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The effects of alloying on the shape of the Arrhenius plots of the dc conductivity of glow-
discharge a-Si;_,Ge,:H with 0<x =<1 have been investigated in the temperature range 30-250°C.
For 0 <x <0.3 the Arrhenius plots show a downward kink or negative concavity around a tempera-
ture T, whereas an upward kink or positive concavity is observed for 0.3 <x <1. Thermal quench-
ing from 250°C induces a lowering of a nonequilibrium dark dc conductivity in the first case and an
increase in the second. Good correlation is found between 7} and the equilibrium temperature Tg
(in the range 90°C-190°C) and suggests that the shape of the Arrhenius plots is essentially due to
metastability. The possible implications to the change in the density-of-states distribution induced
by Ge incorporation and by thermal quenching are discussed. )

I. INTRODUCTION

Amorphous hydrogenated silicon-germanium (a-
Si; _,Ge,:H) alloys are potentially valuable materials for
solar cells' and other device applications.?* Their attrac-
tion comes from the possibility of adjusting their band
gap continuously from 1.7 eV (a-Si:H) to about 1 eV (a-
Ge:H). However, optoelectronic properties of a-
Si,_,Ge,:H films are inferior to those of @-Si:H films*
and the detailed distribution of the density of states
(DOS) in the gap is still controversial.’ In recent pa-
pers®’ we have shown that the study of Arrhenius plots
of the dc conductivity of undoped a-Si:H can shed some
light on the change of DOS in relation to metastability.
Since thermally induced metastable phenomena have re-
cently been observed® !° in a-Si;_,Ge,:H we here pro-
pose to extend this research on the connection which may
exist between the shape of the dc conductivity versus
T ! characteristics and the dependence of the DOS with
temperature.

II. EXPERIMENTAL

The samples have been deposited in the ARCAM reac-
tor'! by using the conventional diode radio-frequency
(13.6 MHz) decomposition of SiH,—GeH,-H, mixtures.
The dilution ratio Rp =[GeH,]/([GeH,]+[H,]) is set to
0.10 for a-SiGe:H films and to 0.01 for a-Ge:H films. The
solid-phase Ge content is changed by varying the ratio
R;=[GeH,)/([GeH,]+[SiH,]). Preparation conditions
and characteristics of the films are given in Table I. De-
tails about film analysis, optical properties, and conduc-
tivity measurements are given elsewhere.*!271¢ We only
recall here that conductivity was studied in coplanar
configuration, the samples were first annealed at 250°C
(the substrate temperature during deposition) for 30 min
and then cooled to room temperature at quench or slow
cool rates, and the conductivity-temperature characteris-
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tics were recorded as the samples were warmed up to
250°C (heating rate 1°C/min). It is worth noting that the
curves obtained after slow cool can also be obtained by
slowly cooling from 250°C.

III. RESULTS

Though unimportant in the context of this paper, we
note in passing that the Tauc gap E; of our ¢-SiGe:H al-
loys varies linearly with the atomic fraction x of Ge ac-
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FIG. 1. Temperature dependence of the dc conductivity of
samples showing a downward kink and oy <ogc. Cooling rates
from 250 °C to room temperature: Q, 10°C/s; SC, 0.05°C/s.
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FIG. 2. Temperature dependence of the dc conductivity of
sample 4 showing neither quenching effect nor kink. Cooling

rates from 250°C to room temperature:

0.05°C/s.

10°C/s; SC,

o

1.74—0.77x in excel-

cording to the equation Eg; (eV)

lent agreement with the results of Mackenzie et al.!’

Figures 1, 2, and 3 show typical Arrhenius plots of the

conductivity of our undoped films. The following are ob-

served.

E; > 1.5 eV, there is a downward kink,

’

(i) 0<x<0.3
and the conductivity o, measured after quenching is

lower than the conductivity og- measured after slow

Ty is the tem-

perature above which the dc conductivity is independent

cooling for temperature lower than T.
of the prior thermal history.
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FIG. 3. Temperature dependence of the dc conductivity of
Ge-rich samples (x>0.3) showing an upward curvature and
0o >0gc. Cooling rates from 250°C to room temperature:

10°C/s; SC, 0.05°C/s.
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FIG. 4. Example of time dependence of the normalized reduced conductivity of sample 2 at different temperatures. The solid lines
are fitted to the data using the function exp[ —(z /7)P] with 8 and 7 values given in the figure. The activation energy of 7is ~ 1.4 eV.

(i) x ~0.3; Eg ~ 1.5 eV, the Arrhenius plot is a straight
line. No influence of cooling rates can be observed.

