher Ga contents a gradual narrowing of the band gap is observed, which
is not correlated by modifications in the hydrogen content nor in the H bonding structure as deduced
from the infrared transmission spectra. The present results show that Ga acts as a p-type dopant
in a-Ge:H, with a doping efficiency comparable to that of boron in a-Ge:H. The position of the
Fermi level with respect to the conduction path levels was determined from the conductivity results,
assuming a common constant prefactor for the observed thermally activated dark conductivity for
both n- and p-type samples. The total energy region swept by the Fermi level in the studied
Ga concentration range is approximately 0.3 eV, which is about the same as that reported in the
literature for B doping of a-Ge:H. A semiquantitative electronic density of states distribution for a-
Ge:H and its evolution with Ga doping was deduced systematically by fitting an analytical model to
the optical absorption data. A significant increase in the defect states density was found to develop
for Ga contents higher than about 5x10~*. This effect seems to be correlated with the Fermi level
approaching the valence-band-tail region. Conductivity prefactors for both electrons and holes in the
140-260 Q7' cm ™ *range were deduced from the analysis of the present conductivity and absorption
data, which are in fair agreement with values reported in the literature for hydrogenated amorphous
silicon and theoretical estimates. Significant tendency for Ga segregation was observed for a-Ge:H
films having Ga atomic concentrations approaching 1x1072.
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I. INTRODUCTION

Hydrogenated amorphous group-IV semiconductors
became the subject of much attention in 1975, when
electronic doping of hydrogenated amorphous silicon (a-
Si:H) was first demonstrated.’ The role of hydrogen in
amorphous semiconductors in passivating a large part of
the dangling bonds typically present in these materials,
which turned out to be fundamental for the achievement
of doping, had been discovered a year before in studies
of hydrogenated amorphous germanium (a-Ge:H) films
prepared by rf-diode sputtering in an argon-hydrogen
atmosphere.? The following years witnessed a large num-
ber of doping studies in a-Si:H, which contributed to the
development of the first device based on this material,
the a-Si:H solar cell. The experience accumulated dur-
ing six years of research of doping in a-Si:H was inter-
preted by Street® in 1982. He explained the fact that
a-Si:H could be substitutionally doped, the observed low
doping efficiencies and increasing defect densities with
increasing dopant concentration by introducing a model
based on a modified version of the 8-N rule previously
proposed by Mott.# A partial description of the experi-
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mental results of doping studies in a-Si:H, and a complete
treatment of Street’s doping model can be found in the
book by Street.> For the case of a-Ge:H, on the other
hand, much less work has been done, the main reason
being the fact that films of this material exhibit a high
density of states in the mobility gap, resulting in low
photoconductivity and low photoluminiscence efficiency.
Nevertheless, a-Ge:H is currently regarded as a natural
potential candidate to be used in multijunction solar cells
and other hydrogenated amorphous semiconductor-based
devices requiring small band-gap components.®

Studies of doping in both a-Ge:H and a-Si:H have been
almost exclusively confined to materials doped by adding
gases containing the dopant atom to the deposition cham-
ber during deposition of the films by the glow-discharge
(gd) method. The n-type doping effects of P in gd a-
Ge:H were observed by Jones et al.,” using phosphine
gas as a dopant source. Later Hauschildt et al.® studied
the dark-conductivity and thermoelectric power in both
n- and p-type gd a-Ge:H doped with P and B, using
phosphine and diborane gases as dopant sources, respec-
tively. The doping efficiencies for these elements were
determined by counting the number of doping-induced
excess carriers as inferred from electron spin resonance
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(ESR) experiments on doped samples and dividing it by
the total concentration of dopant atoms in the films.® The
doping efficiencies for a-Ge:H were found to be higher
than those observed in doped a-Si:H films having the
same dopant concentration.®® A different definition of
the doping efficiency was then proposed by Stutzmann,®
which considers the dopant atom concentration in the
forming gas in the glow-discharge chamber rather than
that resulting in the solid film. From the unified cor-
relation observed between this doping efficiency and the
dopant gas concentration in the gd chamber for both a-
Si:H and a-Ge:H, Stutzmann deduced that the doping
process in these materials is much controlled by details
of the plasma-solid interactions, occurring at the grow-
ing film surface.® This may be expected, on the other
hand, from the well-known observation that the opto-
electronic properties of intrinsic a-Ge:H and a-Si:H are
very sensitive to deposition parameters and specific de-
position method employed. In order to derive a general
picture of the doping mechanism in tetrahedrally bonded
amorphous semiconductors, however, systematic studies
of materials doped by using other doping or deposition
techniques, or alternative dopant atoms, are highly de-
sirable. These studies should allow one to determine to
what extent the effects observed are intrinsic of the dop-
ing process itself, or alternatively they depend on the
specific doping method or dopant atom employed.

In this work, we report on the changes in the dark-
conductivity, optical absorption, and hydrogen bonding
of rf-sputtered a-Ge:H, which are induced by adding
small quantities of Ga atoms (atomic concentrations
lower than ~1%) into the amorphous network. The Ga
atoms were introduced by the cosputtering method, using
minute amounts of solid Ga placed on top of a crystalline
Ge target. The work reported here constitutes a part of
a wide program devoted to the systematic study of p-
type doping of rf-sputtered a-Ge:H, using atoms from the
column III of the Periodic Table as the p-type dopants.
Preliminary results of this project have been reported
elsewhere.!! In the present paper, it is shown that Ga
acts as a p-type dopant with comparable efficiency as
that of B in a-Ge:H, with no changes in the H bonding
being apparent. In Sec. III, the changes in the position
of the Fermi level induced by the Ga incorporation are
determined from the conductivity results by assuming
a common constant prefactor for the observed activated
conductivity for both electrons and holes. The electronic
density of states for the undoped and Ga-doped materials
is deduced systematically by fitting an analytical model
to the optical absorption data. In Sec. IV, the evolution
of the electronic density of states and the Fermi level po-
sition within the band gap is discussed. The validity of
the method employed for the analysis of the conductivity
results is then confirmed by evaluating the conductivity
prefactor for both n- and p-type films. The total energy
region swept by the Fermi energy in the studied Ga con-
centration range is deduced to be of 0.3 eV , which is
comparable to that observed for B-doped a-Ge:H. Sig-
nificant Ga-induced narrowing of the optical band gap
is observed for Ga atomic concentrations exceeding the
0.1% level.
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II. EXPERIMENTAL PROCEDURE

