Journal of
Applied Physics

ARTICLE scitation.org/journalljap

Hopping charge transport in hydrogenated
amorphous silicon-germanium alloy thin films

Cite as: J. Appl. Phys. 131, 225110 (2022); doi: 10.1063/5.0077441

Submitted: 11 April 2022 - Accepted: 19 May 2022 -
Published Online: 13 June 2022

@

View Online

®

CrossMark

th

Export Citation

L. Stolik,' {2 M. A. Eslamisaray,” () E. Nguyen,’

U. R. Kortshagen,”

and J. Kakalios'

AFFILIATIONS

'School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA
ZDepartment of Mechanical Engineering, University of Minnesota, Minneapolis, Minnesota 55455, USA

ABSTRACT

Measurements of the dark conductivity and thermoelectric power in hydrogenated amorphous silicon-germanium alloys (a-Si;.,Ge,:H)
reveal that charge transport is not well described by an Arrhenius expression. For alloys with concentrations of Ge below 20%, anomalous
hopping conductivity is observed with a power-law exponent of 3/4, while the temperature dependence of the conductivity of alloys with
higher Ge concentrations is best fit by a combination of anomalous hopping and a power-law temperature dependence. The latter has been
attributed to charge transport via multi-phonon hopping. Corresponding measurements of the Seebeck coefficient reveal that the
thermopower is n-type for the purely a-Si:H and a-Ge:H samples but that it exhibits a transition from negative to positive values as a
function of the Ge content and temperature. These findings are interpreted in terms of conduction via hopping through either exponential
band tail states or dangling bond defects, suggesting that the concept of a mobility edge, accepted for over five decades, may not be
necessary to account for charge transport in amorphous semiconductors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0077441

I. INTRODUCTION

Interest in amorphous semiconductors stems in part from
their use in applications that do not require the high electronic
mobility of single crystal materials but rather call for electronic
materials to cover large surface areas on a variety of substrate sur-
faces at low cost.'™ To list just a few examples, the ubiquity of
light-weight, low-power flat panel liquid crystal displays is due in
part to advances in the fabrication of hydrogenated amorphous
silicon (a-Si:H) based thin-film transistors, employed to modulate
the optical properties of the large array of liquid crystal pixels.*
Xerography™® and medical x-ray imaging’ also make use of the
large-area advantages of thin-film semiconductors, and amorphous
semiconductors are promising candidate materials for high-energy
particle detectors and satellite-based solar cells as their random
atomic arrangements lead to them being less susceptible to damage
following exposure to ionizing radiation than crystalline
semiconductors.*™'" Photovoltaic devices require large surface areas
to maximize solar absorption, and while a-Si:H-based solar cells
have lower conversion efficiencies than crystalline Si-based photo-
voltaics as well as stability issues, they can be easily deposited on a
wide range of substrates (as there are no lattice matching con-
straints) over large areas at any desired thickness.'"'* The optical
gap of a-Si:H can be varied by alloying with germanium or carbon,

making these alloys attractive for large-area thin-film photovoltaic

applications. One technique adopted to work around the stability
issue is to fabricate a-Si:H-based tandem cells, where an a-Si:H
solar cell is sandwiched between solar cells composed of amor-
phous alloys of silicon-carbon and silicon-germanium, having
larger and smaller bandgaps, respectively, compared with a-Si:H."”
One of the most basic but also striking characteristics of
charge transport in amorphous semiconductors is the observation
that the temperature dependence of the dark conductivity is consis-

tent with a simple, thermally activated expression, where the activa- :

tion energy is approximately half of the optical gap. While a
thermally activated conductivity in crystalline semiconductors is
attributed to a gap in the density of states between the valence and
the conduction bands, in amorphous semiconductors, there is a
continuous distribution of states between the highest energy occu-
pied level and the lowest energy unoccupied level. In these strongly
disordered materials, the thermally activated conductivity is instead
ascribed to the presence of a “mobility gap” separating localized
and extended states, first proposed by Sir Neville Mott in 1967."
However, recent studies have found that the conductivity of
undoped'” and n-type doped a-Si:H,'® as well as composite films of
a-Si:H containing nanocrystalline inclusions of either silicon or ger-
manium (nc-Si or nc-Ge),” is not, in fact, thermally activated, but
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rather is best described by an anomalous hopping expression

o(T) = o1 exp {— (%) ], (1)

where o is the electrical conductivity, T is the temperature, T, is a
characteristic temperature, o, is the pre-exponential factor, and the
exponent k¥ ~ 0.75 + 0.05. This k = 3/4 temperature dependence
has also been found to describe the low-temperature conductivity
of ultra-thin disordered films of Ag, Bi, Pb, and Pd,'’” two-
dimensional electron systems in high parallel magnetic fields,"*"”
ultra-thin quench condensed Bi films,”’ carbon-black polymer
composites,”  weakly coupled Au nanoparticles,” and ZnO
quantum dot arrays.” There is no accepted theoretical model for
this conductivity temperature dependence.