(iii) 0.3 <x <0.6; E; <1.5 eV, there is an upward Kkink,
and 0y > ogc.

(iv) For x=1, E;=1.03 eV, corresponding to pure a-
Ge:H we find again behavior (i).

The changes in conductivity induced by quenching are
reversible and we have been able to cycle between
quenched and slow-cooled states repeatedly. After
quenching and stabilizing the film substrate at T <Tjg,
the conductivity o(z) increases (0 =x <0.3 or x=1) or de-
creases (0.3 <x <0.6) monotonically to an equilibrium
value. Figure 4 shows an example of the time depen-
dence of the normalized conductivity. The evolution is
not a simple exponential; increasing the temperature
speeds the relaxation process. For every type of film, and
as already extensively shown for pure a-Si:H (Ref. 12)
and a-GeH, '® the behavior of o (t) is well described by a
stretched exponential function exp[ —(¢/7)?]. The time
constant 7 is thermally activated.

IV. DISCUSSION

A. Comparison with other results

As already observed®’ in the case of undoped or doped
a-Si:H it is interesting to note that there is a perfect
correlation between the kink curvature and the conduc-
tivity change after a quench. More precisely we see that
when there is an upward (downward) kink, the quenched
conductivity is higher (lower) than that obtained after
slow cooling. To our knowledge such a change in the

shapes of the characteristics and in quenching behavior
has never been pointed out by the many researchers who
have studied the electronic properties of a-SiGe al-
loys. #8710.1%.19.20 However, it should be noted that Bul-
lot et al.'® have only studied Si-rich a-SiGe:H alloys
(x =0.38) and limited their conductivity study in the
range 20°C-100°C, whereas for our Si-rich a-SiGe:H al-
loys we observed kinks at temperatures of about
180°C-190°C (Fig. 1, Table I). Aljishi, Smith, and
Wagner* in their study of a-SiGe:H,F alloys have also
limited their temperature range up to 60°C. On the con-
trary, Mackenzie et al.!”? studied the dark conductivity
of a-SiGe:H and a-SiGe:H,F up to 230°C. They claimed
that practically all their alloys show a downward kink up
to x ~0.53. However, they pointed out that a sample
with x=0.5 does not show a kink.!” It should be noticed
that their a-SiGe:H was grown from a SiH,-GeH, mix-
ture, whereas we used a mixture diluted in hydrogen.
Another interesting observation of Bullot et al.!® is that
samples with x=0.38 (E;=1.5-1.6 eV) show no reversi-
ble change in the dark and photoconductive properties as
upon light soaking. This transition around E;~=1.4 eV
of the susceptibility to light soaking and of other proper-
ties of a-SiGe alloys have also been reported by Wagner
et al.?' and Stutzmann et al.?? It is roughly in this range
of x values that we observed no quenching effects.

In their study of a-Si; _, Ge, :H,F films with an optical
gap down to 1.33 eV, corresponding to x ~0.5, Liu
et al.®° and Shimizu et al.'® observed that 0o <oy for
Tr =125°C-140°C and in agreement with our above ob-
servation, oy <ogc corresponds to a downward kink in
the Arrhenius plot of the conductivity.
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B. Explanation of the kink

Before discussing the shape of the Arrhenius plots we
wished first to exclude an explanation of the upward
kinks observed for 0.3 <x <0.6 in terms of change of the
conduction path. Indeed, it is well known that conduc-
tion in amorphous materials is dependent on the defect-
state distribution. The presence of both band-tail states,
near the mobility edges, and a high density of localized
states deep in the gap, can lead to several transport chan-
nels that dominate conduction in different temperature
regimes.?> At high temperatures, conduction is due to
carriers excited into extended states. As the temperature
is lowered the conduction path shifts to lower energies,
below a mobility edge; this leads to an upward curvature
in the Arrhenius plot of the conductivity. If the curva-
tures observed in Fig. 3 were due to the emergence of
hopping conduction near the mobility edge E. or at the
Fermi level as the temperature is lowered, one would
have to admit that the hopping process begins to play a
role when the conductivity is near 5X1077 Scm™!
(Tx =145°C) for sample 5 and near 5X10°% Scm™!
(T, =85°C) for sample 6 in disagreement with an in-
crease of the DOS below E. or near E, with Ge con-
tent!® (Table I). A transition from extended states to lo-
calized states conduction has been observed below room
temperature by Aljishi, Smith, and Wagner* in a-SiGe:H,
F alloys. The magnitude of the dc conductivity and ac-
tivation energy we measured near or just above room
temperature in our samples (Table I) agree quite well
with their results. Following these authors and also Bul-
lot et al.'® we then assume that in the temperature range
considered here, conduction arises from electrons excited
above a mobility edge E.. This assumption immediately
leads to the conductivity

