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Charge-transport properties of dendritic germanium thin films

K. M. Lui, W. H. Wong, and K. P. Chik
Department of Physics, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong, China

~Received 11 May 1998!

The charge transport properties of dendritic Ge thin films on glass substrates before and after postannealing
have been studied by the methods of temperature-dependent electrical conductivity measurements and
temperature-dependent Hall mobility measurements. Results showed that the dendritic structure is consistent
with a crystalline matrix consisting of a high density of structural defects that cause degenerate conduction at
high temperatures. Postannealing of the as-prepared samples at a temperature>570 °C for 2 h succeeded in
converting the degenerate conduction into a nondegenerate one. All the samples were found to bep-type in the
low-temperature regime~20–100 K!. The origin of the acceptorlike states within the forbidden gap was
suggested to arise from dangling-bond-related defects, which could be partially removed by the prolonged
annealing. Hall mobility (mH) data in the temperature range from 20 to 300 K revealed that the charge carriers
were subjected to two kinds of scattering mechanisms. At low temperatures, ionized center scattering was
found to dominate andmH showed aTa dependence, wherea is a positive constant; while at higher tempera-
turesmH was found to vary asT20.5 rather than the expectedT23/2 dependence. This was explained in terms
of a structural-imperfection-limited mean free path of the charge carriers.@S0163-1829~98!06648-X#
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I. INTRODUCTION

Recently, it has been shown that giant dendritic crysta
zation of amorphous germanium (a-Ge) thin films on Corn-
ing glass substrates can result fromin situ thermal pulse
annealing;1 yet under stringent conditions at which kineti
plays an overwhelming role. A former estimation has sho
that the growth velocity of the dendrites is at least an or
of magnitude greater than that of the solid phase epita
regrowth of Ge along any crystallographic direction.1,2 Since
the maximum temperature attained by the thermal pulse
well below the equilibrium melting temperature of Ge, th
leads to the conjecture that the transformation may h
passed through an intermediate semiconductive liq
phase1,3 under the action of the thermal transient and crys
lization proceeded at a great velocity. As a result, the res
ant films are expected to consist of a vast amount of st
tural defects of both point and extended types. On the o
hand, the dendritic Ge thin film provides an ideal system
studying charge transport phenomena in a highly defec
crystalline matrix of the semiconductor. The dendritic stru
ture is in itself distinctive because a high density of structu
defects is generated upon the course of crystallization. C
sequently, they are distributed throughout the entire volu
of the samples. Besides, as no foreign atom is intention
introduced to create the defects, this greatly suppresses
intervention of charge transport inside the samples by im
rity atoms, the influences of which were shown to depe
markedly on their chemical natures at low temperature4

Most interestingly, dendritic Ge thin films should reve
transport properties different from those of typical granu
microcrystalline structures. This arises from the fact that
dendritic grains are usually in the sizes of 101– 104 mm, be-
ing about several orders of magnitude larger than those
typical micrograins.5–9 The large grain volume to grain
boundary area ratio makes the grain boundary poten
barrier5,10 no longer the first-order effect controlling th
PRB 580163-1829/98/58~24!/16110~8!/$15.00
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charge transport in the films. In this study, the temperat
dependences of electrical conductivity and Hall mobility
dendritic Ge thin films are reported and interpreted with
the framework of existing theories of conduction in semico
ductors, with particular attention being paid to different sc
tering mechanisms of the charge carriers at low and mo
ate temperatures.

II. THEORY

In this section, we shall briefly review expressions for t
temperature dependence of electrical drift mobilitym for a
system of nondegenerate charge carriers, whose mean
paths are finite due to different scattering processes. Spe
attention will be paid to the scattering due to ionized cente
which was found to be the dominant process in the dend
thin films at low temperatures.m is considered because it i
related to the Hall mobility (mH), which was actually mea-
sured in the present study, via a proportionality constan
the order of unity11 for cases departing not too far from non
degenerate situations. In addition,m andmH for degenerate
systems will also be discussed.