The a-Ge:H films were prepared in a conventional
rf-sputtering system in an Ar (99.997%) plus H,
(99.9995 %) atmosphere. A 3-in.-diam., water-cooled,
crystalline Ge target (99.9995 %) was used. The residual
pressure of the chamber was 1 x 10~ mbar and the sub-
strates were held at 220 °C during deposition. Hydrogen
and argon partial pressures of 1.5 x 10~3 and 14.7 x 103
mbar, respectively, were used in all deposition runs. The
Ga-undoped films exhibited room temperature conduc-
tivities of about (2 —3) x 107° 27! cm™?! and an optical
gap of Egs = 1.2 eV (i.e, the photon energy for which
the absorption coefficient equals 10* cm~1!). These val-
ues are comparable to those reported for a-Ge:H films de-
posited by glow-discharge!? and magnetron sputtering.!3
The subgap absorption (50 cm™! for a photon energy of
0.7 eV) and slope of the exponential absortion tail (70
meV), on the other hand, were found to be significantly
higher than those reported in the literature for glow-
discharge'?1% and sputtered!®5 state-of-the-art a-Ge:H
(typically ~ 10 — 30 cm™! and ~ 50 — 60 meV, respec-
tively), indicating that the present films had somewhat
higher disorder and defect densities.

For the incorporation of Ga into the a-Ge:H films, the
Ge target was partially covered by small pieces of solid
Ga of varied sizes. The Ga pieces exhibited spherical
shape after preliminary deposition runs, indicating that
melting of the pieces had occurred, due to the low melting
temperature of Ga (29.9°C). The pieces were therefore
placed in small, high purity, Ge receptacles and were pre-
sputtered during 30 min before each deposition. This
procedure was performed in order to produce a clean
and well-defined Ga-sputtered area. The Ga content in
the films was varied by varying the relative Ga-to-Ge
sputtered areas. The relative Ga-to-Ge atomic concen-
tration (Nga/Nge) for films having Ga concentrations
higher than about 1 x 10™3 was directly determined by
the proton-induced x ray emission (PIXE) technique, us-
ing a 2.4 MeV H* beam.'® The measured Ng./Ng. val-
ues were found to scale linearly with the relative Ga-
to-Ge relative areas measured by an optical microscope
immediatly after each deposition run.'® The Ga content
for films having Ga concentrations below the PIXE de-
tection limit was deduced by extrapolating this linear
relationship to the the corresponding lower relative Ga
areas.

The substrates used for the deposition of the films were
2x 1 cm? 7059 Corning glass and polished Si slabs, which
were mounted on a grounded substrate holder placed at a
distance of 4.5 cm from the targets. The target self bias
was —640 V, resulting in a deposition rate of 1.3 A/s,
which did not change significantly for the whole studied
sample series. The thickness of the films deposited on the
glass substrates was measured by optical interferometry
and found to be approximately 1.2 pm.

The dark conductivity was measured on samples de-
posited onto the glass substrates in a gap-cell configu-
ration, using two coplanar Cr Ohmic contacts separated
by 1 mm and an applied voltage of 100 V. The measure-
ments were performed in an oil-free evacuated chamber



4976

in the 150-440 K temperature range, using a Keithley
617 electrometer at a fixed temperature variation rate of
3 K/min. Prior to the measurements, the samples were
annealed for a few minutes at 420 K to desorb possible
surface contaminants. No differences were observed be-
tween the conductivity data taken during heating and
cooling of the samples. The sign of the thermopower for
these samples was determined by applying a temperature
gradient between the Cr contacts and measuring the po-
larity of the resulting voltage.

Optical transmission measurements in the near in-
frared and visible region were performed on films de-
posited on glass substrates. The absorption coefficient
was determined from the transmission, using the proce-
dure described by Swanepoel.l” The subgap absorption
was measured in the photon energy range of 0.65 — 1.3
eV, by photothermal-deflection spectroscopy (PDS). The
absolute scale of the PDS spectra was determined by
matching them to the absorption curves as deduced from
the optical transmission measurements. Infrared opti-
cal transmission measurements were performed on sam-
ples deposited on Si substrates in the 400-4000 cm™!
wave-number range, using a Fourier-transform spectrom-
eter. The content of bonded hydrogen in the films was
determined from the integrated absorption of the wag-
ging Ge-H mode, following a procedure described in the
literature.®

Since Ga is known to induce crystallization in a-Ge
when. incorporated at large concentrations,'® the amor-
phous character of the samples having the highest Ga
content was tested by performing Raman scattering mea-
surements. No signs of crystallization were observed. For
the case of the samples having the highest Ga concentra-
tion, however, dots of metallic Ga were clearly recognized
on the surface of the films by visual inspection. The pres-
ence of these dots may indicate a tendency for segregation
of the Ga atoms towards the surface or for the formation
of Ga clusters at the growing film surface for high Ga
contents. While the reason for this behavior is presently
not understood, it is interesting to note that it appears to
be characteristic of Ga in Ge at these doping levels (i.e.,
for Nga/Nge approaching a value of 1 x 1072), as this
effect is not observed for a-Ge:H films doped with similar
atomic concentrations of In and Al, using the same de-
position conditions as described above.!:2? In addition,
a tendency for Ga surface segregation in Ga-doped c-Ge
grown by molecular beam epitaxy has also been reported,
which is not observed for the case of B incorporation in
similar materials.??