o(T)=opexp— [(Ec—Ep)/kT], (1)

where Ej is the Fermi level and o, the preexponential
factor of the conductivity which is temperature indepen-
dent and has a value of about 50—150 Scm™ 1?25 Then
according to Eq. (1), a kink is related to the temperature
dependence of E. —Ep. More precisely, we can say that
a kink necessarily arises from a sharp change in the tem-
perature dependence of E.—E. E.—Ej is temperature
dependent because the gap Eg, the neutrality equation,
and the DOS depend on the temperature. Though we do
not have much information about the change of the gap
with temperature in a-SiGe:H, we exclude, as is the case
for a-Si:H, that this could explain the kink. Indeed it
would be very surprising that the shrinking gap leads to a
downward kink for x<0.3 and an upward kink for
x>0.3. Let us now examine the two other possibilities.

The Fermi level is determined by solving the neutrality
equation

n+D =p+Dt )

where n and p are the electron and hole densities in ex-
tended and localized band-tail states, and D~ and Dt
are the densities of charged defects, such as dangling
bonds. Equation (2) can be written as

9795

[ 8(E,I)f (E,Ep, T)VAE + [ gp(E, T)f ~(E,Ey, T)dE
= [&,(E, D)1~ f(E,Ep, T))dE
+ [ep(ET)f T (E,Ep, TVE ,  (3)

where g, g,, and g, are the DOS for the conduction, the
valence, and the defect bands, respectively, f is the Fermi
function, and f~ and f T are the distribution functions
for correlated states as given by Okamoto et al.?®

Then according to Eq. (3), the Fermi level can be tem-
perature dependent because (i) f,f ~,f are temperature
dependent: that is what is called the statistical shift;?* (ii)
8., 8, and gp can be temperature dependent if thermal-
equilibrium processes are present in the sample.%?’
Therefore, a kink will appear if there is a (sudden) change
in the magnitude of the statistical shift of E, or a change
in the temperature dependence of the DOS. In previous
papers’-?® about a-Si:H we have investigated both possi-
bilities, the conclusion being that although a contribution
to the kink from the statistical shift cannot be totally ex-
cluded, the observed facts suggest thermal equilibrium
processes as a more natural and preferable explanation.
Since it is shown in Figs. 1-3 that both kink and metasta-
bility are observed in our samples and that Ty and T,
(the kink temperature at which the produced high- and
low-temperature lines cross in the Arrhenius plot) are
correlated (Table I), we propose that the kink is caused
by the freezing of the sample in a nonequilibrium
configuration, and that the kink is essentially due to a
sudden change in the temperature dependence of the
DOS. At high temperature, T > T, the sample is al-
lowed to equilibrate and then two factors contribute to
the shape of the conductivity plot: the statistical shift
and the temperature dependence of the DOS. For low
temperature, T < T the statistical shift is always present
but the DOS is frozen because the time needed to reach
equilibrium is much longer than the experimental time
scale. Then there is a sudden change in the temperature
dependence of the DOS at T'= T =T, at which the kink
happens. Let us now examine the shape of the conduc-
tivity plot.

A linear Arrhenius plot for o(7) means, according to
Eq. (1), a linear E-—E temperature dependence

(EC—EF)T:(EC_EF)O—'}/kT ) (4)
which with Eq. (1) immediately leads to
o(T)=o3exp(—E, /kT) , (5)

where E,=(E:—Eg), is the temperature-independent
activation energy and corresponds to E. — Ej. extrapolat-
ed to T=0 K (Fig. 5) and 0§ =oyexp(y) is the measured
preexponential factor. y includes the red shift of the gap
(y ) and the shift of E; (yp),

Y=v¢/2tvp

(y /2 is taken when one assumes a uniform scaling of
the gap energies and Ep around midgap).
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In order to explain the three typical behaviors of the
Arrhenius plots shown in Figs. 1-3, the Fermi level must
behave (excluding y; for clarity) as shown in Fig. 5. A
downward (upward) kink means that Ep in the high-
temperature range is further (closer) to the mobility edge
E_ than it would be without a kink. Everything happens
as if, after a quench, the sample partially ‘“‘remembered”
this position of E and had a lower (higher) conductivity.
This is easy to understand in terms of the glass model, %
and seems an argument in favor of the explanation of the
kink by this model: if the kink resulted only from a sta-
tistical shift there would be no reason for the samples to
“remember” the position of E at higher temperature.