These observations raise the question as to whether this tem-
perature dependence is observed in other amorphous semiconduc-
tors. In this paper, we report measurements of the temperature
dependence of the dark conductivity of a series of undoped hydro-
genated amorphous silicon-germanium alloys, where the Ge
content is varied from 0% (pure a-Si:H) to 100% (pure a-Ge:H).
We find that for low Ge concentrations, anomalous hopping is
observed, while for higher Ge concentrations, the dark conductivity
below room temperature displays a power-law dependence on tem-
perature, suggesting that charge transport proceeds via multi-
phonon hopping. That conduction takes place, at least in part,
through hopping via midgap defects even above room temperature
is consistent with the measurements of the Seebeck coefficient in
these films, reported below.

This paper is organized as follows. Section II presents an over-
view of sample preparation and structural characterization, along
with the dark conductivity, thermopower, and photoconductivity
measurement procedures. The results of conductivity, Seebeck coef-
ficient, and photoconductivity measurements are presented in
Sec. IIl. A model to explain the high and low-temperature
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conductance and thermopower results is discussed in Sec. IV
Finally, features of the charge transport mechanisms in the amor-
phous silicon-germanium alloys are summarized in Sec. V.

Il. EXPERIMENTAL METHODS AND SAMPLE
CHARACTERIZATION

Hydrogenated amorphous silicon-germanium (a-Si, ,Ge,:H)
thin films were synthesized in a plasma enhanced chemical vapor
deposition (PECVD) reactor, where a low-temperature plasma was
employed to dissociate silane (SiH,) and germane (GeH,) precur-
sors dynamically mixed with a carrier gas, argon (Ar). By varying
the silane to germane ratio injected into the chamber, we deposited
a series of a-Si;_,Ge:H thin films, with 0 < x < 1.0, onto low
ion-impurity quartz substrates maintained at 520 K during film
growth. An RF power of 4 W at 13.56 MHz (an electrode area of
62.2cm? and an electrode separation of 2.4 cm) was applied at a
chamber pressure of 220 mTorr. The films’ thicknesses, determined
using a KLA-Tencor P-7 stylus profiler, are ~2 um, except for the
pure a-Si:H film, the thickness of which is 0.85um, and for the
a-Ge:H film, which is 0.33 um thick. Coplanar aluminum electrodes
of thickness 150 nm, length 10 mm, and electrode separation of
4 mm were deposited across the surface of the sample following
deposition. These electrodes yielded linear current-voltage charac-
teristics at all temperatures investigated.

As the Ge/Si ratio incorporated into the growing amorphous
film differs from the GeH,/SiH, ratio used in the reactor chamber,”*
it is important to independently determine the precise stoichiometry
of the films. The Ge and Si content of the alloy thin films was deter-
mined via x-ray photoelectron spectroscopy (XPS), as shown in
Fig. 1(a). The films studied here were determined to have germa-
nium concentrations of x =0, 0.17, 0.48, 0.73, 0.93, and 1.0.
The relative Si and Ge content was further confirmed through
Raman spectroscopy, where the LO and TO modes of silicon and
germanjum are detected. Raman spectra for the a-Si; ,Ge:H film
series, shown in Fig. 1(b), was measured using a 514.5- nm argon
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FIG. 1. (a) X-ray photoelectron and (b) Raman spectra of a-Siy.,Ge,:H film series showing the composition of amorphous thin films with different Ge concentrations.
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ion laser focused to a spot size of ~0.3 um in diameter at a power of
less than 6 mW, with care taken to avoid crystallization of the films.
As expected, there is an appreciable reduction of the Si-Si TO mode
(at ~476cm™') and an increase of the Ge-Ge TO mode (at
~269 cm™") as the Ge concentration determined by XPS increases.
Moreover, the peak corresponding to the SiGe mode (at ~371 cm™")
appears in samples with the Ge/Si ratio near 50/50.

The dark conductivity was measured in a closed-cycle He
cryostat, capable of maintaining stable temperatures from 10 to
500K at a pressure below 1mTorr. The highest temperature
employed was ~500K, in order to stay below the deposition tem-
perature of 520 K at which the films were synthesized. Annealing at
or above the deposition temperature induces irreversible changes in
the electronic properties of a-Si:H, while the lower temperatures are
limited by the current that can be reliably measured. A DC voltage
of up to 100 V was applied across the coplanar electrodes and the
current was measured by using a femto-ammeter. As the samples
presented here were all undoped and very resistive, with room tem-
perature resistances between 1 GQ and 100 TS, any contact resis-
tances that may be present at the interfaces between the sample
and the electrodes, expected to be less than a few hundred Ohms,
are negligible in our final current measurements. All samples were
first annealed at 470 K in the dark under vacuum (annealed state
A) to remove any effects due to prior light exposure (the Staebler—
Wronski effect™) or surface adsorbates such as water vapor’® that
could induce a surface charge and band bending in thin films.