A. General expression ofm

By using the relaxation time approximation, it is we
known that for a system of charge carriers, say, holes un
the perturbation of a uniform electric field in thex direction,
the electrical conductivity at steady state can be written a12

s5
2e2

m* E
2`

0

tS ] f

]vx
D vxg~e!de, ~1!

wheree is the electronic charge,m* the conductivity effec-
tive hole mass,t the mean free time,f the occupation func-
tion of holes,vx thex component of the velocityv of a hole
with an energyueu, andg the density of states function. Fo
16 110 ©1998 The American Physical Society
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PRB 58 16 111CHARGE-TRANSPORT PROPERTIES OF DENDRITIC . . .
nondegenerate cases, we can make use of the Boltzm
statistics and adopt the parabolic energy band scheme to
tain

s5
4ne2

3p1/2m* E
2`

0

t~2h!3/2exp~h!dh, ~2!

whereh equalse/kT, k the Boltzmann constant,n the hole
density, andT the absolute temperature. The mean free ti
t can be defined as

t[ l ~e,T!/v, ~3!

where l is the mean free path of a charge carrier with
velocity v. Sincev5(2kT/m* )1/2(2h)1/2 ands5nme, we
have

m5
4e

3~2pm* k!1/2

1

T1/2 E
2`

0

l ~2h!exp~h!dh. ~4!

In order to get the temperature dependence ofm, hencemH ,
one has to know both the temperature dependence and
ergy dependence ofl.

The relaxation time approximation assumes that the
ergy loss per collision must be small compared with the to
energy of the charge carriers. Physically, this amounts to
idea that the energy distribution of the charge carriers sho
not be drastically changed by scatterings and once the
turbing field is turned off, the original energy distributio
will be restored in a time of the order oft. At low tempera-
tures, while the average energy of the charge carriers i
the order of;kT, the average energy associating with op
cal phonons is of the order of;kuD , whereuD is the Debye
temperature. Thus the energy change in the charge car
will not be small in the case of optical phonon scatterin
Notwithstanding, since the density of optical phonons var
as exp(2uD /T) and in the present study, the Hall measu
ments were made in the temperature range from 20 to 30
which lies below the Debye temperature.377 K of Ge,13 we
expect that the contribution of optical phonons to the scat
ing of charge carriers in our case is small and the use of
relaxation time approximation should be legitimate.

B. m resulting from ionized center scattering

The scattering of charge carriers by ionized centers
physically equivalent to the Rutherford scattering, i.e.
scattering process by the Coulomb field in a dielectric m
dium of permittivity «. Although the mean free pathl ion re-
sulting from the Rutherford scattering does not explicitly d
pend on temperature, it is proportional to the square of
energy of the charge carriers~i.e., l ion}e2!. Inserting this fact
into Eq.~4!, we getm}T3/2. While this is essentially correct
by assuming the Coulomb field of an ionized center cease
be effective at a radiusr m.Ni

21/3/2, whereNi is the number
of ionized centers per unit volume, andr m is equal to half the
mean distance between centers, Conwell and Weissko14

suggested that the electrical drift mobility (m ion) due to ion-
ized center scattering is given by

m ion5
CT3/2Ni

21

ln@11DNi
22/3T2#

. ~5!
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Here

C[
64p1/2«2~2k!3/2

Z2e3~m* !1/2 and D[S 12p«k

Ze2 D 2

.

Equation~5! can be interpreted as follows. At moderate te
peratures, the logarithmic term varies slowly with tempe
ture. Hencem ion essentially has aT3/2 dependence. However
when the number of scattering centers is large such tha
any finite temperatureDNi

22/3T2!1, we have m ion

5(C/D)Ni
21/3T21/2. Thus a transition from theT3/2 to T21/2

dependence should be observed asNi increases. On the othe
hand, for a givenNi , at a low enough temperature such th
T!Ni

1/3D21/2, a transition from theT3/2 to T21/2 dependence
should again be observed. Therefore, by inspecting the t
perature of this transition, relative concentrations of ioniz
centers in different samples can be inferred qualitative
Figure 1 shows some numerical calculations of Eq.~5! using
the following values for the parameters:

«516«051.417310210 F/m for Ge ~Ref. 15!,

m* 50.25me52.28310231 kg for holes of Ge~Ref. 15!,

Z51 for singly ionized centers,

k51.38310223 J/K,

e51.6310219 C.