The nearly constant values of E-—E schematically
shown in Figs. 5(a) and 5(c) at low temperatures and in
the whole temperature range in cases (b) simply mean
that taking the experimental values of of (Table I),
0y=~50-150 Scm™!, and y; =S5, it is easily shown that
lyrl has lower values (of order 1.5-2) in the low-
temperature range than in the high-temperature range
where ¥ z~3—4. These low values of |y | confirm ear-
lier calculations and experiments’2> which show that, at
low temperatures, the statistical shift of Ep is weak.
They also confirm that, as the temperature rises, the shift
of Ep becomes important when the DOS begins to
change above T.

C. The change in the DOS distribution induced by quenching
and by the variation of temperature

In the following we discuss the expected changes in the
DOS which would explain the previous experimental re-
sults and as in Sec. III we distinguish different composi-
tion ranges of the alloys.

(i) 0=x<0.3. In this comparison range the alloys
behave essentially as pure a-Si:H, therefore, as suggested
by Wagner et al.>® and Chahed et al.,> we suppose that
the D% (Si)/D% (Si) levels associated with Si dominate.
We then adopt the same interpretation as that already

-
Y
]
wt
-

FIG. 5. Schematic representation of the behavior of the Fer-
mi level with temperature, after slow cool (SC) and quenching
(Q). Ec is the conduction-band mobility edge. Eur and E, 1
are the activation energies of dark conductivity in the high- and
low-temperature ranges separating the kink, respectively. For
simplicity the gap shrinking has been neglected and the con-
stant values of Ec — Ep simply mean that in the considered tem-
perature range |yp| is smaller than in the other part of the
curve. Curves a,b,c, explain the Arrhenius plots shown in Figs.
1, 2, and 3, respectively.

given in the case of a-Si:H.® Besides an increase of the
defect density with temperature, the temperature depen-
dence of the energy E° (T) of the peak of the D% (Si)
levels is given by

E° (T)—E,=E +E}/kT . (6

E, is the valence-band mobility edge and E ,, and E, are
the energy of the maximum and the width of the distribu-
tion of annealing energies of dangling bonds as given by
Smith et al.’!

Ep is roughly pinned at E®~ — U /2, U being the posi-
tive correlation energy of about 0.2 eV.?? Quenching
from Ty > Ty freezes the D°” and D" peaks at their
equilibrium location at T, provided that equilibrium was
achieved. Slow cooling freezes the peaks near T and
then according to Eq. (6): Epgc)y=E° (Ty)—U/
2>E% (Ty)—U/2=Epy, showing that ogc>0g.
Below T, the D° and D" peaks are frozen, Ej is tem-
perature independent. When T increases above Ty,
E°(T) and Ep(T) decrease [Eq. (6)]. These two results
qualitatively explain the curves in Figs. 1 and 5(a).

(ii) 0.3 <x <0.6. In that range of Ge-rich alloys the Ge
dangling bonds dominate>?%%° and we then adopt for the
DOS the model given by Stutzmann et al.?* and that is
shown in Fig. 6. Considering the different bonding ener-
gies between Si and Ge atoms and the possibility that the
microscopic strain is preferentially concentrated on the
softest bonds, i.e., Ge—Ge, these authors proposed that
the deepest valence band-tail states are preferentially
caused by localized bonding orbitals of weak Ge—Ge
bonds, whereas Si—Ge and Si—Si bonds lead to more

E°-(Ge) -

E°-(Si) [ihiss
E°+(Ge)

E°+(Si)
Eypg(Ge-Ge)

Evg(Si-Ge)

Evg(Si-Si)
Ey

N(E)

FIG. 6. Schematic model of the DOS in Ge-rich (x> 0.3) a-
Si;_,Ge,:H alloys according to Stutzmann et al. (Ref. 22). VB
is the valence-band tail; the energies E°* and E°~ correspond
to singly and doubly occupied dangling bonds; Er denotes the
position of the Fermi level, U is the correlation energy of dan-
gling bonds.
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shallow states. This picture is schematically shown in
Fig. 6. The position of the Fermi level is imposed by the
neutrality condition which reads D ~(Si)=D T (Ge); these
charges are presented in Fig. 6 Considering now the
different energy levels, it is seen that the energy
E%*t(Ge)— Eyp(Ge—Ge) needed to create a D%Ge) can
be lower than the energy E°"(Si)— Ey(Si—Si) needed to
create a DOSi) [the energy gained to transform them
eventually into D *(Ge) and D ~(Si) being comparable].
As the temperature rises above T, the density of
D%"(Ge) levels increases more than the density of
DO (Si), so does D t(Ge) as compared to D ~(Si). In or-
der to maintain the charge neutrality, it is easily shown
from Fig. 6 that E must increase. This qualitatively ex-
plains the kink and quenching effects in Fig. 3 and the de-
crease in E-—Ep shown in Fig. 5(c). It is worth noting
that this picture could also explain the increase of the
dark conductivity and the decrease of the photoconduc-
tivity upon light soaking observed in these Ge rich
films. 3

