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Temperature effects on the properties
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The effects of substrate temperature (T5) on the properties of vacuum evaporated p-type Ge
thin films have been investigated for 25 < T; < 400 °C. Increase in the substrate temperature
improves the crystallinity and increases the grain size resulting a gradual change from
amorphous to polycrystalline structure which was attained above a substrate temperature
of 225°C. Low resistive (1 x 1072 ohm-cm) and high mobility (280 cm?/V - s) films were
obtained at T, =400°C. It has been observed that the conduction mechanism in
polycrystalline films was dominated successively by hopping, tunneling and thermionic
emission as the sample temperature was increased from 40 to 400 K. In amorphous
samples, conduction was described in terms of different hopping mechanisms. © 7999
Kluwer Academic Publishers

1. Introduction ous substrate temperaturdg)(in between 25-400C
In addition to its historical importance, Ge films, in- were applied. The average deposition rate was around
cluding nanostructures [1, 2], grown by different tech-0.5 nm/s. Thickness of the films was measured by in-
niques such as UHV-CVD [3], MBE [4], cluster-beam terferometric method. Structural information was ob-
evaporation [1], low temperature solid phase crystaltained by TEM studies. Electrical contacts were made
lization [5], on various substrates like Si[2—4], GaAs [6] by evaporation of high purity aluminum on the film un-
and ZnS [7] are being studied recently. Cryogenic therder vacuum and then by soldering the copper leads. The
mometers for turbulence measurements [8], point coneontacts were post heated, prior to soldering of the cop-
tact warm carrier devices [7] and cryogenic resistancgder wires, under a nitrogen atmosphere for about 15 min
temperature sensors [6] are a few of the new applicaat the same substrate temperature used in growth to ob-
tion areas of Ge film based devices. As in most semitain stable characteristics. The ohmic nature of the con-
conducting thin films, crystallinity nature of Ge films tacts was confirmed over the temperature range stud-
strongly depends on the method and the conditions afd by their symmetrical and line&rV characteristics.
growth. Polycrystalline and epitaxially grown films are The dc conductivity and Hall measurements were per-
highly conducting, always exhibit p-type conductivity formed using a Keithley 619 differential electrometer,
and relatively high mobilities after the application of a Keithley 220 constant current source and a Walker
heat treatment at high temperatures. On the other haniJagnion electromagnet giving up to 1 T. The temper-
low substrate temperatures result in poorly conductingiture of the sample was controlled using a Lake Shore
and low mobility amorphous films. Due to difficulties close cycle refrigeration system. The dc conductivity
and uncertainties involved in the Hall measurements irand Hall data, at room and liquid nitrogen tempera-
amorphous materials, conflicting results on the transtures, obtained by this system were also verified with
port properties of Ge films have been reported. those measured by a Bio-Rad HL5200 Hall measure-
In the present work, the effects of substrate temperment system.
ature on the structural and transport properties of ther-
mally evaporated Ge thin films are reported. The results
obtained from the temperature dependent Hall and con-
ductivity measurements are used to investigate the ele@- Results and discussion

trical transport mechanism in a wide temperature rangd he electrical transport properties of pinhole free and
of 40—400 K. well sticking Ge films were found to be independent of

thickness in the range 0.3—-1.0n. The analysis of the
diffraction patterns and TEM micrographs have shown
thatfilms grown at a substrate temperaturéet 25°C
2. Experimental have amorphous structure and abdye- 100°C poly-
Thin films of Ge in Hall-bar and Van der Pauw geome-crystalline phase starts to form gradually yielding poly-
tries were grown by thermal evaporation of p-type bulkGe films atTs > 225°C . The average crystallite size
material from a tungsten basket at #Gorr on ultra-  increases from 50 to 358 as Ts increases from 100 to
sonically cleaned glass substrates £123 mm). Vari-  400°C.
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In general, Ge films grown at low substrate tem-  1E+02
peratures are amorphous and the increasing substra
temperature results in better crystallinity and orienta- @ a
tion yielding a polycrystalline material. However, the T 1E+00 | o
substrate temperature ranges over which amorphous
polycrystalline phases dominate reported in literature§ %
vary in a remarkably wide range, since the microstruc-=
ture depends strongly on the method of growth, typez 1E-02 -
of the substrate and the growth conditions such as deZ o
position rate, vacuum level, etc. For example, Ge filmse& a
grown on quartz substrates B> 400°C [9], and on