III. RESULTS
A. Dark conductivity

Figures 1(a) and 1(b) show the conductivity (o) as
a function of the reciprocal temperature (1/T) for a Ga-
undoped a-Ge:H film and for samples having different Ga
contents. It can be seen that for the undoped sample o
exhibits an activated behavior that comprises five orders
of magnitude in the 200 — 450 K temperature range [see
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the solid line in Fig. 1(a)]. As can be seen in Fig. 1(a),
adding Ga atoms to the a-Ge:H network to a concentra-
tion of Nga/Nge = 3.2 % 10~5 produces a strong decrease
in the conductivity, accompanied by a significant increase
in the slope of the o vs 1/T curve. This effect continues
up till a concentration of Nga/Nge =~ 1.5 x 107%. For
higher Ga contents, the opposite effect is observed; the
conductivity increases and the slope becomes less steep
[see Fig. 1 (b)]. These results indicate that a Ga-induced
shift of the Fermi level (i.e., doping of the material) is
occuring. Figure 2 shows the conductivity at room tem-
perature (ogr) for the whole doped a-Ge:H sample se-
ries, as a function of the Ga content (Nga/Nge). It can
be seen that additions of Ga atoms to concentrations of
about Ng./Nge =~ 1 x 107* produce a decrease in ogr
by almost two orders of magnitude down to minimum
value of omin =~ 2.5 x 1077 Q@ 'cm™!. Also shown in
the figure is the sign of the thermopower, which for sam-
ples in this concentration range is negative, indicating
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FIG. 1. Dark conductivity o as a function of the recip-
rocal temperature 1/T for a-Ge:H films having different Ga
contents. Increasing number label indicates increasing Ga
content.
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FIG. 2. Conductivity at room temperature (300 K) as a
function of the dopant relative atomic concentration in the
a-Ge:H film as obtained in the present work for Ga-doped
material (squares). The data for B-doped a-Ge:H (circles)
corresponds to magnetron sputtered material using (CHs)3sB
gas as a dopant source (taken from Ref. 22). The sign of
the thermopower signal S as observed for the present a-Ge:H
films is also indicated.

n-type conduction. Hence, the decrease in the conduc-
tivity occurring for the lower Ga concentrations can be
attributed to a compensation of the initially n-type ma-
terial by the formation of Ga-induced acceptorlike levels.
For samples having Ga contents higher than 1x10~* the
conductivity increases, indicating that the Fermi level is
shifted below the center of the mobility gap, thus giving
rise to increased hole conduction. The sign of the ther-
mopower in this concentration range changes from nega-
tive to positive, therefore confirming the setup of p-type
conduction. A similar behavior in the room tempera-
ture conductivity has been reported for B-doped a-Ge:H
deposited by magnetron sputtering and using trimethyl-
borane gas (CH3)3B as a dopant source.?? In Fig. 2,
the ort data reported in Ref. 22 is compared with the
present results for Ga-doped a-Ge:H. As can be seen in
the figure, both ort data as a function of the dopant con-
centration follow each other quite well, indicating similar
doping efficiency for both dopant atoms. Note, however,
that the doping of a-Ge:H using (CH3)3B gas results in
films containing undesirable significant amounts of?2 C.

As can be seen in Fig. 2, a maximum p-type con-
ductivity at room temperature of about (1 — 3) x 10~4
Q~!cm™! is obtained for relative dopant concentrations
approaching 1 x 10~2 for both data sets shown. Boron
doping of a-Ge:H has been also reported for materials de-
posited by the glow-discharge technique, using B;Hg gas
as a dopant source.® In these cases, values of ort as high
as 3x 1072 Q1 cm™! are achieved for heavy additions of
the dopant gas to the deposition chamber. For the case
of glow-discharge deposited a-Si:H, the additions of BoHg
to the reaction chamber have been found to produce a
shrinking of the band gap?3 for B atomic concentrations
as low as 5 x 1074, which is related to an enhancement
of the desorption of H atoms from the films induced by
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the B.2324 Such an effect could be a partial reason for
the high conductivities reported for heavily B;Hg-doped
a-Ge:H. Unfortunately, the actual B concentration in the
films and the possible variations in the optical gap or in
the H concentration accompanying the B-doping process
of glow discharge a-Ge:H were not reported in the study
of Ref. 8.

As discussed previously, the log(c) curves for all stud-
ied materials show linear behavior when plotted against
1/T in conductivity ranges that comprise various orders
of magnitude (see Fig. 1). For materials having the
highest Ga concentrations, however, a marked concave
curvature is observed to develop at high temperatures
[see Fig. 1(b)]. A similar effect has been reported for
n-type and p-type doped a-Ge:H (Refs. 8, 25, and 26),
and a-Si:H.?” Conductivity measurements performed for
samples annealed and cooled at different cooling rates
indicate that the observed curvature is related to a tran-
sition of the material into a regime, in which significant
thermally induced structural equilibration occurs within
the time scale of the conductivity measurement.?%:26.28
The temperature above which this effect is observed
is associated with the equilibration temperature of the
material,?® which for p-type a-Si:H is about 100 °C, i.e.,
close to the transition temperatures observed in the con-
ductivity data of Fig. 1(b). At this stage, we confine
the analysis of the conductivity to the linear regime in
the temperature region that includes the room tempera-
ture. This regime is assumed to be characteristic of the
material in a state frozen at a temperature close to the
equilibration temperature. A study of the conductivity
in the equilibration regime would require an independent
experimental method, such as the sweep-out experiments
described for a-Si:H,3? for instance, for the determination
of the thermally induced changes in the density of elec-
tronic shallow states.

From the slopes of the log(o) vs 1/T curves in the
linear regime, an activation energy of the conductivity
(Es) can be deduced. The activation energy of the dark
conductivity is given by

E, ~ E1g(0) — Er(0) , (1)

for n-type samples, with an equivalent expression for p-
type materials. Here, E$y(0) and EF(0) represent the
conduction path level for the electrons and the Fermi
energy values extrapolated from the measured temper-
ature range to T' = 0 K, respectively. As discussed in
the literature,3! the energy difference between Ep and
the conduction path level for electrons (E$g) or holes
(E%g) at any temperature T in the activated regime can
be estimated from the equation

c,v maoo
B — ~ —_— 2
(B35 — el ~ k1 (228 2)

where o9 ~ 150 Q7 'cm ™! is the constant exponencial
prefactor of the conductivity, assumed to be the same
for electrons and holes.3! The uncertainty in the value of
oo is of the order of a factor of 2 as deduced experimen-
tally from dark-conductivity data in a-Si:H (Ref. 28) and
theoretically.31:32 Equation (2) has been slightly modi-
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fied by the factor m in the argument of the logarithmic
function to account for the possibility of mixed conduc-
tion in compensated samples. Thus, m = 1 for the case
where conduction by a single type of carrier occurs (i.e.,
for cases where ogpT >> Opmin at room temperature) and
m = 2 for compensated samples (i.e., samples for which
ORT R Omin), for which mixed conduction is assumed to
prevail.