Deviations from Arrhenius behavior were determined through
a reduced activation energy analysis technique. In this procedure,
developed by Zabrodskii and Shlimak,”” the logarithmic derivative
of the conductivity W(T) = 422 is computed and plotted against
temperature on a log-log plot. A conductivity temperature depen-
dence of the form of Eq. (1) will result in a straight line of slope .
Known « values could be due to thermally activated conduction
(x = 1), Efros-Shklovskii variable range hopping (x = 1/2),”® Mott
variable range hopping (x = 1/4),”” or for k = 0, a power-law tem-
perature dependence (o ~ T" where n > 1) that is often ascribed
to multi-phonon hopping processes.

Measurements of the Seebeck coefficient were performed in a
custom-made system. Inside a vacuum chamber capable of reaching
~30 mTorr, the sample was placed across two copper blocks 4 mm
apart such that the sample’s deposited coplanar electrodes were
directly above the edges of the copper blocks. A 50 W cartridge
heater is embedded within each Cu block. The temperatures of the
blocks T} and T were set so that the average is T, = % and the
temperature gradient is AT = T; — T5. The temperature equilibration
times were sufficiently long (2 min) to ensure a uniform temperature
between the blocks and the sample surface. The temperature gradient
set across the sample electrodes induced a thermoelectric voltage
(AV =V, — V3) across the sample. For each average temperature,
thermal gradients AT varying from +8 with 1 K intervals were gener-
ated, and the respective induced voltages were recorded, eliminating
contributions of any small temperature-dependent voltage offset to
the signal.”’ The Seebeck coefficient is defined as

AV
=, 2
N AT (2
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which was obtained from the slope of the linear plot of induced
voltage against AT, in this case ranging from —8 to 8 K. The process
was then repeated at a new average temperature, from 320 to 480 K.

Measurements of the photoconductivity were performed in a
system similar to that used for the dark conductivity measure-
ments. The sample was annealed and cooled down to room tem-
perature, after which the photoconductivity was measured using a
heat-filtered W-Halogen lamp (intensity ~75mW/cm?®). The
steady state photoconductivity was then defined as the difference
between the measured photoconductivity and the dark conductiv-
ity. The sensitivity of the room temperature photoconductivity of
the a-Si; ,Ge:H thin films to the white light intensity was also
investigated using a series of neutral density filters, starting with
the lowest light intensity.

lll. DARK CONDUCTIVITY

The dark conductivity data are displayed in an Arrhenius plot
shown in Fig. 2. At first glance, the conductivity can be fit reason-
ably well with a simple thermally activated expression over the
range of 300 to 470 K, particularly for films with lower Ge concen-
trations. For films with a germanium concentration above 50%
deviations from a simple, thermally activated conductivity are
evident at low temperatures. However, a reduced activation energy
analysis indicates that even the pure a-Si:H and a-Sig;Ge;7:H films
are not best described by an Arrhenius expression.

Figure 3(a) shows a log-log plot of the Zabrodskii reduced
activation energy against temperature for all samples. Similar
results were obtained for measurements on additional samples
grown with the same germanium concentrations. Overlaid on the
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FIG. 2. Arrhenius plot of the dark conductivity of the a-Si;.,Ge,H sample
series for Ge content 0 < x < 1.0 for the full range of measured temperatures.
Films with x < 0.17 display anomalous hopping, while films with x > 0.48
exhibit multi-phonon hopping at low temperatures. The dashed yellow lines rep-
resent fits using the anomalous hopping and multi-phonon hopping expressions,
as described in the text.
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FIG. 3. (a) Log-log plot of the reduced activation energy against temperature for the a-Siy_,Ge,:H film series. (b) Expanded scale of the boxed region in (a) of the reduced
activation energy for the x = 0 and x = 0.17 samples. The solid lines reflect the best fit curves of the form of Eq. (1) with k = 0.72 and x = 0.79 , respectively. The
green and blue dashed lines indicate the expected curves for slopes of k¥ = 1.0 and x = 1/2, respectively.

plot are calculations of the reduced activation energy for conductiv-
ity temperature dependences of the form of Eq. (1), where x =1
(activated) and x = 0 (power-law), as well as the line correspond-
ing to the best fit (solid) for the x = 0 and x = 0.17 films.