- - =]
SizsN4 coated Si substrates &> 290°C [5] were re- 1€ -o4
ported to have polycrystalline structure after anneal- L L . L
ing at 800°C and 350C, respectively. On the other Y 100 200 300 400 500
hand, poly-Ge films were obtained on ZnS substrates ¢ Substrate Temperature (°C)

Ts > 400 °C without post annealing by Uchidaal.[7].

In the present work, polycrystalline structure was ob-Figure 1 Substrate temperature dependence of resistivity.
tained at relatively low temperaturek & 225°C) with

no post heat treatment (except the curing of the contact -
at the same temperature as the substrate temperatt 0500 00BBOO600800 b 6 6 6600
applied during the growth) as compared to above men 1E+24 - Ts =400°C

tioned records. The average grain sizes are nearly th
same.

In Table I, some representative values (average of th vesseson
results obtained on the samples from at least three difz .........--;;:;g(;:é... esece -
ferent growth cycles with the same growth conditions) 'g L Dnnﬂw
of the electrical resistivity and carrier concentration are i~ \ o
given. These values were obtained from the room tem 1E+20 -]
perature dc conductivity and Hall effect measurement: o
on films grown at different substrate temperatures. Bott - o°
the thermoelectric and the Hall effect measurement: " Ts=26°C
have shown that all the samples exhibit p-type con- 1E+18 - o2°
duction regardless of the substrate temperature. Thi o
agrees well with earlier observations that independen 0
of nature and conductivity type of the source material, \E+16 oo™ . , ) .
evaporated Ge films show p-type character. 100 200 300 400

The variation of resistivity with respect to substrate Temperature (K)
temperature is given in Fig. 1. Resistivity of the amor-
phous films grown affs=25°C is around 12 x 103 Figure 2 Temperature dependence of the carrier density.
ohm-cm. Resistivity follows a slight decrease down
to 2.5 x 10? ohm-cm asTs is increased up to 20C. ) o ] .
Further increase ofs results in a markedly decrease Ples increase irp is more than five orders of magni-
in resistivity and atTs=400°C highly conducting fude,see Fig. 2. Temperature dependengetiEcomes
(p ~1 x 10~2 ohm-cm) films were obtained. weaker asls is increased and fofs > 225°C, p be-

From the Hall measurements, average free carriefOmes almosttemperature independent. For these sam-
concentrationp at room temperature was found vary ples both the con(.jucywty and _the effective mobility
from 104 to 10t cm~2 for various substrate tempera- have the same activation energies.
tures. Temperature dependent Hall data indicated that The Hall mobility at room temperature, calculated
for films grown at lowTs hole concentratiopincreases rom the simultaneous Hall and conductivity mea-

rapidly with temperature. For example, for A type sam-Surements, was found exhibit a minima aroume:
10'7 cm~3. Thus the films having higher carrier densi-

ties, i.e. the films grown afs > 225°C have partially
depleted grains and the Hall coefficient measures the

1E+22

[n]
o0

TABLE | Some parameters of Ge thin films measured at room

temperature average carrier density in the grains [10].
The highest Hall mobility observed in the present

Sample  Tsu(°C) t(um) p(Q2-cm) p(em %) work is 280 crd/V - s in samples grown at = 400°C.