In Fig. 3, the |[ETg — EF| values as calculated accord-
ing to Eq. (2) for T = 300 K and o(T") = ort are plotted
together with the corresponding E, values as a function
of Nga/Nge- In the calculations, the value m = 2 was
used for the films having Ga concentrations correspond-
ing to Nga/Nge ~ 1 x 107* (data points between the
dotted vertical lines in Fig. 3). It can be seen that both
|ETr — Er| and E, show an increase for low Ga con-
tents, giving evidence for the Ga-induced shift of Er from
the upper part of the energy gap towards the valence-
band edge. For Nga/Nge = (1 — 3) x 10™4, the material
is fully compensated and, therefore E, and |Exg — Ep|
are close to a maximum value, which is about 0.53 eV
for |Eqg — Ep|. For Nga/Nge > 3 x 107%, the mate-
rial is definitely p type, as shown by the positive sign of
the thermopower. In this concentration range, E, and
|EFr — Er| are both reduced, indicating a further shift
of Er towards the valence-band edge.

Assuming that the maximum observed value of
|Efg — Er| of about 0.53 eV corresponds to the case
in which the Fermi level is close to the center of the mo-
bility gap EY, and that the transport path levels Egg
and E%g coincide with the respective conduction- and
valence-band mobility edges, a value for E} of 1.06 eV is
deduced. This result is between those estimated by the
same method for magnetron sputtered®? (E¥ ~ 1.0 eV)

and glow-discharge®® a-Ge:H (E¥ ~ 1.1 eV) a-Ge:H. In
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FIG. 3. Activation energy of the dark conductivity (E.)
as determined from the slope of the linear regions in Fig.
1 (triangles) and the Fermi level position, with respect to
the conduction path levels |Exy — Er| as calculated from the
room temperature conductivity data, using Eq. (2) (circles),
as a function of the relative Ga concentration, Nga/Nge.
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addition, the E¥ value is in overall agreement with the
optical gap of the material as measured by optical trans-
mission, as will be shown in the next section. This result
suggests that the interpretation of the dark-conductivity
data in terms of Eq. (2) with a conductivity prefactor
0o ~ 150 Q' cm™! for both electrons and holes is consis-
tent with the present data. This point will be discussed

in some more detail in Sec. IV.

B. Optostructural properties

In contrast to the conductivity results, the optical
properties of Ga-doped a-Ge:H show little changes upon
small and moderate additions of Ga into the amorphous
network. Figure 4 shows the absorption coefficient as
determined by optical transmission and PDS measure-
ments, as a function of the photon energy for samples
having different Ga contents. The interference fringes
typically appearing in the absorption spectra were av-
eraged out for clarity. As can be appreciated from the
figure, for Ng./Ng. values of up to 1.5 x 10™%, no signif-
icant Ga-induced changes in the entire absorption curves
are observed. For higher Ga contents, an increase in the
absorption in the subgap and tail regions is clearly de-
tected. For Nga/Nge values higher than about 2 x 1073,
significant Ga-induced modifications in the region of high
absorption start to appear as well, which show up as a
gradual shift of the absorption curve to lower energies
[see data for sample 4 (Nga/Nge = 1.1 x 1072) in Fig.
4]. Note that for samples having Ga contents approach-
ing this high concentration regime (~ 1 x 10™2) the cor-
responding data should be taken with some care, as a
significant tendency for Ga segregation was observed in
these films. It should be pointed out, however, that simi-

105
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FIG. 4. Optical absorption coefficient as determined by op-
tical transmission and PDS (symbols), as a function of the
photon energy for a-Ge:H films having different Ga contents.
The lines are theoretical fits to the data points using a model
described in the text.
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FIG. 5. Square root of the imaginary part of the dielectric
coefficient (circles) and (anhv)'/? (squares) as determined by
optical transmission for an a-Ge:H film having a Ga relative
concentration of Nga/Nge = 1.5 x 107%, as a function of
the photon energy hv. The lines are straight-line fits to the
corresponding data points in the 1.35-1.52 eV photon energy
region.

lar band-gap narrowing effects have been observed by our
research group in a-Ge:H films doped with comparably
high In and Al contents, with no indications for metallic
segregation being apparent in these cases.2®

In order to systematically quantify the effects observed
in the absorption curves shown in Fig. 4, we analyze the
data in terms of the Tauc model in the dipole-matrix-
element representation.3* Cody et al3® showed that
in this representation the energy-independent matrix-
element approximation leads to better agreement with
the experimental data than in the momentum representa-
tion used originally by Tauc.2¢ In this model, the absorp-
tion is represented by the imaginary part of the dielectric
function ey, which is related to the absorption coefficient
a through the film refractive index n and the photon
energy hv according to €; = fican/(hv). For the band-
band optical transitions in this representation, assuming
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FIG. 6. Band-gap characteristic energies Fos4, E,, and
E¢ as determined from the absorption data for the studied
a-Ge:H films, as a function of the Ga concentration. Note
that all three parameters show a gradual narrowing of the
band gap for Nga/Nge > 1.4 x 1073,

parabolic occupied (valence band) and unoccupied (con-
duction band) electronic density of states,

Nc,v(E) = Nco,'v(E - EC,v)l/z ’ (3)

where Ngv and E., are constants, the following
parabolic expression for the imaginary part of the di-
electric function is obtained:34

653 = KBB(hI/ - EG)z, (4)

where Kpp is a constant and Eq¢ = E. — E, is a gap
energy, which can be determined experimentally by ex-
trapolating Eq. (4) to e¥Z = 0. In Fig. 5, (€2)*/? has
been plotted as a function of hv for one of the doped
a-Ge:H samples. The Tauc (anhv)/? vs hv form has
also been included in the figure for comparison. It can

TABLE I. Parameters obtained from the fitting of the model described in the text to the ab-
sorption coefficient data for a-Ge:H films having different Ga concentrations.

