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Charge-transport properties of dendritic germanium thin films
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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 tempeBE0rC for 2 h succeeded in
converting the degenerate conduction into a nondegenerate one. All the samples were foyntytebe the
low-temperature regimé20—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 f+,;) 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 angy showed ar® dependence, whereis a positive constant; while at higher tempera-
turesuy was found to vary a3~ rather than the expecté %2 dependence. This was explained in terms
of a structural-imperfection-limited mean free path of the charge carfi®@163-182(08)06648-X|

[. INTRODUCTION charge transport in the films. In this study, the temperature
dependences of electrical conductivity and Hall mobility of
Recently, it has been shown that giant dendritic crystalli-dendritic Ge thin films are reported and interpreted within
zation of amorphous germaniura-Ge) thin films on Corn-  the framework of existing theories of conduction in semicon-
ing g|ass substrates can result fram situ thermal pu|se ductors, with particular attention being pald to different scat-
annealing’ yet under stringent conditions at which kinetics tering mechanisms of the charge carriers at low and moder-
plays an overwhelming role. A former estimation has showrté temperatures.
that the growth velocity of the dendrites is at least an order
of magnitude greater than that of the solid phase epitaxial Il. THEORY
regrowth of Ge along any crystallographic directiorSince
the maximum tempera‘[ure attained by the thermal pu|5e was In this SeCtion, we shall brleﬂy review eXpreSSionS for the
well below the equilibrium melting temperature of Ge, this temperature dependence of electrical drift mobilityfor a
leads to the conjecture that the transformation may havéystem of nondegenerate charge carriers, whose mean free
passed through an intermediate semiconductive liquidbaths are finite due to different scattering processes. Special
phasé’3 under the action of the thermal transient and Crysta|.attenti0n will be pald to the Scattering due to ionized centers,
lization proceeded at a great velocity. As a result, the resultwhich was found to be the dominant process in the dendritic
ant films are expected to consist of a vast amount of structhin films at low temperatureg. is considered because it is
tural defects of both point and extended types. On the othei€lated to the Hall mobility &), which was actually mea-
hand, the dendritic Ge thin film provides an ideal system forsured in the present study, via a proportionality constant of
studying charge transport phenomena in a highly defectivéhe order of unity* for cases departing not too far from non-
crystalline matrix of the semiconductor. The dendritic struc-degenerate situations. In addition,and 1y for degenerate
ture is in itself distinctive because a high density of structurapystems will also be discussed.
defects is generated upon the course of crystallization. Con-
sequently, they are distributed throughout the entire volume A. General expression ofu
of the samples. Besides, as no foreign atom is intentionally . . . L o
introduced to create the defects, this greatly suppresses the By using the relaxation time approximation, it is well

intervention of charge transport inside the samples by impul-(nown that for a system of charge carriers, say, holes under

rity atoms, the influences of which were shown to depenc}{ﬂe p:artttjr_ba;uon %fatgljlforr? ?Iec(;nc {'etld In thgjlrec_ttltc:%r%,
markedly on their chemical natures at low temperatres. € electrical conductivity at steady state can be wri as

Most interestingly, dendritic Ge thin films should reveal

2
transport properties different from those of typical granular —¢€ fo - Jf

dvy

vxg(€)de, €y

microcrystalline structures. This arises from the fact that the 7T

dendritic grains are usually in the sizes of 20" um, be-

ing about several orders of magnitude larger than those ofheree is the electronic chargen* the conductivity effec-
typical micrograins=® The large grain volume to grain tive hole massy the mean free time, the occupation func-
boundary area ratio makes the grain boundary potentigion of holes,v, thex component of the velocity of a hole
barrieP’® no longer the first-order effect controlling the with an energyle, andg the density of states function. For
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nondegenerate cases, we can make use of the Boltzmann 6
statistics and adopt the parabolic energy band scheme to ob-
tain °
4ane* (0 2 4r
0= 3y | T(=mTexpn)da, (2 N
where 5 equalse/kT, k the Boltzmann constanty the hole E 5
density, andrl the absolute temperature. The mean free time %
7 can be defined as ERa
-
=I(e,Tlv, 3 ol
where| is the mean free path of a charge carrier with a nl
velocity v. Sincev = (2kT/m*)¥%(— p)Y2 ando=nue, we o
have 2L ooo svee o
L L L | L L L L
4e 1 0 1 2 3
M= 3(27Tm*k)12m J‘iwl(_n)ean)dn (4) Log[T (K)]
|n Order to get the temperature dependencﬂ’d’nenceMH , FIG. 1. Numerical calculations of the COnWe”'WeiSSkopf for-

one has to know both the temperature dependence and eRula for ionized center scattering.
ergy dependence of