From Fig. 1, the following can be seen:~1! The magnitude of
m ion decreases with increasingNi for any temperature.~2! At
low Ni , the curve is almost a straight line with a slope a
proaching 1.5. WhenNi increases beyond a certain value, t
curve bends up at low enough temperatures. The higher
Ni value, the stronger the bending. This bending is a resu
the transition fromT3/2 to T21/2 dependence ofm ion as the
temperature is lowered. It should be noted that in the ab
calculations the density of ionized centers has been assu
to be temperature independent in evaluating the tempera

FIG. 1. Numerical calculations of the Conwell-Weisskopf fo
mula for ionized center scattering.
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16 112 PRB 58K. M. LUI, W. H. WONG, AND K. P. CHIK
dependence of mobility for a particularNi . Nevertheless,
even if the ionization process is not complete at the low
temperatures and still goes on as the temperature increas
can be shown that the general trend of the curves for
same set of finalNi values will not be significantly altered
for ionization energies up to 0.015 eV~Ref. 16! ~a typical
value for acceptor ionization in Ge!, provided that the as
sumption of a single scattering event14 for each charge car
rier is still valid.

C. m and µH for degenerate cases

By assuming the mean free pathl to be independent o
energy andt}ueu21/2 as above, for degenerate cases, it c
be shown that17

mH}
F1/2F21/2

$ ln@11exp~2e f /kT!#%2

l

T1/2. ~6!

The definitions of the symbols are the same as above, wite f
the Fermi level, andF1/2 and F21/2 the well-known Fermi
integrals for holes. Thus a change in thetemperature depen
dence of mH from Eq. ~4! should not be expected i
F1/2F21/2/$ ln@11exp(2ef /kT)#%2 depends weakly on tem
perature. This expression has been computed for the
perature range from 116 to 348 K for different positions
Fermi levels, corresponding to different degrees of deg
eracy. Results are summarized in Fig. 2. It can be seen
for most cases the expression shows a variation of far
than 6% in its numerical value. Therefore,F1/2F21/2/$ ln@1
1exp(2ef /kT)#%2 is practically insensitive to temperature
the above temperature range. Consequently, for an ene
independent mean free path,m and mH should retain the
temperature dependence given by Eq.~4!.

III. SAMPLE PREPARATION AND EXPERIMENTAL
METHODS

Amorphous-germanium (a-Ge) thin films were electron
beam evaporated onto Corning 7059 glass substrates

FIG. 2. Numerical evaluation ofF1/2F21/2/$ ln@11exp(2ef /
kT)#%2 for different positions of Fermi levels. Note the valence ba
top is chosen as a reference level and is assigned to be zero
temperature range is from 116 K to 348 K.
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conventional high vacuum system. The base pressure
evacuated to.231027 Torr prior to deposition. During
deposition, the pressure within the chamber would not
ceed .231026 Torr. The thickness of the samples wa
.5000 Å with a coating rate of.5 Å/s, being monitored by
a thickness quartz sensor. The substrate temperature wa
controlled and deliberately rose to a maximum of 130 °C.In
situ crystallization of the as-depositeda-Ge thin films were
immediately induced by a home-built thermal pulse furna
~TPF! inside the vacuum chamber without breaking t
vacuum. The TPF consists of six 1000-W halogen lam
being divided into an upper and a lower half. When placed
the assigned position, the samples should sit halfway
tween the two lines of halogen lamps and will be subjec
to ,102 W/cm2 broadband incoherent irradiation. The dur
tion (te) of each thermal pulse was recorded by a digi
oscilloscope~Thurby-Thandar SM620!, which gives an un-
certainty of60.05 s. The thermal profile in the neighborhoo
of the substrates was probed by a pair of chromel-alu
~K-type! thermocouples and was recorded for each ther
pulse by anX-t plotter. This provides an indication on th
heating rate of the thermal pulse as well as on the maxim
temperature (Tm) reached by the system. In this study, t
heating rate of the thermal pulse was.100 °C/s, withte and
Tm being .3.22 s and.577 °C, respectively. The surfac
morphology of the as-prepared samples was examined
atomic force microscopy~Nanoscope III!, the depth and
transverse resolution of which is 0.1 and 10 nm, respectiv
Postannealing of four batches of samples were done
chronally in a regulated furnace at 459, 560, 570, a
580 °C, respectively, each with an annealing time of 2
During annealing, the sample surface was protected b
continuous flow of normal grade~99.9%! nitrogen gas, puri-
fied first by passing through a trap immersed in liquid nitr
gen before entering the annealing chamber. Electrical c
ductivity measurements were carried out inside a vacu
chamber of.1026 Torr. Thin copper wire electrodes wer
pasted onto the samples with silver paste. A current of.0.1
mA from a constant current source was sent through
sample. The voltage drop across the sample was recorde
an electrometer~Keithley 617!. The measuring proces
started at 250 °C with a ramping down rate of.0.5 °C/min
until 30 °C was reached. Hall mobility was measured by
van der Pauw technique with the samples in square ge
etry. Measurements were carried out in an argon atmosp
in order to eliminate any thermal gradient within the sam
and to avoid condensation at low temperatures. The mea
ing temperature was regulated by a temperature controlle
conjunction with a resistive heater and a cold head conne
to a cryostat. Before each experiment, the Ohmicity of all
contacts were checked by inspecting the linearity of th
respective voltage-current curves in all permutations at 20
For sheet conductance measurements, no magnetic field
applied. A constant field of 3500 G was maintained duri
the measurements of Hall voltages. The wait-state was
ways allowed for whenever there was a change in any
perimental parameter, including both reversals of magn
field and current directions.