Nga/Nge Ec (eV) Kgpp (eV72) EY (meV) pp /N2, (x107* eV3/?)
0 0.97 13.9 71 2.3
3.2x107° 0.97 13.6 71 1.8
8.2x1075 0.97 13.8 72 1.6
8.2x107° 0.97 14.0 69 3.4
1.5%x107* 0.98 14.3 78 1.3
3.2x107* 0.96 13.9 78 2.0
3.2x10~* 0.96 13.2 75 2.8
4.9x107* 0.97 13.9 78 2.5
7.9%x107*% 0.96 13.8 78 6.0
1.4x103 0.95 13.6 95 43
3.5x1073 0.92 11.9 100 100
1.2x1072 0.90 15.1 100 200
1.1x1072 0.87 14.8 100 450
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be seen that, as has been previously noted for a-Si:H,3°
the present data plotted in the (e3)!/2 form are found to
be in very good agreement with a linear fit over a wider
energy range than for the'case of the (anhv)/2 plot. The
results for the parameters Eg and Kgp for the samples
studied in the present work obtained by fitting the ab-
sorption coefficient data using Eq. (4) are compiled in
Table I. Figure 6 shows the gap characteristic energies
Eg, Eos (the photon energy for which a = 10* cm™1),
and E. [as determined by extrapolation to a = 0 of the
(anhv)'/? vs hv curve, see Fig. 5] as a function of the Ga
content, Nga/Nge. It can be seen that up to Nga/Nge
values of approximately 1.5 x 10™3, the gap character-
istic energies remain essentially unmodified. This is in
contrast to the conductivity results discussed in the pre-
vious subsection, which show significant changes in the
whole studied Ga concentration range. Hence, it can be
concluded that the changes in conductivity are mainly
due to Ga-induced shifts of the Fermi level within the
band gap and not due to changes in the band gap itself,
in agreement with the interpretation adopted in the pre-
vious section. Note, in addition, that the mobility gap
as determined from the room temperature conductivity
and Eq. (2) (E4 = 1.06 eV) is in good overall agreement
with the Tauc optical gap energy shown in Fig. 6. As can
also be seen in the figure, for Nga/Nge > 1.5 x 1073, a
gradual narrowing of the optical gap with increasing Ga
content is observed for all three gap characteristic ener-
gies shown. This behavior will be discussed in the next
section.

The Ga-induced changes in the subgap absorption of
the Ga-doped a-Ge:H films is next considered. As it can
be noted in the absorption curves shown in Fig. 4, sig-
nificant modifications in the subgap absorption exist for
moderate and high Ga incorporation. From the curves,
it is possible to extract the slope of the exponential ab-
sorption tail (the Urbach tail Eqy ), which is usually as-
sumed to be determined by optical transitions between
an exponential valence-band tail of equal slope and the
conduction band. The absorption coeflicient for a pho-
ton energy of 0.7 eV (apg.7), on the other hand, has been
proposed as a useful parameter to determine the dan-
gling bond density through a calibration constant based
on PDS and ESR measurements performed in undoped
samples.3” It should be noted, however, that large uncer-
tainties are involved in the direct determination of Ey,
due to the reduced exponential region observed typically
in a-Ge:H (see Fig. 4). In addition, significant artificial
coupling between Fy and ag 7 could result from contri-
butions from the subgap absorption to the exponential
tail region and vice versa. In order to minimize this un-
certainty and to systematically derive the Ga induced
modifications in the band-tail slope and defect density,
a method described in detail by Cody®* is adopted to
fit the full absorption curves such as shown in Fig. 4.
A model density of states composed of parabolic valence
and conduction bands [see Eq. (3)] including exponential
tails and a single, discrete, defect level is assumed. The
total imaginary dielectric function is given by

BB , .TB SB
€2 =€, +€° +€5 , (5)
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where the superscripts BB, TB, and SB stand for band-
to-band, tail-to-band, and defect states-to-band opti-
cal transitions, respectively. The defect states are as-
sumed to be due to Ge dangling bonds observed by ESR
measurements,3® which can be empty, singly, or doubly
occupied. Adjustable parameters in this model are the
characteristic energy EY of the exponential valence-band
tail (the corresponding conduction-band-tail slope ES is
neglected at this stage), the volume density of deep states
(pp) relative to the parabolic band parameter N2 or N2,
as defined by Eq. (3) (i.e., pp/N? for n-type and pp/N?
for p type, respectively®?), and the energy position of
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FIG. 7. (a) Urbach energy Eo (squares) as measured di-
rectly from the slope of the exponential absorption tail, and
the band-tail slope parameter Ey as determined by the fit-
ting of the model described in the text (circles) to the entire
absorption curves, as a function of the Ga relative atomic
concentration in the a-Ge:H film, Nga/Nge. (b) Absorption
coefficient for a photon energy of 0.7 eV (ao.7, squares), and
the pp /ny,, parameter as determined by the fitting of the
model described in the text (circles) to the entire absorption
coefficient curves, as a function of Nga/Nge. The values of
pp/N?2, (taken from Table I) were multiplied by a constant
factor in order to facilitate their comparison with the corre-
sponding .7 data.
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these states with respect to the band edge to which (or
from which) the optical transition occurs (Ep). In prin-
ciple, various defect levels having different values for Ep
may occur. For the n-type samples, for instance, we ex-
pect the defect states to be doubly occupied, and hence
transitions from the valence band to these states will be
inhibited. In this case, we expect transitions from the
doubly occupied defect state into the conduction band
(with a corresponding transition energy Ep value de-
noted by EL) to play a dominant role in the determi-
nation of the subgap absorption. Similarly, for p-type
samples, many of the defect states will be empty, and,
therefore, only transitions from the valence band into
these states (with a corresponding Ep value denoted by
E}) will need to be considered. The model is found to fit
the present absorption data very well, as can be appre-
ciated by the excellent agreement between the lines and
the data points in Fig. 4. These fits were obtained by
keeping Ej, = EB = Ep fixed at a value of 0.4 eV (i.e.,
close to midgap position), while taking EY and pD/Ngv
as adjustable parameters. The effects of changing Ep
was tested using Ep = 0.5 eV, this value was found to
produce somewhat worse fits with few percent induced
variations in the results obtained for E{ and pp/N?,.
The results of the fitting procedure for the whole series
of the doped a-Ge:H samples are also compiled in Ta-
ble I. Figures 7(a) and 7(b) show E{ and pp/N?, plot-
ted against Nga/Nge. Also shown in the figures are the
corresponding values of the Urbach energy Eq (as deter-
mined by the slope of the absorption curve) and ag.7.
Both figures show negligible or no variations in the plot-
ted quantities up to Nga/Nge = 4 % 10~%. For higher
Ga contents the band-tail slope, the Urbach energy, ag.7
and pp /Ng » increase, indicating increasing disorder in-
duced by the addition of the Ga into the a-Ge:H network,
with a corresponding increase in the number of defects,
which give rise to the subgap absorption. Note that the
data points for ag 7 are found to be in good agreement
with pp /Ngv in the whole Ga concentration range, in-
dicating a very small contribution of the absorption tail
at a photon energy of 0.7 eV, thus justifying the use of
a7 as a measure of defect absorption.3” The band-tail
parameter E(‘,/ , on the other hand, is found to be smaller
than the Urbach energy for films having Ga concentra-
tions Nga/Nge > 1% 10~3, giving evidence for significant
contributions from the defect absorption to the slope of
the absorption curves in the tail region.