The relaxation time approximation assumes that the entére
ergy loss per collision must be small compared with the total U2 2 3/2 2
energy of the charge carriers. Physically, this amounts to the C= 647; © (2k1)2 and —(HLSK> _
idea that the energy distribution of the charge carriers should Z%e3(m*) ze
not be drastically changed by scatterings and once the pe
turbing field is turned off, the original energy distribution
will be restored in a time of the order of At low tempera-
tures, while the average energy of the charge carriers is
the order of~kT, the average energy associating with opti—any finite temperatureDN; 2°T2<1, we have u
cal phonons is of the order efkfy, wherefy is the Debye — (C/D)N- Y2112 Thus a trlansition f;om hE%2 to T_'f,g
temperature. Thus the energy change in the charge carrie(rjs ! ' .
will not be small in the case of optical phonon scatterings. ependence .ShOU|d he observediaincreases. On the other
Notwithstanding, since the density of optical phonons variegand'l/faor_al/gwe"\'i ,ata low enougg temf)lelgature such that
as expf6p/T) and in the present study, the Hall measure-1 <Ni D _’ a transition from thd~*to T ) depgndence
ments were made in the temperature range from 20 to 300 K8hould again be observed. Therefore, by inspecting the tem-
which lies below the Debye temperatus877 K of Gel® we perature.of thls transition, relative congentrat|0ns of |omzed
expect that the contribution of optical phonons to the scatterc€nters in different samples can be inferred qualitatively.
ing of charge carriers in our case is small and the use of thEi9Ure 1 shows some numerical calculations of & using
relaxation time approximation should be legitimate. the following values for the parameters:

Equation(S) can be interpreted as follows. At moderate tem-

peratures, the logarithmic term varies slowly with tempera-

ture. Henceuy, essentially has @%? dependence. However,
hen the number of scattering centers is large such that for

_ o _ e=16e,=1.417x10 *° F/im for Ge (Ref. 15,
B. u resulting from ionized center scattering
The scattering of charge carriers by ionized centers ign* =0.25m,=2.28x 10 3! kg for holes of Ge(Ref. 15,
physically equivalent to the Rutherford scattering, i.e., a
scattering process by the Coulomb field in a dielectric meZ=1 for singly ionized centers,
dium of permittivity . Although the mean free path,, re-
sulting from the Rutherford scattering does not explicitly de-k=1.38<10" 2% J/K,
pend on temperature, it is proportional to the square of the
energy of the charge carriefise., |,,, €2). Inserting this fact e=1.6x10"*° C.

into Eq.(4), we getuo T2 While this is essentially correct, . . _ .
by assuming the Coulomb field of an ionized center ceases tl(:)rom Fig. 1, the following can be seel The magnitude of

be effective at a radius,~N; 32, whereN, is the number Mion decreases with increasimy for any temperaturg2) At
. Lo ' ! low N;, the curve is almost a straight line with a slope ap-
of ionized centers per unit volume, ang is equal to half the

: : oaching 1.5. Whel\; increases beyond a certain value, the
mean distance between centers, Conwell and Wes%‘kopfpr ' I~
suggested that the electrical drift mobilitye,) due to ion- curve bends up at low enough temperatures. The higher the