IV. RESULTS

The transport properties of dendritic Ge films on gla
substrates~Fig. 3! were studied before and after postanne

he
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ing. Electrical conductivity was measured in the temperat
range from 523 to 303 K. Both sheet conductance and H
mobility were measured from 300 down to 20 K.P-type
conduction was found for all the samples at low tempe
tures. The carrier concentrations at 300 K of the as-prepa
and 580 °C-annealed samples were estimated to be.1019

and 1017 cm23, respectively. Results of the above measu
ments indicated a high density of structural defects presen
the dendritic films. Postannealing succeeded in remov
part of them and thus gave control over the degeneracy o
samples.

A. Conductivity in the temperature range 523–303 K

Figure 4 summarizes the results. For the as-prepa
sample, conductivity increases with decreasing tempera
This is a typical behavior of a degenerate semiconduc
The effect of annealing is to lower the conductivity and
convert the degenerate behavior into a nondegenerate
Conduction in the sample annealed at 580 °C for 2 h is evi-
dently nondegenerate with an activation energy of 0.023
which is much smaller than half of the bandgap energy in

FIG. 3. A typical AFM micrograph of the dendritic Ge samples

FIG. 4. Electrical conductivity measurements in the high te
perature range~523 K to 303 K! for samples subjected to differen
post-annealing treatments.
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bulk ~i.e., 0.335 eV!.15 Therefore, the conduction is expecte
to involve states within the forbidden gap.

B. Sheet conductance in the temperature range 300–20 K

Results are shown in Figs. 5~a!–5~d!.

1. As-prepared sample

Three kinds of conduction phenomena can be identifi
For temperatures above.100 K, conduction is degenerate i
agreement with the results in Sec. IV A. Below.100 K, the
sheet conductance can be described by the following eq
tion:

G154.731023exp~22.831024 eV/kT!14.5331023

3exp~25.631025 eV/kT! V21/h. ~7!

2. Sample annealed at 459 °C for 2 h

Above .100 K, the sample is again degenerate. Bel
.100 K, the sheet conductance can be described by the
lowing equation:

G253.631023exp~29.531024 eV/kT!12.931023

3exp~24.131025 eV/kT! V21/h. ~8!

3. Sample annealed at 570 °C for 2 h

In the whole temperature range of study, the sheet c
ductance can be described by the following equation:

G351.331023exp~27.331023 eV/kT!14.931024

3exp~24.031024 eV/kT! V21/h. ~9!

4. Sample annealed at 580 °C for 2 h

G452.531023exp~20.023 eV/kT!14.531024

3exp~25.931023 eV/kT! V21/h. ~10!

The activation energy in the first term agrees with the va
obtained in the high-temperature range.