From measurements of gap states by modulated photo-
current spectroscopy, Tsutsumi et al.*3 also proposed
that a switch of the predominant deep centers occurs
from Si dangling bonds to Ge dangling bonds as the Ge
concentration approaches 35 at. %, which corresponds to
an optical gap of around 1.5 eV. However, contrary to
Stutzmann et al.?? it is suggested that the D% (Ge)
center is located deeper by about 0.1 eV than the D™ (Si)
center. Using the preceding reasoning it is easily shown
that such a DOS cannot explain our results. Further-
more, the energy location of the D (Ge) at 0.3-0.4 eV
below E, as proposed by Tsutsumi et al.,* and a corre-
lation energy of about 0.2 eV lead to Eo—Ep~0.4-0.5
eV, hardly compatible with our measured activation ener-
gy. We then preferred the model given by Stutzmann
et al.??

(iii) x ~0.3. The densities of Si- and Ge-like dangling
bonds should then be comparable. It is easily understood
that in this Si-rich alloy the fact that weak Ge—Ge bonds
are easier to break than weak Si—Si bonds can be com-
pensated by the higher density of weak Si—Si bonds rela-
tive to weak Ge—Ge bonds, so that D ~(Si) and D *(Ge)
increase in the same way as temperature rises above T,
maintaining charge neutrality without any change in Ef.
Arrhenius plots of conductivity are then straight lines
and no quenching effects can be observed.

(iv) x=1. In pure a-Ge:H the dominant deep defect-
state distribution is solely due to Ge dangling bonds. !
Therefore we can expect that the explanation given in (i)
prevails for a-Ge:H and a-Si:H, explaining well why these
two types of films have quite similar behaviors (Fig. 1).
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V. CONCLUSION

The Arrhenius plots of dc conductivity of a-SiGe:H al-
loys studied in the range 30°C-250°C show three typical
behaviors. For pure a-Si:H, pure a-Ge:H, and Si-rich a-
Si;_,Ge,:H (x<0.3), a downward kink is accompanied
with a quenched conductivity lower than the conductivi-
ty obtained after a slow cool. The kink is essentially due
to metastability and occurs near an equilibrium tempera-
ture T where the DOS, dominated by Si dangling bonds,
or Ge dangling bonds in the case of pure a-Ge:H, is al-
lowed to equilibrate and shifts towards E, as the temper-
ature rises. T is in the 160°C-200°C range. For Ge-
rich alloys (0.3 <x =<0.6) an upward kink coupled with an
increased quenched conductivity is observed. The defect
states due to Ge dangling bonds dominate and are more
susceptible to temperature than the Si-like defects. How-
ever, both kinds of defects coexist in the same energy re-
gion near midgap and the maintain of charge neutrality
imposes an increase of the Fermi level when the tempera-
ture rises, thus explaining the kink curvature and the
higher quenched conductivity. An equilibrium tempera-
ture Ty of order 90°C is observed for x=0.6. In the in-
termediate composition range, x =0.3, Si- and Ge-like
DOS should increase with temperature in a similar way
because, though the weak Ge—Ge bonds are easier to
break, they are fewer than the weak Si—Si bonds. The
neutrality can be satisfied without a shift of E;. Straight
Arrhenius plots and no quenching effects are then ob-
served.

Finally this work adds to the mounting evidence that
in undoped or doped a-Si:H, a-Ge:H, a-SiGe:H, and a-
SiC:H (Ref. 34) alloys, there is a perfect correlation be-
tween the kink curvature and the conductivity change
after a quench. It is interesting to note that it has recent-
ly been found that Tz =230 °C for undoped ¢-SiN:H films
with E; > 1.8 eV.*> This is in agreement with our obser-
vation of no kink up to 200°C in that kind of film.*® The
kinks currently observed in the Arrhenius plots of the
conductivity should then mainly be due to metastability.
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