As shown in Fig. 3(b), the conductivity temperature depen-
dence for the a-Si:H and a-Sig3Ge,,:H films is inconsistent with the
k =1 model curve and matches very closely with the x = 3/4
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FIG. 4. Log-log plot of the dark conductivity vs temperature for the a-Siy_,Ge,:
H film series with x > 0.48 in the low-temperature range. The linear behavior is
consistent with an MPH type of conduction, in which case the slope value n is
related to the average number of phonons involved in the hopping process. The
dashed lines are fits to an MPH model as described in the text.

. . . 15,1
model curve found in previous studies,'”'°

and x = 0.79, respectively.

In general, we find ¥ = 0.75 + 0.05, consistent with measure-
ments on other amorphous semiconductors.'® Although there is no
generally accepted theoretical model for this conductivity tempera-
ture dependence, a model of conduction through the exponential
band tails has been proposed to account for this anomalous
hopping behavior in a-Si:H-based films."” In this case, the product
of the rapidly increasing density of states in the exponential band
tail with the decreasing thermal occupation due to the Fermi
energy residing in the midgap yields charge transport occurring
predominantly through localized states at a “transport energy” that
is unconnected to a mobility edge.

As mentioned, the highest temperature employed in the con-
ductivity studies is < 500 K, which is deliberately kept below the
deposition temperature of 520K in order to avoid irreversible
changes in the electronic properties of the samples. The downward
kink in the reduced activation energy near 425K for the x=0 and
x=0.17 films in Fig. 3(a) reflects thermal equilibration effects'’
and is not included in the fitting for x values. For temperatures
below 275K, the current levels are too low to be reliably measured.

Alloys with germanium content x > 0.48 show a reduced
activation energy slope equal to zero at temperatures below 250 K,
as shown in Fig. 3(a). This slope is characteristic of a power-law
temperature-dependent conductivity of the type

o(T) = G; <T10) .

This relationship is confirmed by plotting the data from Fig. 2 on a
log-log plot of o against the temperature, as shown in Fig. 4. This
behavior has been observed in non-hydrogenated a-Ge’' as well as
amorphous carbon,”*” glasses containing transition metal ions,”* and
grain boundary states in nanocrystalline diamond.”® Above ~300K,

specifically x = 0.72

3
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these films exhibit a reduced activation energy that increases with
the temperature. As shown below, this may be due to a competition
between a power-law temperature dependence and either an anom-
alous hopping or thermally activated conductivity in this tempera-
ture range.

IV. SEEBECK COEFFICIENT

The thermopower of the a-Si;_,Ge:H thin-film samples was
measured as a function of temperature using the apparatus and
procedure described above. Figure 5(a) shows the raw thermopower
data for a pure a-Si:H sample in a AV vs T plot. Each group of data
points, connected by a line, represents a different average T,
ranging from 310 to 480 K, and each data point within a group cor-
responds to a different AT value. All curves clearly display a nega-
tive slope over the entire temperature range examined. Similarly, a
film with x = 0.48, shown in Fig. 5(b), displays an induced voltage
against temperature with a positive slope. In contrast, a film with
x = 0.73, shown in Fig. 5(c), displays a negative slope near room
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FIG. 5. Plots of the measured thermoelectrically induced voltage against tem-
perature of the left heater (proportional to the gradient across the sample),
recorded for increasing average temperatures, ranging from 310 to 480K, for
the (a) a-Si:H, (b) a-Sis,Gesg:H, and (c) a-Siy;Gerz:H films.

temperature, while above ~380K, the slope switches to a positive
value. This measurement procedure was repeated for all of the
Si-Ge alloy films, with 0 < x < 1. The slopes of the plots of AV
against AT in Fig. 5 yield the Seebeck coefficient [Eq. (2)], which is
plotted in Fig. 6 against the average temperature for all the films
investigated here. Similar behavior of the Seebeck coefficient tem-
perature dependence was observed in other alloy films that were
synthesized with the same Ge concentrations.
The data in Fig. 6 were fitted to the expression

kg [ Es
S= |:kBT+A:|, (4)

e
where £ is the heat carried per charge carrier, and for electrons, it
would be Er — Ep, where Er is the energy at which charge trans-
port occurs and Er is the Fermi energy, kg is Boltzmann’s constant,
and A is the heat of transport constant. This last term accounts for
[ oB)dE
G
the conductivity for single electron states at an energy E, ignoring
correlation effects. For electrons, the integral extends from 0 to oco.
If the density of states and mobility varies linearly with energy,
then A ~ 3, though values as high as A ~ 10 have been
reported.”®” A summary of the resulting activation energies and
the fitted A values are listed in Sec. VI.