>ed center scattering is given b N; value,_the stronger the bending. This bending is a result of
91sg y the transition fromT®? to T~ dependence ofi;y, as the
CcTiN L temperature is lowered. It should be noted that in the above
Lion= o . (5)  calculations the density of ionized centers has been assumed
In[1+DN; #°T?] to be temperature independent in evaluating the temperature
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1.54 conventional high vacuum system. The base pressure was
152 | evacuated to=2x10"" Torr prior to deposition. During
0000009 019 deposition, the pressure within the chamber would not ex-
1.50 - ..‘o-w""’ :,’ MRS MM ceed =2x10 ° Torr. The thickness of the samples was
148 L r:r’ =5000 A with a coating rate o&5 A/s, being monitored by
= v a thickness quartz sensor. The substrate temperature was not
5 146 _g g =-1ev  Weakly degenerate cases controlled and deliberately rose to a maximum of 130ItC.
U il e 1 8 P situ crystallization of the as-deposited Ge thin films were
= —y— eﬁf-OAOIeV & immediately induced by a home-built thermal pulse furnace
ERREC AN Sy A/‘/A (TPP inside the vacuum chamber without breaking the
o a0 T®ETOYV . vacuum. The TPF consists of six 1000-W halogen lamps,
oo P - A being divided into an upper and a lower half. When placed in
1.38 - / the assigned position, the samples should sit halfway be-
1.36 1 " Strongly degenerate case tween the two lines of halogen lamps and will be subjected
- - to <10? W/cn? broadband incoherent irradiation. The dura-
134 ._._._._._._._._.J-o—o tion (t,) of each thermal pulse was recorded by a digital
32 L | ! ! ! oscilloscope(Thurby-Thandar SM620 which gives an un-
0005 0010 0015 0020 0025 0030 0035 certainty of+0.05 s. The thermal profile in the neighborhood
kT (eV) of the substrates was probed by a pair of chromel-alumel

. ) (K-type) thermocouples and was recorded for each thermal
FIG. 2. Numerical evaluation of,F_yp/{In[1+expCe/  pyise by anX-t plotter. This provides an indication on the
kT)]}? for different positions of Fermi levels. Note the valence ba”dheating rate of the thermal pulse as well as on the maximum
top is chosen as a reference level and is assigned to be zero. Tlﬂsmperature'( ) reached by the system. In this study, the
. m. . L]
temperature range is from 116 K to 348 K. heating rate of the thermal pulse wad.00 °C/s, witht, and
dependence of mobility for a particuldt, . Nevertheless, |m P€ing=3.22 s and=577 °C, respectively. The surface
porphology of the as-prepared samples was examined by

even if the ionization process is not complete at the Ioweat mic force microscopyNanoscope 1)}, the depth and
temperatures and still goes on as the temperature increases iP P p ' P

fransverse resolution of which is 0.1 and 10 nm, respectively.
can be shown that the general trend of the curves for th . ;
. . - ostannealing of four batches of samples were done iso-
same set of finaN; values will not be significantly altered

S X . chronally in a regulated furnace at 459, 560, 570, and
for ionization energies up to 9'015 e(\Rgf. 16 (a typical 580 °C, respectively, each with an annealing time of 2 h.
value for acceptor ionization in Geprovided that the as- . -

. . : During annealing, the sample surface was protected by a
sumption of a single scattering eventor each charge car- . : _
rer is still valid continuous flow of normal grad@®9.9%9 nitrogen gas, puri-

fied first by passing through a trap immersed in liquid nitro-
gen before entering the annealing chamber. Electrical con-
ductivity measurements were carried out inside a vacuum
By assuming the mean free pathio be independent of chamber of=10"° Torr. Thin copper wire electrodes were
energy andr|e| ~¥2 as above, for degenerate cases, it carpasted onto the samples with silver paste. A current0fl

C. p and p for degenerate cases

be shown thaf mA from a constant current source was sent through the
FioF_12 I sample. The voltage drop across the sample was recorded by
HA%TIN[ 1+ exp( — € /kT)]}2 T2 ®)  an electrometer(Keithley 617. The measuring process