IV. DISCUSSION
A. Density of state distribution and Fermi energy

With the results just presented, we are in a situation
in which the evolution of the electronic density of states
(DOS) and the Fermi level position with increasing Ga
content in a-Ge:H can be deduced in a semiquantita-
tive way. For materials having Ga concentrations in the
0 < Nga/Nge < 4 x 107% range, the absorption data
shows small changes, indicating small or no Ga-induced
changes in the DOS. The estimated one-electron DOS for
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these samples is plotted in Fig. 8(a) (curve I). The ref-
erence of energy is the valence-band edge, which in the
model used for the analysis of the absorption data is the
point at which N, (E, = 0) = 0 [see Eq. (3)]. The defect
level, which represents the singly occupied Ge dangling
bonds as observed by ESR,3® is placed at about EJ =0.5
eV. This position is in agreement with that deduced from
the ESR measurements and is consistent with the value
of Ep =E.—E; = Eg — (E9+U) = 0.4 eV found to
produce a good fit of the defect-band absorption data for
n-type samples (see Sec. IIIB). Here, U = 0.1 eV is the
correlation energy for the defect states, which has been
determined for a-Ge:H by the ESR experiments.3® The
defect peak has been gaussian broadened with a standard
deviation of 0.08 eV, in consistency with the ESR results.
The area below the defect peak is chosen to reproduce a
total volume defect density pp of 4.5 x 1017 cm™3, which
can be deduced from the measured subgap absorption co-
efficient o 7 [taken from Fig. 7(b)] and a calibration con-
stant reported in the literature.3” From this value of pp
and the ratio pp/N? ~ 2.3 x 10~% eV3/2 as determined
from the analysis of the absorption data (see Table I), a
value for N2 of 2 x 10%?* cm~2eV~3/2 can be deduced,
from which the valence-band shoulder of the DOS dis-
tribution is estimated [using Eq. (3)]. This value of N?
is in excellent agreement with that used by others to fit
the absorption curves for a-Si:H.3° The valence-band tail
is calculated using the deduced value for EY from Table
I. Finally, the conduction band is constructed schemat-
ically, taking into account the determined value for Eg
(from Table I), assuming N2 = N?2. A conduction-band-
tail slope of E§ = 0.6E} is assumed, which is consistent
with ESR results3® for n-type doped a-Ge:H films, and
also with the fact that the conductivity activation ener-
gies observed for heavily n-type doped a-Ge:H (Ref. 40)
are significatly smaller than those achievable by heavy
p-type doping. The position of the transport path lev-
els E7p [shown as solid vertical lines in Fig. 8(a)] is
estimated using the mobility gap value of Ef = 1.06
eV, as deduced from the minimum conductivity value
(see Sec. IITA). Here, we assume an equal DOS value
at both E$p and E3}g, which turns out to be about
3x102° cm—3eV—!. This value is in good agreement with
those reported for DOS distributions also deduced from
combined absorption and conductivity data for glow-
discharge a-Ge:H (Ref. 41) and a-Si:H (Ref. 42). Note,
however, that for the case of a-Si:H, electron photoe-
mission combined with time-of-flight experiments yield
a corresponding value, which is about an order of mag-
nitude larger.® The reason for this discrepancy could be
the assumption of energy-independent transition matrix
elements used for the analysis of the absorption curves.
Also shown in Fig. 8(a) are the resulting Fermi level
positions as deduced from the conductivity data (see
also Fig. 3). As can be seen in the figure, the Fermi
level is swept by the Ga doping from its initial value
Er(0) for the Ga-undoped a-Ge:H film towards the va-
lence band. For the sample having a Ga concentration
of Nga/Nge = 5 x 107%, the Fermi level reaches the po-
sition denoted by Er(1) in Fig. 8(a), which is just be-
low midgap and p-type conduction starts to set in. For
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Nga/Nge > 5 x 107* (i.e., as Ep definitely enters into
the lower part of the gap), significant modifications in the
DOS distribution are inferred from the absorption data.
Curve II in Fig. 8(a) shows the DOS distribution as es-
timated for a-Ge:H with Ng,/Nge = 1.4 x 1073, assum-
ing that the changes in the subgap absorption parameter
(pp/N?,, see Table 1) are due to changes in the defect
density pp only. The corresponding Fermi level posi-
tion is shown by Er(2), which at this stage reaches the
valence-band-tail region. The DOS distributions deduced
for materials with Nga/Nge > 1.4 x 102 are shown in
Fig. 8(b). It can be seen that, together with a gradual in-
crease in the DOS in the subgap region, significant mod-
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FIG. 8. Semiquantitative electronic density of states dis-
tribution as deduced from the fitting of the model described
in the text to the absorption coefficient curves for a-Ge:H
films having different Ga concentrations. The vertical solid
and dotted lines indicate the estimated positions for the con-
duction path levels and the center of the mobility gap, re-
spectively. The arrows show the estimated position of the
Fermi level for the different doping levels: Er(0) is for the
undoped sample, Fr(1) for Nga/Nge ~ 5 X 10™*, Er(2) for
Nga/Nge = 1.4 x 1072, Er(3) for Nga/Nge = 3.5 x 1073,
and EF(4) for NGa/NGe =1.1x 1072,
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ifications in the tail and shoulder regions are deduced,
which are related to the slight reduction of the optical gap
observed for these heavily doped samples (see Fig. 6 and
Table I). For the a-Ge:H film with Nga/Nge = 1.1 x 1072
[curve IV in Fig. 8(b)], which is about the highest Ga
concentration studied in the present work, the Fermi level
reaches a distance from the valence-band edge of 0.36
eV [Er(4) in Fig. 8(b)]. Hence, the total energy region
swept by the Fermi level in the whole studied Ga concen-
tration range of 0 < Nga./Nge < 1.2 x 10~2 is about 0.3
eV. This is close to the value observed for glow-discharge
deposited a-Ge:H doped by B;Hg, for which E, is ob-
served to change from 0.5 eV down to a minimum value
of about®? 0.15 — 0.2 eV. Note, however, that both re-
sults are significantly larger than the corresponding total
Fermi energy shift of about 0.2 eV, as measured by pho-
toelectron spectroscopy for BoHg doped a-Ge:H.43