the carriers above Er and is given by A , where o(E) is

V. PHOTOCONDUCTIVITY

Photoconductivity provides information on the density of
recombination centers in a sample, typically ascribed to dangling
bond defects. The higher the density of dangling bonds, the lower
the photoconductivity of a sample, as more photo-excited electrons

are trapped in the defects. Figure 7 shows the measured photocon- ¢

ductivity of the a-Si; ,Ge,:H film series taken at room temperature

for a fixed light intensity. The decrease in photoconductivity

Q 0.4 — T T T o 1 0
~
> 021 1 e x=017
e x=0.48
= 00p- ® x=073
c ., ® =093
_% 02t 100% 1 o x-10
£ -04f PRI S & o or g
[}
X i °_o
O -0.8 ° ... oo ...
ot 10l . 0®® 17%
o ° 'YX R
(O [ o ]
o0 12k . , ,

300 350 400 450 500

Temperature (K)

FIG. 6. Seebeck coefficient as a function of temperature for the a-Siy.,Ge,:H
film series. A switch in the Seebeck coefficient sign is seen as a function of the
temperature and Ge content. The solid lines for the x > 0.48 fims are not a
guide to the eye but fits using the dual-channel model described in the text.
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FIG. 7. (a) Plot of the photoconductivity of the a-Sis.,Ge,:H thin-film series at room temperature as a function of the Ge content. The dashed line serves as a visual guide.
(b) Plot of the room temperature photoconductivity’s light intensity power-law exponent y against the Ge content of the a-Sis.,Ge,:H alloy thin films. The power-law expo-
nent is obtained from a log-log plot of the photoconductivity against light intensity, as shown in the inset for the a-Si:H film for which y ~ 0.65.

between the a-Si:H and the a-Ge:H samples is attributed to the
preference of H atoms to bond with Si rather than Ge, resulting in
a large defect density stemming from dangling bonds on unhydro-
genated Ge atoms.”®”” Samples in the low- to mid-range of the Ge
content display the lowest photoconductivity, most likely due to the
presence of both Si and Ge dangling bonds in higher concentra-
tions than in the pure a-Si:H and a-Ge:H samples. The photocon-
ductivity opy is given by G x 7, where G is the generation rate,
proportional to the absorbed light intensity, and 7 is the recombi-
nation lifetime. This lifetime is, in turn, inversely proportional to
the density of recombination centers, which are presumed to be
predominately dangling bond defects.”” From these results, the
density of defects N can be estimated for each sample, as listed in
Table I.

The value of the photoconductivity is highly dependent on the
light intensity used. As the light intensity is increased, the
quasi-Fermi level adjusts, moving through the electron trapping
states toward the conduction band, and more and more trapping
states are converted into recombination centers. This effect can be
described through a power-law relationship®"** between the steady
state photoconductivity o, and the light power density,

O ph OC F7,

()

where F is the light power density or irradiance, as shown in the
inset in Fig. 7(b). This expression describes how the number of free
carriers increases as the light power intensity used gets larger, while
more trap centers are converted into recombination centers.
Different ranges of the exponent y have been seen for different
materials. For a-Si:H, values of 0.6 < y < 0.9 have been
reported.”’ Direct recombination of photo-excited electron-hole
pairs is characterized by y = 0.5 (bimolecular recombination). In
contrast, if one photo-excited charge carrier is trapped at a midgap
defect, then ¥ = 1 (monomolecular recombination).””** For these
a-Si;_,Ge,:H thin-film samples, y ~ 0.6 for x < 0.48 and transi-
tions to y ~ 1 for higher Ge concentrations, as shown in Fig. 7(b).

VI. DISCUSSION

While the “mobility gap” model has been the dominant para-
digm for understanding transport in amorphous semiconductors
for the last 50 years,'>** the recent observation of anomalous
hopping behavior'>'® challenges our understanding of charge
transport in strongly disordered systems. Certainly, a simple, ther-
mally activated expression appears to describe the conductivity
temperature dependence, as shown in Fig. 8(a), where the data for
an a-Sig3Ge;H alloy thin film yields a reasonable fit on an
Arrhenius plot. Also shown in Fig. 8(a) is the same data plotted
against 1/T%7°, and while close examination indicates a better fit to

TABLE I. Parameters used and obtained from fitting the conductivity data to an MPH model. The density of carriers is given by N, calculated from the defect density resulting
from photoconductivity measurements. R is set to R = 1/N"3. The localization radius o was obtained from an interpolation between reported values for a-Si:H and a-Ge:H.