o _ started at 250 °C with a ramping down rate=60.5 °C/min

The definitions of the symbols are the same as above,&ith yntj| 30 °C was reached. Hall mobility was measured by the
the Fermi level, and=,, and F_,, the well-known Fermi  yan der Pauw technique with the samples in square geom-
integrals for holes. Thus a change in teenperature depen- etry. Measurements were carried out in an argon atmosphere
dence of uy from Eq. (4) should not be expected if in order to eliminate any thermal gradient within the sample
FuoF _12/{In[1+exp(—€/kT)]}* depends weakly on tem- and to avoid condensation at low temperatures. The measur-
perature. This expression has been computed for the tenhg temperature was regulated by a temperature controller in
perature range from 116 to 348 K for different positions of conjunction with a resistive heater and a cold head connected
Fermi levels, corresponding to different degrees of degent g cryostat. Before each experiment, the Ohmicity of all the
eracy. Results are summarized in Fig. 2. It can be seen th@bntacts were checked by inspecting the linearity of their
for most cases the expression shows a variation of far lesgspective voltage-current curves in all permutations at 20 K.
than 6% in its numerical value. Therefore;,F _1,/{IN[1  For sheet conductance measurements, no magnetic field was
+exp(—/KT)]}* is practically insensitive to temperature in applied. A constant field of 3500 G was maintained during
the above temperature range. Consequently, for an energihe measurements of Hall voltages. The wait-state was al-
independent mean free patp, and uy should retain the ways allowed for whenever there was a change in any ex-
temperature dependence given by E4). perimental parameter, including both reversals of magnetic

field and current directions.
IIl. SAMPLE PREPARATION AND EXPERIMENTAL

METHODS IV. RESULTS

Amorphous-germaniuma¢-Ge) thin films were electron The transport properties of dendritic Ge films on glass
beam evaporated onto Corning 7059 glass substrates insabstrategFig. 3) were studied before and after postanneal-
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bulk (i.e., 0.335 eV.?® Therefore, the conduction is expected
to involve states within the forbidden gap.

B. Sheet conductance in the temperature range 3620 K

Results are shown in Figs(&—5(d).

1. As-prepared sample

Three kinds of conduction phenomena can be identified.

o - l ] For temperatures abovel00 K, conduction is degenerate in
0 10 20 agreement with the results in Sec. IV A. Belexwi00 K, the
sheet conductance can be described by the following equa-
pliEa tion:

FIG. 3. A typical AFM micrograph of the dendritic Ge samples.  G;=4.7x10 3exp(—2.8x 10" % eV/kT)+4.53x10 3
_ -5 -1

ing. Electrical conductivity was measured in the temperature xexp(—5.6x107" eVikT) /0. @)

range from 523 to 303 K. Both sheet conductance and Hall .

mobility were measured from 300 down to 20 R:type 2. Sample annealed at 459 °C for 2 h

conduction was found for all the samples at low tempera- Above =100 K, the sample is again degenerate. Below

tures. The carrier concentrations at 300 K of the as-prepareg 100 K, the sheet conductance can be described by the fol-
and 580 °C-annealed samples were estimated te=08"°  |owing equation:

and 167 cm3, respectively. Results of the above measure-
ments indicated a high density of structural defects presentin G,=3.6x10 3exp(—9.5x10 * eV/kT)+2.9x10 3
the dendritic films. Postannealing succeeded in removing 5 1
part of them and thus gave control over the degeneracy of the xXexp(—4.1x10°° ev/kT) Q0. ®
samples.

3. Sample annealed at 570 °C for 2 h

In the whole temperature range of study, the sheet con-

ductance can be described by the following equation:
Figure 4 summarizes the results. For the as-prepared

sample, conductivity increases with decreasing temperature. G;=1.3x10 3exp(—7.3x10 3 eV/kT)+4.9x10 4
This is a typical behavior of a degenerate semiconductor.

A. Conductivity in the temperature range 523-303 K

—4 -1
The effect of annealing is to lower the conductivity and to Xexp—4.0<10°" eV/kT) Q~7/0. 9
convert the degenerate behavior into a nondegenerate one.
Conduction in the sample annealed at 580 °CZd is evi- 4. Sample annealed at 580 °C for 2 h

dently nondegenerate with an activation energy of 0.023 eV,
which is much smaller than half of the bandgap energy in the G,=2.5x10 %exp(—0.023 eVKT)+4.5x10 4

Xexp(—5.9x10°3 eV/kT) Q~Y/00. (10)
200 PPYYYY Y T X X 24 . . . . .
The activation energy in the first term agrees with the value
175 . obtained in the high-temperature range.
150 | C. Hall mobility in the temperature range from 300 to 20 K

s Results are shown in Figs(@#—-6(d). A change in scat-
VVVVVVVVVYVYY VYVVVVYVVVYVYVYYVYY