It is interesting to note the fact that the significant
structural modifications as deduced from the absorption
data start to appear when the Fermi energy enters the
lower part of the band gap. A similar effect has been ob-
served for B-doped glow-discharge a-Ge:H (Ref. 33) and
a-Si:H.4% This effect clearly shows a correlation between
the Fermi level position and the density of structural de-
fects in the p-type side, such as that expected from weak
bond-dangling bond-conversion models proposed for a-
Si:H.** Note, however, that the density of doping-induced
defects increases almost linearly with increasing dopant
concentration in the films for Ng./Nge > 5 x 107* [see
Fig. 7(b)]. This is different than the square-root de-
pendence of the defect density on the concentration of
dopant species in the forming gas typically observed in
P- and B-doped a-Si:H deposited by the glow-discharge
method.?!% For the case of a-Ge:H, on the other hand,
this dependence is not well established. The correlation
between the defect density and the Fermi level position
as observed for the present materials, as well as its de-
pendence on the dopant concentration, will be treated in
a forthcoming publication.

B. Hydrogenation

The infrared spectra measured for the whole studied
sample series show features corresponding to the wag-
ging and stretching Ge-H vibrational modes as previously
reported for a-Ge:H.*® The integrated intensity of the
wagging mode, which appears at a wave number of 564
cm™!, was found to remain unchanged with Ga incorpo-
ration in the whole studied Ga concentration range. Us-
ing the calibration constant reported in the literature,®
an atomic concentration of bonded hydrogen of about
5.5% is found, which is about the same as that observed
in the magnetron sputtered a-Ge:H films used for B dop-
ing by trymethilboron gas.?? The peak corresponding to
the stretching mode shows the splitting into two compo-
nents centered at about 1870 and 1970 cm~! wave num-
bers, respectively, as previously reported for a-Ge:H.%5
The component at lower wave number (the “bulk” mode)
has been attributed to insterstitial H atoms bonded to Ge
atoms in the bulk. The component at the higher wave
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FIG. 9. Ratio of the integrated intensities of the peaks
corresponding to the “bulk” and “surface” Ge-H vibrational
stretching modes (observed in the infrared absorption spectra
at wave numbers of 1870 and 1970 cm™! , respectively), as a
function of the Ga relative atomic concentration, Nga/Nge.

number (called the “surface” mode), on the other hand,
has been interpreted as being due to H atoms bonded
to internal surfaces, which constitute the boundaries of
voids typically existing in these materials.*® The changes
in the ratio of the integrated intensities of the surface
and bulk modes are, therefore, believed to represent the
changes in the effective void density in the films. Fig-
ure 9 shows the bulk mode-surface mode ratio as a func-
tion of the Ga content, Nga/Nge. It can be seen that,
within the experimental scattering in the data, the ra-
tio remains unmodified in the whole Ga concentration
region. From this result and the constant observed in-
tensity of the wagging mode, it can be concluded that no
significant modifications in the H bonding structure nor
in the void density are induced by the Ga incorporation
into the a-Ge:H network.

C. Estimation of the conductivity prefactor

The values for the Fermi level position as determined
from the conductivity results depend to some extent on
the validity of Eq. (2) and the assumption of a constant
prefactor for the conductivity for both electrons and holes
of 09 =~ 150 Q' cm™! used in Sec. III A. This assump-
tion, in additien, has been used in the present work and
by others22:33 to deduce a value for the mobility gap of
the material. In this subsection, the above assumption is
tested for the present data by comparing the conductiv-
ity prefactors of, which are determined experimentally
by extrapolating the linear o vs 1/T plots to 1/T = 0,
with the quoted value for og. For the case of doped and
undoped a-Si:H, it has been shown that the observed
differences between o and o¢ arise mainly due to the
temperature dependence of the Fermi energy and other
energy levels within the mobility gap.28:3! To a first order
approximation, the relation between oo and ¢ in such a
case should be given by®

4983

TABLE II. Calculated rate of variation with temperature
of Er (yr) and | EXg — Er | (yr) (both in units of k, the
Botzmann constant) and the corresponding conductivity pref-
actor o¢ as calculated from the experimental og values using
Eq. (6), for a-Ge:H films having different Ga concentrations.

NGB/NGEI US(Q_I cm“1)| ’)'F(k)l ’)‘G(k)l Uo(Q_l Cm_l)

0 1550 -0.43 -1.50 225
1.4x1073 862 0.41 -1.61 258
3.5x1073 362 0.81 -1.49 183
1.1x1072 305 0.58 -1.36 140

oo = o5 exp [—(vF +va)/k] , (6)