Sample Si/Ge content N (em™) R (cm) a (cm) p Ej (meV) v, (GHz)
a-Sis,GeygH 1.1x 10* 1.2x1077 26x1078 14.2 74 131
a-Siy,Ge,5:H 1.3 x 10" 7.0x 1078 6.4x 1078 11.5 48 103
a-Si;Gegs:H 6.8x10'® 51x1077 9.7x1078 9.9 9.5 22.0
a-Ge:H 2.1x10"% 9.6x1077 11x1078 6.4 9.2 47.9
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FIG. 8. (a) Plot of the dark conductivity of the a-SigsGe+7:H film against 1/T (gold) and 1/T%7® (black). Straight lines (yellow) are overlaid on the data. (b) Plot of the devia-
tions from fits of the data to a simple thermally activated (gold) and anomalous hopping (black) for the data in Fig. 8(a).

the data, the difference is subtle. In fact, the difference between a fit
of the log-conductivity against 1/T and 1/T** must be subtle, for if
it were striking, it would have been noticed long ago. A plot of the
percent difference between the data and the fit line for fits to 1/T
and 1/T%7 shown in Fig. 8(b) indicates that the latter provides a
more accurate description of the data. Note that the superior fit in
Fig. 8 using k = 0.79 is not simply a matter of adding an additional
adjustable parameter to the fitting procedure. Rather, this exponent
is experimentally determined from the reduced activation energy
analysis procedure [Fig. 3(b)]. Measurements of a low-defect intrin-
sic ¢c-Si wafer with the reduced activation energy analysis found a
power-law exponent of k = 0.96, consistent with the expected
Arrhenius behavior."”

In addition to the observation that anomalous hopping behav-
ior is observed in hydrogenated amorphous silicon-germanium
alloy thin films, we also find that the conductivity below room tem-
perature of films with higher germanium concentrations displays a
power-law temperature dependence. Previous studies of non-
hydrogenated a-Ge and a-SiGe have observed deviations from
Arrhenius behavior, with charge transport at lower temperatures
being attributed to a VRH mechanism, where the conductivity
varies as Eq. (1) with x = 1/4,>*° and for very low temperatures,
to ES-VRH, where « takes the value of %."° A comparison between
different temperature dependences of the a-Ge:H dark conductivity
is presented in Fig. 9, including those corresponding to Mott-VRH
and ES-VRH. Specifically, the comparison shows the conductivity
data as a function of T~!, T~V2, and T~4, as well as a power-law
temperature dependence (log(T)), for the low-temperature range.
While a T~Y* appears to provide a reasonable fit to the data for a
temperature range comparable to that of the power-law fit, as
shown in Fig. 9(a), the percent error for the Mott-VRH expression,
as well as that for an Arrhenius or Efros-Shklovskii-VRH tempera-
ture dependence, is significantly larger than for the power-law tem-
perature dependence [Fig. 9(b)].

A power-law temperature dependence of the dc dark conduc-
tivity has been attributed to charge transport via multi-phonon
hopping. In such a process, charges reside in the weakly localized
defect states and preferentially couple to phonons with wavelengths
comparable to the defect’s localization length.””** For Ge dangling
bond defects, this localization length would be on the order of
1.1 nm.*” The hopping process, therefore, involves long-wavelength
low-energy acoustic phonons, and consequently, multiple phonons
must participate in a single hop event. If p phonons are required to
initiate a transition from one defect state to another, then the
hopping frequency will depend on p factors of the Bose-Einstein
distribution function, which would lead to a power-law temperature
dependence when hv, < kT.

The hopping conductivity is given by the expression*®

_ N(eR)?
O kT ©)

where N is the density of localized carriers (equivalent to the
number of occupied defect states), e is the electron charge, R is the
hopping distance, and I" is the hopping rate. This rate has been
determined by Robertson and Friedman""*® and can be expressed
as
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where « is the localization radius, Ej; is a measure of the electron—
phonon coupling, ngg(v,) is the Bose-Einstein distribution for
phonons of frequency v,, and p is the number of phonons needed
for the hopping to take place. In the regime of hv, < kT, Eq. (7)
can be Taylor expanded into a power law of the form of Eq. (3),
withn=p—1.
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The low-temperature range of all samples with x > 0.48 was
fitted using Eqs. (6) and (7), indicated by the dashed lines overlaid
with the data in Fig. 4. The fitting range was chosen to avoid con-
tributions from other conduction mechanisms, as described below.
The factors v, and Ej; were kept as free parameters given that we
do not possess a procedure to accurately estimate them. From a set
of photoconductivity measurements, we were able to determine the
density of defects. In MPH, transport is expected to take place
through these defect states; therefore, we can assume that they are
described by N. The hopping distance between states R was esti-
mated as R = 1/N”. From the power-law fittings shown in Fig. 4,
we can determine p = n + 1. The localization radius & of dangling
bond defects in a-Si:H and a-Ge:H has been found to be 0.5 and
1.1 nm," respectively. We interpolate the corresponding values for
samples with 0.48 < x < 0.93, using a non-monotonic interpolat-
ing function determined by Street and co-workers™’ for a-Si;_,Ge,:
H samples as a function of their Ge concentration. These authors
considered the distance between an electron-hole pair and the
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nearest dangling bond (critical transfer radius) R., which is
expected to be proportional to a. The parameter values used while
fitting, as well as the free fitting parameters v, and Ej, are given in
Table 1.