. Some of the recently reported mobility values are;
g 1%% %'.%85 gi ﬁ Z:gi ﬁ; 100 cnf/V - s in Ge films grown als=600°C (which
c 150 0.97 5 x 10 23x10'  increases to 250 ¢V -s after a heat treatment at
D 200 0.57 5 x 107 31x 107  900°C) [9], and 360 cr#V -s in films grown afls=
E 225 0.44 2x107  30x100%  §00°C [5]. Comparison of these values with that ob-
e pros ors b Sy 18118 tained in the present work shows that a relatively high

mobility can be obtained without annealing and at
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TABLE Il Mott's parameters

Sample A B C D E F G
N(Eg) (cm3/eV) 1.8 x 1072 2.8x 101 6.3x 1021 1.4 x 107 43x10%8 2.4x 1077 3.0x10%
y(cm™1) x 10° 0.85 0.84 0.56 1.3 15.0 4.1 39
To(K) 7.2x10° 43x10° 5.7x10° 37x10° 1.6x10* 59x 10° 4.1x 10?
R(100 K) (cm) 41x10°8 3.6x1077 58x 108 22x10°8 5.1x 10710 1.4x107° 7.7x 10712
YR 35 3.0 3.3 2.9 75 5.9 3.0
W(100 K) (meV) 200 170 190 170 43 34 17
relatively low substrate temperatures, which is promis: e e e . . . .
ing for device applications. €404 | Ts=400°C

To investigate the conductivity mechanism in our © e 6 coo & R
samples we have analyzed the data obtained from tr r Ts=300°C ° o

temperature dependent conductivity studiesinthe rancS 1€ +02 }
40-400 K. It was observed that, in general, in all fiImsTx |
conductivity is thermally activated. However, the tem- € ce o o 9 © o 4

perature dependence of conductivity exhibits differen € 1E+00 r Te=225°¢ °
characteristics below and above 125 K, approximately S X
In the low temperature region both amorphous anc

polycrystalline films behave similarly. At temperatures ® '®"%% T

above 125 K, different conduction mechanisms take Po o
place in different structures. The detailed analysis 0 4g_04 | Ts=2;:’C °
the conduction mechanism is given below. ° o
() T <125 K amorphous and polycrystalline films: 0.30 ' 034 ' 038
Temperatures below 125 K, temperature dependel T4 (4
conductivity data were found show good fit to the Mott’s
expression [11] Figure 3 Temperature dependence of the conductivity below 125 K.
oN/T = ooexpl-(To/ T)"] (1)

idea that crystallinity and average grain size are both
increasing with increasinds as concluded from the
structure studies. One may further argue that this is
also one of the reasons that lies behind the quite con-
oov A>’N(Ef)/y, (2)  sistent decrease observedih(the energy required for
hopping at a given temperature) with increasing
where A= 3e¢?v+/87k, v being the phonon frequency, Based on the above analysis of the temperature de-

in which the pre-exponential factor is

and the degree of disorder, pendent conductivity data, conduction mechanism both
in amorphous and polycrystalline films at low temper-
163 atures can be explained as follows. The trapping states
To= KN(ED) (3)  generated by the disordered atoms and dangling bonds

are distributed in the band gap. The states below the
pinned Fermi level are filled and therefore charged.

are related to the density of localized statdéEr) The stat b " " d i i
and to the wave function decay constantthrough € states above itare empty and may capture carriers
only from the filled trap states, since at low tempera-

the Equations 2 and 3. Bothy and Ty were obtained ¢ h 1abl . ¢ h I
from the temperature dependent conductivity data pelUrés there areé no available carriers irom the valence

low 125 K by plotting Ino+/T vs.T -4 (some of which band. The hopping of chargg carriers from occqpied
are shown in Fig. 3). These values were used to evaffaP stayes to empty ones will Fhen be the dominant
uate Mott's parameters [11, 12] by assuming a phono onductlo_n mechanism. In ad_dltlon, carriers relea_lsed
frequency ofv =10 s1, see Table II. In this table rom the filled trap states contrlbgte to the (;ondu_ctlon.
R andW represent the hopping distance and the aver- (i) T .>_125 K, polycrystalllne films: In tho's region,
age hopping energy, respectively. In order to conclud onductivity of the f|Ims_grown aifs; 200°C were
that the electrical conduction mechanism can be eX_ound to be thermally activated following the rule
plained by the Mott’s localized state model, the follow-

ing criteria; y R>1, W>> kT and Ty > 10® must be ovT = apexpE, /KT), (4)
fulfilled. Examination of Table Il shows that except for