C. Hall mobility in the temperature range from 300 to 20 K

Results are shown in Figs. 6~a!–6~d!. A change in scat-
tering mechanisms is evident in all the samples as the t
perature is lowered. In general, the slope of the log10 mH
2log10 T plot changes from negative on the high-temperat
side to positive on the low temperature side and in so
cases the curve bends up slightly when the temperatur
further lowered. A conversion temperatureTc can be identi-
fied as at which a change in the sign of the slope occurs.
observed thatTc varies with the annealing conditions. Tab
I summarizes these results as well as the activation en
for extrinsic conduction. It can be seen that, forT,Tc , as
the annealing temperature increasesmH gradually changes
from ;T0.09 to ;T1.4; whereas forT.Tc , mH remains
;T20.5. Furthermore,Tc shows a correlation with the acti
vation energyEa8 for extrinsic conduction. It is found thatTc

increases along withEa8 .

-
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FIG. 5. ~a! Sheet conductance of the as-prepared sample in the temperature range 300–20 K.~b! Sheet conductance of the samp
postannealed at 459 °C for 2 h in thetemperature range 300–20 K.~c! Sheet conductance of the sample postannealed at 570 °C for 2 h in
the temperature range 300–20 K.~d! Sheet conductance of the sample postannealed at 580 °C for 2 h in thetemperature range 300–20 K
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V. DISCUSSIONS

A. Temperature dependence of electrical conductivity

The most astonishing result is that the samples sho
degenerate behavior above a certain temperature unless
were annealed at a sufficiently high temperature. The
prepared film and the one annealed at 459 °C became de
erate around 100 K, but the ones annealed at 570 and 58
were nondegenerate up to more than 300 K. It is thus c
that degeneracy in the films can be removed by prolon
high temperature annealing. Since our samples were no
tentionally doped, degeneracy could not be due to fore
dopants. In view of the dendritic nature of the samples, i
possible that the degenerate conducting behavior may a
from structural defects such as dangling bonds on g
boundaries and in network of dislocations18 since these struc
tural defects can be partially removed by annealing.

Evidence of a high density of acceptor levels~since the
samples werep-type at sufficiently low temperatures! in the
samples can be found in the conducting behavior at low t
d
hey
s-
en-
°C
ar
d

in-
n
s
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-

peratures. In the low-temperature range, the nondegen
conduction can be generally described by a two-channel
duction mechanism according to the equation

G5G8 exp~2Ea8/kT!1G9 exp~2Ea9/kT!, ~11!

whereG8 andG9 are the preexponential factors that weak
depend on temperature,Ea8 andEa9 the activation energies fo
conductions,k the Boltzmann factor, andT is the absolute
temperature.

The first term resembles the conventional thermally a
vated extrinsic conduction process, yet instead of fore
dopants, intrinsic structural defects are involved here.
very small activation energy of the second term is typical
phonon-assisted nearest-neighbor-hopping, which is
quantum-mechanical tunneling of the charge carriers am
localized states. Such a hopping phenomenon is usually
served in heavily doped or amorphous semiconducto19

which assume a high density of localized states within
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FIG. 6. ~a! Hall mobility measurement for the as-prepared sample in the temperature range 300–20 K.~b! Hall mobility measurement
for the sample postannealed at 459 °C for 2 h in the temperature range 300–20 K.~c! Hall mobility measurement for the sampl
postannealed at 570 °C for 2 h in thetemperature range 300–20 K.~d! Hall mobility measurement for the sample postannealed at 580
for 2 h in thetemperature range 300–20 K.
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forbidden gap, at low temperatures and is thus consis
with our view presented above.

Thus our picture will be that structural defects provide t
dendritic films with a high density of acceptor levels, leadi
to thep-type behavior observed in the Hall measurements
the as-prepared and low temperature annealed samples

TABLE I. A summary on the Hall mobility results, the conve
sion temperatureTc for the transition in scattering mechanisms, a
the activation energy for extrinsic conduction, for samples exp
encing different postannealing treatments.

Sample mH (T,Tc) mH (T.Tc) Tc ~K! Ea83104 ~eV!

As-prepared ;T0.09 ;T20.5 143 2.8
459 °C annealed ;T0.2 ;T20.5 143 9.5
570 °C annealed ;T0.5 ;T20.5 182 73.0
580 °C annealed ;T1.4 241 230.0
nt

n
the

density of structural defects is expected to be higher. T
degenerate conduction occurred at a relatively low temp
ture around 100 K. The absence of degenerate behavio
samples annealed above 570 °C indicates that a conside
amount of structural defects have been annealed out.