The obtained E;; values are between 9-80 meV and scale
inversely with the Ge content of the samples. These values are con-
sistent with those calculated by Drabold™”" using first-principles
computer simulations for low frequency phonons in an a-Si model.
The parameter v, was found to be on the order of ~0.1 THz for all
the samples, which corresponds to a phonon temperature of ~5K.
This value of phonon frequency agrees with Shimakawa’s estima-
tion for MPH transport through dangling bonds in a-Ge.”'

At temperatures at and above room temperature, the multi-
phonon hopping expression is unable to account for the observed
conductivity temperature dependence. However, when the expres-
sion in Eq. (6), using Eq. (7) for I' and the parameters from
Table I, is combined with Eq. (1), with x = 3/4, the resulting
expression provides a satisfactory fit to the data over the entire

N
12+ § : .
Se
° e
8t .. '0 4
_ *
°
(@] L. "
s 4 °
L
R 0} --- - NV - (T St
41 e 1000/T ]
& Log (T)
o T (b)
-8 PY T—1/4 7
100 120 140 160 180 200 220 240 260

Temperature (K)

FIG. 9. (a) Plot of the log of the dark conductivity of the a-Ge:H film for temperatures below 250 K when plotted against 1000/T (green circles), T~ (purple diamonds),
log(T) (black diamonds), and T~ (pink circles). The best fit lines (yellow) of each are overlaid on the data. (b) Plot of the percent differences from fits of the conductivity
temperature dependence [Eq. (1)] for ¥ = 1.0 (green diamonds), k¥ = 1/2 (purple diamonds), k¥ = 1/4 (pink circles) and for a power-law temperature dependence (black
diamonds). The percent error shows systematic variations with temperature for all temperature dependences, except for the power-law fit, for which the percent error fluctu-
ates randomly about 0%, consistent with the Zabrodskii reduced activation energy analysis.
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temperature range investigated, as indicated by the dashed lines in
Fig. 2. For the x = 0.48 film, the anomalous hopping expression
provides a better description of the high temperature data than a
simple Arrhenius expression, while for x > 0.73, the fits to the
observed data are comparable for either expression. We thus
cannot rule out that the conductivity temperature dependence for
the higher Ge content alloys has a simple thermally activated
component.

Using a model of MPH conductivity at low temperatures com-
bined with anomalous hopping at high temperatures, the fractional
conductivity due to each transport mechanism is computed as a
function of temperature. We can define the fractional conductivity
as /0y, where i is either the contribution to the conductivity due
to anomalous hopping or MPH conduction, as shown in Fig. 10.
For all samples, there is a considerable contribution from MPH at
temperatures as high as 400 K. This is indicative of the existence of
conduction through dangling bond defects in all samples, even for
temperatures above room temperature. The temperature at which
the transition between conduction mechanisms happens (MPH to
anomalous hopping) generally increases as the Ge content.

Thermopower measurements of the a-Si;_,Ge,:H sample series
show a transition from negative to positive Seebeck coefficient as a
function of Ge content and temperature. The Fermi energy for
these samples, as seen from the electrical dark conductivity analy-
sis, resides in a continuous DOS where according to the MPH
model, charge transport takes place. The Seebeck coefficient in
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FIG. 10. Calculated fractional conductivity, o;/o,t for each electronic transport
mechanism (anomalous hopping and MPH) plotted against temperature for
100-500 K. All samples show a mix of conduction mechanisms even for temper-
atures as high as 400K. Only every fith data point has been displayed for
clarity.
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such cases is better described through a metal-like thermopower’”
where the Seebeck coefficient is directly proportional to the deriva-
tive of the DOS at the Fermi level. Therefore, a change in the
Seebeck coefficient sign may be interpreted as a result of the Fermi
level moving within the midgap populated by dangling bond states,
rather than due to a change in the carrier type in band-to-band
transport.

According to the dark conductivity model described above,
the transport mechanism in these samples can be considered as a
dual-channel system, with two parallel temperature-variable resis-
tors, one related to anomalous hopping and the second, to MPH.
The cross section of the resistor corresponding to anomalous
hopping is larger than that of MPH at high temperatures so that
the current mostly flows through the anomalous hopping channel
at those temperatures. As the temperature decreases, the resistances
vary until the MPH channel ends up being the predominant charge
transport mechanism at lower temperatures. At intermediate tem-
peratures, the resistors’ cross sections, and, therefore, their resis-
tances, are comparable to each other, and current flows through
both channels.

The resulting thermopower for these series of samples is
determined by the relative contribution of each conduction channel
(anomalous hopping and MPH), as

S:SAH X Oan + SmpH X OMPH ®)
oag + OmpH ’

where Syy and o4y are the Seebeck coefficient and dark conductiv-
ity contributions due to an anomalous hopping conduction, respec-
tively, and Sypy and oypn are those corresponding to MPH. We
can understand Eq. (8) as if the total thermopower S for this
system was determined by the number of charge carriers in each
phase (anomalous hopping or MPH) and their mobilities.