125 L tering mechanisms is evident in all the samples as the tem-
perature is lowered. In general, the slope of the;dqg,

Log[Conductivity (Qcm)"]

100l o Asdeposied dendritc sample —log,, T plot changes from negative on the high-temperature
4 560 C * 2 hrs annealed side to positive on the low temperature side and in some
v 570 C* 2 hrs annealed cases the curve bends up slightly when the temperature is
0.75 | ¢ 580 C* 2 hrs annealed

further lowered. A conversion temperatufg can be identi-
fied as at which a change in the sign of the slope occurs. Itis
0.50 Wwo..““.““‘" observed _thaTC varies with the annealing condi_tion_s. Table
MR AA | summarizes these results as well as the activation energy

for extrinsic conduction. It can be seen that, flox T, as
the annealing temperature increaggs gradually changes
from ~T%%® to ~T** whereas forT>T,, uy remains

FIG. 4. Electrical conductivity measurements in the high tem-~T~%° Furthermore T, shows a correlation with the acti-
perature rangé523 K to 303 K for samples subjected to different Vation energye, for extrinsic conduction. It is found that,
post-annealing treatments. increases along witk, .

I | I I I I
200 225 250 275 300 325 350

1000/T (K™
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FIG. 5. (a) Sheet conductance of the as-prepared sample in the temperature range 300-<Bp $teet conductance of the sample

postannealed at 459 °Crf@ h in thetemperature range 300—20 K(c) Sheet conductance of the sample postannealed at 570 Zhfin
the temperature range 300—20 K(d) Sheet conductance of the sample postannealed at 580 Zhfin thetemperature range 300-20 K.

V. DISCUSSIONS peratures. In the low-temperature range, the nondegenerate

conduction can be generally described by a two-channel con-

duction mechanism according to the equation
The most astonishing result is that the samples showed

degenerate behavior above a certain temperature unless they
were annealed at a sufficiently high temperature. The as-
prepared film and the one annealed at 459 °C became degen-
erate around 100 K, but the ones annealed at 570 and 580 WwhereG’ andG” are the preexponential factors that weakly
were nondegenerate up to more than 300 K. It is thus cleaslepend on temperaturg, andE, the activation energies for
that degeneracy in the films can be removed by prolongedonductionsk the Boltzmann factor, and@ is the absolute
high temperature annealing. Since our samples were not iiemperature.
tentionally doped, degeneracy could not be due to foreign The first term resembles the conventional thermally acti-
dopants. In view of the dendritic nature of the samples, it isvated extrinsic conduction process, yet instead of foreign
possible that the degenerate conducting behavior may arisopants, intrinsic structural defects are involved here. The
from structural defects such as dangling bonds on graiwvery small activation energy of the second term is typical for
boundaries and in network of dislocatiofisince these struc- phonon-assisted nearest-neighbor-hopping, which is a
tural defects can be partially removed by annealing. guantum-mechanical tunneling of the charge carriers among
Evidence of a high density of acceptor levésince the localized states. Such a hopping phenomenon is usually ob-
samples werg-type at sufficiently low temperatured the  served in heavily doped or amorphous semicondudfors,
samples can be found in the conducting behavior at low temwhich assume a high density of localized states within the

A. Temperature dependence of electrical conductivity

G=G' exp(—E,/KT)+G"” exp(—EL/KT), (11
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FIG. 6. (a) Hall mobility measurement for the as-prepared sample in the temperature range 300—-@) Kall mobility measurement

for the sample postannealed at 459 °CG fh in the temperature range 300—-20 K(c) Hall mobility measurement for the sample

postannealed at 570 °Crf@ h in thetemperature range 300—20 K(d) Hall mobility measurement for the sample postannealed at 580 °C
for 2 h in thetemperature range 300—20 K.

forbidden gap, at low temperatures and is thus consisterdensity of structural defects is expected to be higher. Thus

with our view presented above. degenerate conduction occurred at a relatively low tempera-
Thus our picture will be that structural defects provide theture around 100 K. The absence of degenerate behavior in

dendritic films with a high density of acceptor levels, leadingsamples annealed above 570 °C indicates that a considerable

to thep-type behavior observed in the Hall measurements. lramount of structural defects have been annealed out.