the samples grown & =400°C, Mott's parameters whereoy is the pre exponential factor arkt}, is the ac-
reasonably satisfy above requirements and our results/ation energy of conductivity. In Fig. 4 semilogarith-
are comparable to those reported earlier for a restrictethic plots ofo+/T vs. T 1 for various samples grown
temperature range for rf-sputtered Ge thin films [13].at different substrate temperatures are given. For a sam-
The degree of disorder (as representedd)ylecreases ple grown at a specific substrate temperature this plot
with increasing substrate temperature, supporting thehowed linear variation in three different temperature
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TABLE 111 Activation energy of conductivityg, (meV) in different 600 S
temperature ranges . 3
L]
Sample N ¢
P E 400 | .’
T(K) D E F G ¢
£
=
125-200 71 37 18 9 2 Lok
200-300 119 61 36 14 b
300-400 219 89 44 20
Q
0
0 15
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o
~ 1500
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b
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Figure 4 Temperature dependence of the conductivity above 125 K .
(polycrystalline samples). 5 ve®® d
P b .
. £ T o
regions; 125-200, 200—-300 and 300-400 K, from the ¢ .
slopes of whichE, values were calculated and shown G 8000
in Table Ill. The tabulated values have standard error o ©
at most 4 meV as calculated from the linear regressio L
of (Ino+/T) vs.T ! data. The activation energy of con-
ductivity was found to vary from 9 to 220 meV depend- 7000 ! . ¢

ing on the substrate temperature. The general tenden 0 5 10 15

is thatE,, is comparatively higher in the higher temper- T2/104K?)

ature region. Furthermore, in each temperature region,

E, decreases with increasing substrate temperature. Figure 5 Conductivity data as a function @ on (a) E, (b) F and (c) G
In polycrystalline structure at the grain boundaries,tyre samples. Linear portions are shown by straight lines.

atoms are disordered and due to incomplete atomic

bonding large number of defects and hence trapping .. i i ,

states are produced. When these states trap mobile cay-(1ll) T > 125K, amorphous films: In this region, con-

riers they become charged and as a result potential baf{Ctivity data of amorphous films were found to obey

riers will be created at the grain boundaries. In samples

for which E, > KT, the current transport, in the related

temperature interval, is limited by the these barriers and

governed by the thermionic emission of carriers over thavhereoy is a constant and E is the activation energy

grain boundary potentials (especially when the graindor carrier transfer. From la vs. T ! plots, AE was

are completely depleted corresponding to lpwalues ~ found to vary around 180-290 meV for samples grown

with high thermal activation). On the other hand, whenat different substrate temperatures. These values, being

E, <kT, thermionic emission theory is not applicable. small as compared $E, suggest that the two possible

In this caser vs. T2 plots were found to be linear up Mechanisms for the electrical conduction are tail states

to 190, 200 and 260 K for E, F and G type samplesconductivity involving arbitrary energy levels in the tail

respectively (see Fig. 5). Thus, above 125 K, tunnelingf the valance band and hopping conductivity involving

of carriers through the potential barriers [10, 14—16]strongly localized states at the mid-gap.

is the dominating conduction mechanism up to some

temperature above which the thermionic contribution

becomes more important. The range over which thet. Conclusions

tunneling contribution is dominant widens with the in- It was found that Ge thin films can be grown by ther-

creasing hole concentration (corresponding to partiallynal evaporation in polycrystalline structure for sub-

depleted grains). strate temperatures as low as 225 Improvement in

o = opexp(—AE/KT),
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the electrical properties with the increasing substrates
temperature was found to be supported with the cor-

responding changes in the microstructure as analyzed

by TEM studies. Hall mobility of 280 cAiV - s ob-
tained in films grown afs = 400°C, without the need

of annealing at temperatures higher than the substrate.

temperature, is remarkably high.

Conduction mechanism in amorphous samples was'’-

found to change gradually from variable range hopping ¢
to hopping to the nearest neighbors and then to thermal

excitation to tail states, as the temperature increases.

from 40 to 400 K.

In polycrystalline samples, conduction was best de?-

scribed by the variable range hopping at low temperas ;
tures. Above 125K, as temperature increases, tunneling

followed by thermionic emission were found to be the12.
13.
14.
15.
16.

dominant conduction mechanisms.
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