Given the limited temperature range for which there is data
available and the small contribution coming from the MPH at high
temperatures, we can assume a negligible temperature dependence
in Sypy for the 310 < T < 480 K range. We, therefore, assume no
temperature dependence in Sypy. Say corresponds to transport
between the valence band edge and the states within the conduc-
tion bandtail.'” Due to its similarity to an activated transport
mechanism, we assume that its Seebeck coefficient will be very
similar to that presented in Eq. (4), where Es takes the values pre-
sented in Table II for samples with x > 0.48. The two adjustable
fitting parameters are Sy;pyy and the heat of transport constant A.

The solid lines in Fig. 6 correspond to the calculated thermo-
power for the a-Si; ,Ge:H samples with x > 0.48 using the dual-
channel expression in Eq. (8), which successfully describes the ther-
mopower temperature dependence. The parameters used to repro-
duce the model are listed in Table II. Notice that to minimize the
number of fitting parameters, the Es values were obtained from
fitting the thermopower to an activated conduction, which does
not accurately describe the data, but yields a reasonable value for
the activation energy. The change in sign with temperature of the
Seebeck coefficient for the x = 0.73 alloy film appears to result
from a large negative activation energy Es and a large, positive heat
of transport constant A. While the heat of transport constant as
defined above can never be less than 0, there are other constants
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TABLE II. Resulting parameters from fitting or modeling of the thermopower data of
the a-Siy.,Ge,:H sample series with x > 0.48, according to Eq. (8).

Sample Es (eV) A Sypy (mV/K)
a-Sis,Geyg:H —0.09 46 1.3x107!
a-Siy,Gey5:H —0.31 9.7 —9.4x1072
a-Si;Gegy:H —-0.15 0.4 -34x107"
a-Ge:H 0.07 -29 —35x1072

that enter into the temperature dependence of the Seebeck coeffi-
cient, such as the temperature dependence of the bandgap, which
can lead to a negative A.”> More studies of the thermopower and
the density of states of the alloy thin films, particularly for high
germanium concentrations, would help elucidate the nature of the
heat of transport term.

From these results, we can affirm that a dual-channel conduc-
tion picture is in agreement with our experimental data. The two
channels are due to anomalous hopping, which is inversely depen-
dent with temperature, more prevalent at high temperatures, and
an MPH mechanism, which either varies slowly with temperature
or is temperature independent.

One surprising result of this analysis is the contribution of a
power-law temperature dependence to the conductivity for temper-
atures at or even above room temperature. We are unaware of any
published reports of MPH conduction at such high temperatures,
with nearly all cases of MPH being observed only below room tem-
perature. At higher temperatures, optical phonons with higher
energies should be present, obviating the need for a multi-phonon
process. Moreover, as shown in Fig. 4, the a-Sis,Geys:H alloy
requires as many as fourteen phonons in order to facilitate hops
between states. A larger number of phonons required for hopping
would suggest that transport between localized states is more diffi-
cult, either due to a large separation between defect states or a
lower electron-phonon coupling, or a combination of the two.
However, the a-Sis;Gess:H alloy has the lowest photoconductivity
value [Fig. 7(a)] of the films studied here, suggesting a high density
of dangling bond defects. The electron—-phonon coupling fitting
parameter for this film is similarly the largest of the alloys display-
ing a power-law temperature dependence (Table I). It is possible
that multi-phonon hopping is not, in fact, the charge transport
mechanism responsible for the observed power-law temperature
dependence in these and possibly other amorphous semiconduc-
tors, though we do not, at present, know of an alternative
mechanism.

VIl. CONCLUSIONS

Analysis of the temperature dependence of the dark conduc-
tivity for a series of a-Si; ,Ge,:H thin films finds that for Si rich
samples (x < 0.20), the conductivity is well described by an anom-
alous hopping expression, while for higher Ge concentrations, the
dark conductivity is best described by a power-law temperature
dependence below 250K, and anomalous hopping or simple
thermal activation at higher temperatures. Studies of the Seebeck
coefficient for these films is also consistent with a dual-channel

ARTICLE scitation.org/journalljap

model, with charge transport occurring through a relatively high
density of midgap defects, likely associated with Ge dangling
bonds. These studies suggest that electronic conduction in amor-
phous semiconductors involves charge transport via hopping
through localized states (either in exponential band tails or midgap
dangling bonds) rather than thermal excitation to extended states
above a mobility edge. Additional studies of the sensitivity of these
results to the deposition conditions under which the films are syn-
thesized, as well as a wider range of amorphous semiconductors,
are warranted.
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