where k is the Boltzmann constant. Here, yr represents
the rate of variation of the Fermi energy with temper-
ature due to the statistical shift, and g is the rate of
change in |EJg — Er|, due to the temperature depen-
dence of the band gap. Table II shows the oo values
estimated from the measured conductivity prefactors o
for some of the studied a-Ge:H samples, using Eq. (6).
The values of 7g were calculated assuming the scaling
relation® yg = IE—;“";E;LH')'OP, where v,p = 4k is the tem-
perature dependence coefficient reported for the optical
gap of a-Ge:H.3! The values of yr were estimated by cal-
culating the statistical shift, using the DOS distributions
shown in Figs. 8(a) and 8(b) and full Fermi statistics,
taking into account the correlation energy of 0.1 eV for
doubly occupancy of the defect levels, but neglecting the
significantly smaller correlation energy for the band-tail
states.3® As can be seen in Table II, the estimated values
of o are in the 140-260 Q~! cm ™! range, which are in fair
agreement with the previously assumed value o9 =~ 150
Q7! cn~!. Note that similar values of o are obtained
for the samples considered, regardless whether they are
n-type (for the Ga-undoped a-Ge:H film) or p type (for
the Ga-doped samples shown in Table II). This fact sup-
ports the idea of approximately equal o for electrons
and holes and the procedure of using this assumption
for the estimation of the Fermi level position and the
mobility gap. While the present result agrees with the-
oretical arguments®' and similar experimental data for
a-Si:H,28 it is at odds with the conclusions of the work
by Hauschildt et al. in B- and P-doped a-Ge:H, who
interpreted their experimental transport data in a-Ge:H,
by invoking a o for holes larger by an order of magnitude
than for electrons.®

D. Concluding remarks

It has been shown that upon additions of Ga into a-
Ge:H significant changes in the conductivity are mea-
sured. The optical band gap for 0 < Nga/Nge <
1.4 x 1072 is not modified by Ga, indicating that the
observed changes in the conductivity are due to shifts in
the Fermi energy produced by Ga acceptorlike states in
the valence-band-tail region. For higher Ga contents, a
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small reduction of the band gap is detected, which con-
tributes slightly to the conductivity increase observed in
this concentration region. The infrared data shows that
this effect is not related to a reduced hydrogenation of
the material induced by Ga, in contrast to what was re-
ported for BaHg doped glow-discharge a-Si:H.22 In the
present case, the band-gap reduction appears to be as-
sociated with the increasing bonding and structural dis-
order introduced by the Ga. This disorder is primarily
reflected by the increase in the band-tail slope parameter
EX for moderate and high Ng./Nge. values, as shown in
Fig. 7(a). The increasing defect density usually observed
with increasing doping level in hydrogenated amorphous
semiconductors334? [see also Fig. 7(b)] can be under-
stood in the framework of weak bond-dangling bond-
conversion models, such as those proposed by Street and
Winer** and Stutzmann,*® for a material having a given
valence-band tail, which is assumed to represent a weak-
bond reservoir for dangling bond creation. However, the
mechanism leading to the increase in the valence-band-
tail slope itself, as usually observed with increasing dop-
ing level in a-Si:H and a-Ge:H [and also in Fig. 7(a)],
is not considered in these models. One source of struc-
tural disorder leading to the increase in the slope of band
tails is probably the increasing number of dangling bonds
induced by doping®%® and the associated expected re-
laxation of lattice sites in the vicinity of these bonds.
However, an important source of bonding and structural
disorder, which should be considered, is the large num-
ber of nonactive impurities incorporated, which for the
case of Ga are expected to be bonded in sp? configura-
tions, in contrast to the Ge-Ge sp® hybrids characteris-
tic of the a-Ge:H network. Since the doping efficiencies
in amorphous semiconductors are typically of the order
of5%10 1% the great majority of the incorporated Ga
atoms will contribute to this disorder by increasing the
overall width of the network bond length and bond angle
distributions and hence the slope of the band tails. For
sufficiently high amounts of Ga atoms in the amorphous
network, modifications at both band edges may also oc-
cur, thus producing the observed overall band-gap nar-
rowing. Clearly, more work should be done in trying to
identify the mechanism of Ga-induced band-gap narrow-
ing observed for high Ga incorporation, which appears to
be general to other p-type dopants in a-Ge:H.2°

V. SUMMARY

In this work, the changes in the dark conductivity, op-
tical absorption, and hydrogen bonding of rf-sputtered
a-Ge:H, which are induced by adding small quantities of
Ga atoms (3.2x107° < Ng./Nge < 1.2 x 1072) into the
amorphous network, were studied in detail. The follow-
ing changes were found.

(1) Ga acts as a substitutional dopant in rf-sputtered
a-Ge:H, with a doping efficiency comparable to that of B
in a-Ge:H.
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(2) No changes in the magnitude of the band gap are
observed for 0 < Nga/Nge < 1.4 x 1073, For higher Ga
contents a gradual narrowing of the band gap is observed,
which is not related to changes in the amount of bonded
hydrogen in the material.

(3) No changes in the hydrogen bonding nor in the
effective void density are observed to be induced by the
Ga in the material in the whole studied Ga concentration
range.

(4) The position of the Fermi level, with respect to the
conduction path levels, was determined from the conduc-
tivity results assuming conduction in extended states and
a common constant prefactor for the activated conductiv-
ity for both electrons and holes. The total energy region
swept by Er in the studied Ga concentration range is
about 0.3 eV, which takes into account the slight band-
gap narrowing observed at the highest studied Ga con-
centrations.

(5) A semiquantitative electronic density of states dis-
tribution for the a-Ge:H and its evolution with Ga dop-
ing was deduced systematically by fitting an analytical
model®* to the optical absorption data (transmission and
PDS). It was inferred that no Ga-induced changes in
the DOS (and possibly no significant structural modi-
fications) exist in the 0 < Ng./Nge < 4 x 10~* range.
For higher Ga concentrations, a significant increase in
the defect density and band-tail slope is observed with
increasing Nga/Nge. This effect seems to be correlated
with the Fermi level entering the lower part of the band
gap and approaching the valence-band-tail region, the
material becoming p type.

(6) The validity of the assumptions made for the anal-
ysis of the conductivity data was confirmed by evaluating
the conductivity prefactor for both n- and p-type films,
using the parameters for the density of states as derived
from the absorption data. The results were found to be in
the 140-260 Q! cm~'range, which is in fair agreement
with o9 =~ 150 Q7! cm™? proposed in the literature3! and
used in the present analysis. Similar oy values were found
for n-type and p-type samples, thus supporting previous
assumptions of equal conductivity prefactor for electrons
and holes?? and in agreement with conclusions of both
similar experimental work in a-Si:H (Ref. 28) and theo-
retical arguments.3!

(7) Significant tendency for Ga segregation is observed
for a-Ge:H having Ga atomic concentrations approach-
ing 1 x 10~2. This effect does not appear to contribute
additional transport mechanisms to the conductivity.
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