Further evidence for the elimination of structural defe
by annealing is provided by the observation that the acti
tion energyEa8 for conduction increases with an increase
the annealing temperature~Table I!. According to Debye and
Conwell,20 the activation energy of an acceptor can depe
on the density of ionized acceptors as

EA5EA
0F12S NA

2

Ncrit
D 1/3G , ~12!

whereEA is the activation energy of an acceptor,EA
0 a con-

stant,NA
2 the average density of the ionized acceptors, a

Ncrit the critical concentration.

i-
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From the above equation, one sees that as the conce
tion of ionized acceptors increases, the activation energy
acceptors decreases and onceNA

2 is above a critical value
Ncrit , no thermal excitation is necessary for the holes as
ciated with the acceptors and the semiconductor beco
degenerate. In our case, the number of ionized acceptors
pends on the number of acceptor levels, which in turns
pends on the amount of structural defects~dangling bonds!.
The as-prepared sample should house the largest amou
defects, as evident from the degenerate conduction beha
in 303 to 523 K. Thermal annealing has been known a
means to reduce dangling bond defects,21 and the density of
acceptor levels should reach a minimum for the sample
nealed at 580 °C. According to Eq.~12!, this type of sample
should show the highest activation energy for extrinsic c
duction. Indeed, the activation energy was found to
.1022 eV, nearly two orders of magnitude higher than th
of the as-prepared sample.

The physical reason for the above phenomenon may b
follows. Since dangling bond defects on grain boundaries
in a network of dislocations are localized in real space, up
pairing up with an electron from the valence band, the
atoms associated with the dangling bonds will be negativ
charged, creating a space-charge region. The free hole
that is attracted to this region will screen the Coulomb fi
of the nearby acceptors22 ~i.e., neutral atoms with dangling
bonds or in other words, atoms with unionized holes!, result-
ing in a decrease in the activation energy. The effectiven
of this screening effect, and thus the amount of decreas
the activation energy surely depends on the density of
free hole gas, hence on the density of acceptors~dangling
bonds!.

B. Temperature-dependent Hall mobility measurements

Hall mobility (mH) measurements have been carried
for samples subjected to different annealing temperature
the present study,mH(T) is governed by two scatterin
mechanisms, with each dominating at a different tempera
region. A temperature of conversionTc can be designated t
signify the transition from one to another. ForT,Tc ,
mH(T) varies asTa, wherea is a positive constant; while fo
T.Tc , mH shows a dependence of;T20.5 for all of the
samples. The absolute value ofTc is noted to correlate with
the activation energyEa8 for extrinsic conduction.

1. For T<Tc

For T,Tc , mH is seen to vary asTa, anda takes values
from 0.09 to 1.4~Table I!, increasing along with an increas
in the annealing temperature. The value 1.4 agrees well
the value 1.5 predicted by the formula of Conwell a
Weisskopf for ionized center scattering neither too low
measuring temperature nor too high in ionized center den
(Ni). The gradual increase ina can be readily explained b
noting that upon annealingNi in the sample is expected t
decrease as discussed above. The argument of a smallNi
gives a highera can be qualitatively seen from the numeric
calculations of the ionized center scattering model. As can
seen in Fig. 1, asNi increases, the slopea measured below
.100 K in the log10 m-log10 T plot decreases. The decrea
of a along with an increase inNi is due to the fact that a
tra-
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transition from theT3/2 to the T21/2 dependence is taking
place as the conditionDNi

22/3T2!1 becomes satisfied. Thu
for a fixed measuring temperatureTf , the slopea(Tf) from
the log10mH-log10T plot qualitatively reveals the relativeNi
in the samples, being smaller for a largerNi . This agrees
with the fact that the as-prepared sample assumed the la
Ni showing the smallesta. Besides, the increasing curl-up o
the experimental curves at even lower temperatures, whic
also predicted by the model, for samples annealed be
580 °C supports the argument thatNi should decrease a
annealing temperature increases.

2. For T>Tc

It is interesting to note that forT.Tc , mH varies asT20.5

rather than the expected;T21.5, or to be exact,;T22.3 for
the scattering of holes by acoustic phonons in germanium23

In order to understand thisT20.5 dependence, one has t
consider the mean free patĥl& of the charge carriers
Explicitly,24

1/̂ l &51/̂ l im&11/̂ l ion&11/̂ l ph&, ~13!

where ^l& is the resultant averaged mean free path a
^ l im&,^ l ion&,^ l ph& are the ensemble-averaged mean free pa
arising by structural imperfections, by ionized centers, a
by acoustic phonons, respectively.