the as-prepared and low temperature annealed samples, theFurther evidence for the elimination of structural defects

by annealing is provided by the observation that the activa-

TABLE I. A summary on the Hall mobility results, the conver- tion energyE/ for conduction increases with an increase in

sion temperatur@ for the transition in scattering mechanisms, and the annealing temperatu¢@able |). According to Debye and

the activation energy for extrinsic conduction, for samples experi-Conwell?° the activation energy of an acceptor can depend

encing different postannealing treatments. on the density of ionized acceptors as

Sample wp (T<T) wy (T>T.) T (K) ELX10* (eV) . ( N, |18

Ea=Ej 1- , 12
As-prepared ~T008 ~T705 143 2.8 AT A Nerit 12
459 °C annealed ~T%2 ~T705 143 9.5 . o
570 °C annealed ~T°5 _T-05 182 73.0 whereE, is the activation energy of an acceptEﬁ a con-
580 °C annealed ~T* 241 230.0 stant,N, the average density of the ionized acceptors, and

Nt the critical concentration.
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From the above equation, one sees that as the concentri@ansition from theT®? to the T2 dependence is taking
tion of ionized acceptors increases, the activation energy foslace as the conditioBN; 23T2<1 becomes satisfied. Thus
acceptors decreases and om¢g is above a critical value for a fixed measuring temperatufe, the slopea(T;) from
Nerit, No thermal excitation is necessary for the holes assothe logouy-l0g;oT plot qualitatively reveals the relativi;
ciated with the acceptors and the semiconductor becomés the samples, being smaller for a largér. This agrees
degenerate. In our case, the number of ionized acceptors deith the fact that the as-prepared sample assumed the largest
pends on the number of acceptor levels, which in turns deN; showing the smallest. Besides, the increasing curl-up of
pends on the amount of structural defe@angling bonds  the experimental curves at even lower temperatures, which is
The as-prepared sample should house the largest amount @io predicted by the model, for samples annealed below
defects, as evident from the degenerate conduction behavié80 °C supports the argument thidf should decrease as
in 303 to 523 K. Thermal annealing has been known as @annealing temperature increases.
means to reduce dangling bond defedtand the density of
acceptor levels should reach a minimum for the sample an- 2. For T>T,
nealed at 580 °C. According to E(L2), this type of sample
should show the highest activation energy for extrinsic con
duction. Indeed, the activation energy was found to b

=102 eV, nearly two orders of magnitude higher than thatIn order to understand thig %5 dependence, one has to

of the as-prepared sample. . .
The physical reason for the above phenomenon may be %’gﬁgﬁ; the mean free patft) of the charge carriers.

follows. Since dangling bond defects on grain boundaries or
in a network of dislocations are localized in real space, upon —1/1 .

pairing up with an electron from the valence band, the Ge L1 =LA im) =+ Liliom + L o (13
atoms associated with the dangling bonds will be negativelyvhere (I) is the resultant averaged mean free path and
charged, creating a space-charge region. The free hole gak.),(lion.(ln are the ensemble-averaged mean free paths
that is attracted to this region will screen the Coulomb fieldarising by structural imperfections, by ionized centers, and
of the nearby acceptd?s(i.e., neutral atoms with dangling by acoustic phonons, respectively.

bonds or in other words, atoms with unionized hplessult- For ionized center scattering, although the mean free path
ing in a decrease in the activation energy. The effectivenesgiven rise by the Rutherford scattering does not explicitly
of this screening effect, and thus the amount of decrease igdepend on temperature, it is proportional to the square of the
the activation energy surely depends on the density of thenergy of the charge carriel,

free hole gas, hence on the density of acceptdengling

bonds. clion = T2, (14

It is interesting to note that foF>T,, uy varies asT ~%°
rather than the expectedT 1, or to be exact~T~ 23 for
he scattering of holes by acoustic phonons in germasium.

Therefore,(l,,n,) should increase as temperature increases.

] While for phonon scatteringy varies asT ~ %72,
Hall mobility (uy) measurements have been carried out

for samples subjected to different annealing temperatures. In (e UT. (15)
the present studyuy(T) is governed by two scattering
mechanisms, with each dominating at a different temperatur&hus we see that the significance(bf,,) should subside as
region. A temperature of conversidiy can be designated to compared tdl,,) when the temperature is sufficiently high.
signify the transition from one to another. FAr<T,, For {l;n), since permanent imperfections of a crystal lattice
un(T) varies asT®, wherea is a positive constant; while for should give rise to a mean free path independent of tempera-
T>T., uy shows a dependence ef T~ 2% for all of the  ture and the energies of the charge carridis, ought to be
samples. The absolute value Bf is noted to correlate with @ constant. Thus at high enough temperatures, we have
the activation energ§, for extrinsic conduction.

K1) =11 im) + 1K1 o) - (16)

Now, we postulate that in the present experimental range
For T<T., uy is seen to vary a3®, anda takes values  (I;)<(ly. This may be justified by noting that dendritic
from 0.09 to 1.4Table |), increasing along with an increase Ge films consist of a vast amount of grain boundaries as

in the annealing temperature. The value 1.4 agrees well witbbserved from the atomic force microscodFM) micro-

the value 1.5 predicted by the formula of Conwell andgraph, and are expected to associate with a large amount of
Weisskopf for ionized center scattering neither too low indislocations and point defects. These distortions in the crys-
measuring temperature nor too high in ionized center densityal lattice surely shorten the mean free path of the charge
(N;). The gradual increase i can be readily explained by carriers. As a result, should be limited byl;,,. Since it is
noting that upon annealinly; in the sample is expected to expected that the as-prepared and the low-temperature an-
decrease as discussed above. The argument of a smaller nealed samples are at most weakly degenerate upon ap-
gives a higherr can be qualitatively seen from the numerical proaching 300 K, the use of Boltzmann statistics, and hence
calculations of the ionized center scattering model. As can b&q. (4) should not lead to an erroneous temperature depen-
seen in Fig. 1, ad; increases, the slope measured below dence of the Hall mobility as evident from Fig. 2. By insert-
=100 K in the logy u-log,o T plot decreases. The decreaseing | =1, into Eq.(4), a mobility xo< T~ %% results in excel-

of a along with an increase il; is due to the fact that a lent agreement with the experimental findings.

B. Temperature-dependent Hall mobility measurements

1. For T<T,
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The concept of a structural-imperfection-limited meantemperature-dependent Hall measurement from 20 to 300 K.
free path is also consistent with the observed correlation beResults showed that the dendritic films consisted of a vast
tweenT, and the activation enerdy, for extrinsic conduc- amount of structural defects that led to degenerate conduc-
tion. From Table I, it is observed that increases along with tion at high temperatures and low Hall mobility
an increase in the activation energy. It has been argued (=10 cn¥/V s). All of the samples were found to lpetype

thatE; should correlate with the density of structural defects" the low-temperature regime. The origin of the acceptor
. . b . levels in the forbidden gap is attributed to their originating
within the samples. A higheE/ implies a lower density of

X from structural defects, a possible candidate of which is sug-
structural defects. In other words, a lower density of defectgesied to be dangling bonds in the dendritic crystals. Ther-
is seen to associate with a highky. Now, fewer dangling ma| annealing was shown to be capable of removing part of
bond related defects should be accompanied with a bettghe defects. Hall mobility could be generally described by
crystal quality. Consequently, the mean free pathshould  two scattering mechanisms. At low temperatures, ionized
increase, resulting in a conversion of scattering mechanismenter scattering was found to dominate and to give rise to a
at a higher temperature as observed experimentally. T* dependence of.;;, wherea is a positive constant whose
magnitude depends on the amount of defects within the
samples. At higher temperaturgs,; was found to vary as
T~95 rather than the expectedi 2 dependence. This was

To conclude, the transport properties of dendritic Ge filmsexplained in terms of a structural-imperfection-limited mean
were studied by means of temperature-dependent electriciiee path, which should be practically a constant, of the
conductivity measurement from 20 to 523 K and charge carriers.

VI. CONCLUSIONS
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