For ionized center scattering, although the mean free p
given rise by the Rutherford scattering does not explic
depend on temperature, it is proportional to the square of
energy of the charge carriers,14

[^ l ion&}T2. ~14!

Therefore,^ l ion& should increase as temperature increas
While for phonon scattering,m varies asT23/2,

[^ l ph&}1/T. ~15!

Thus we see that the significance of^ l ion& should subside as
compared tô l ph& when the temperature is sufficiently high
For ^ l im&, since permanent imperfections of a crystal latti
should give rise to a mean free path independent of temp
ture and the energies of the charge carriers,^ l im& ought to be
a constant. Thus at high enough temperatures, we have

1/̂ l &.1/̂ l im&11/̂ l ph&. ~16!

Now, we postulate that in the present experimental ra
^ l im&!^ l ph&. This may be justified by noting that dendriti
Ge films consist of a vast amount of grain boundaries
observed from the atomic force microscopy~AFM! micro-
graph, and are expected to associate with a large amou
dislocations and point defects. These distortions in the c
tal lattice surely shorten the mean free path of the cha
carriers. As a result,l should be limited byl im . Since it is
expected that the as-prepared and the low-temperature
nealed samples are at most weakly degenerate upon
proaching 300 K, the use of Boltzmann statistics, and he
Eq. ~4! should not lead to an erroneous temperature dep
dence of the Hall mobility as evident from Fig. 2. By inse
ing l . l im into Eq. ~4!, a mobility m}T20.5 results in excel-
lent agreement with the experimental findings.
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The concept of a structural-imperfection-limited me
free path is also consistent with the observed correlation
tweenTc and the activation energyEa8 for extrinsic conduc-
tion. From Table I, it is observed thatTc increases along with
an increase in the activation energyEa8 . It has been argued
thatEa8 should correlate with the density of structural defe
within the samples. A higherEa8 implies a lower density of
structural defects. In other words, a lower density of defe
is seen to associate with a higherTc . Now, fewer dangling
bond related defects should be accompanied with a be
crystal quality. Consequently, the mean free pathl im should
increase, resulting in a conversion of scattering mechan
at a higher temperature as observed experimentally.

VI. CONCLUSIONS

To conclude, the transport properties of dendritic Ge fil
were studied by means of temperature-dependent elect
conductivity measurement from 20 to 523 K an
n.
e-

s

ts

ter

m

s
al

temperature-dependent Hall measurement from 20 to 30
Results showed that the dendritic films consisted of a v
amount of structural defects that led to degenerate cond
tion at high temperatures and low Hall mobilit
(.102 cm2/V s). All of the samples were found to bep type
in the low-temperature regime. The origin of the accep
levels in the forbidden gap is attributed to their originati
from structural defects, a possible candidate of which is s
gested to be dangling bonds in the dendritic crystals. Th
mal annealing was shown to be capable of removing par
the defects. Hall mobility could be generally described
two scattering mechanisms. At low temperatures, ioniz
center scattering was found to dominate and to give rise
Ta dependence ofmH , wherea is a positive constant whos
magnitude depends on the amount of defects within
samples. At higher temperatures,mH was found to vary as
T20.5 rather than the expectedT23/2 dependence. This wa
explained in terms of a structural-imperfection-limited me
free path, which should be practically a constant, of
charge carriers.
cs

s

1K. M. Lui, K. P. Chik, and J. B. Xu, J. Appl. Phys.81, 7757
~1997!.

2L. Csepregi, R. P. Ku¨llen, and J. W. Mayer, Solid State Commu
21, 1019~1977!.

3A. Kitagawa, S. Kanai, and M. Suzuki, J. Non-Cryst. Solids164–
166, 239 ~1993!.

4V. I. Fistul’, Heavily Doped Semiconductors~Plenum, New York,
1969!, pp. 136–138.

5J. Y. W. Seto, J. Appl. Phys.46, 5247~1975!.
6I. W. Wu, A. Chiang, M. Fuse, L. O¨ veçoglu, and T. Y. Huang, J.
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