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Abstract

Amorphous Ge or Si films have been used as ohmic contacts to high-

resistivity n-silicon radiation detectors. One interesting property

of this contact is that it does not inject minority carriers even

when the depletion region extends up to the contact thus generating

an extracting field there. The function ->f this contact is not yet

fully explored. One part problem is the role of the metal films

used as external contacts to the amorphous film. In this report

we investigate the function of different contacting metals, such

as Au, Al, Cr by measuring the I-V-characteristics of sandwich

structures with two metals on both sides of the amorphous evaporated

(Ge) and sputtered (Si) film (of typical thickness 1000 Ä). It was

found that while the symmetric structures Au-aGe-Au and Cr-aGe-Cr

were low-resistive (leading to resistivity values of = 10 ftcm for

the aGe film), Al-aGe-Al structures showed much higher resistance and

were also polarity dependent. The former feature was found also for

unsynmetric structures, i.e. Cr-aGe-Au, Cr-uGe-Al.
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1. Introduction

The purpose of this investigation was to find out how the metal

contacts to the semiconductor films which are used as non-injecting

back contacts to monocrystalline silicon ', are working. Using

different metal contacts, both symmetrical and non-symmetrical

structures were fabricated. The I-V-characteristics of the structures

were measured at room temperature. From these measurements, the time

stability, linearity and polarity-dependence of the structures were

determined. We also calculated the ohmic resistance using the linear

portions of the curves. Film resistivity has been observed to be

independent of film thickness for thicknesses in the range 300-5000 A '

Both the evaporation rate and background pressure are known to affect
3)film properties '.

The thicknesses of the deposited layers, the presence of oxide or

other impurity and inter-layer diffusion profiles were estimated from

Rutherford backscattering spectra. Electron microscopy was used in

investigating the structure of the evaporated Ge films for different

deposition conditions.

2. I-V-characteristics

2.

The experimental procedure used in this work was to first evaporate

a metal film either Al, Au or Cr on to substrate wafers made from opti-

cally polished Al disks. The thickness of these evaporated bottom metal

contacts were approximately 1000 A and th?y were made in the small

evaporation units in Teknikum (Uppsala) at a working pressure of

approximately 10 torr. The subsequent evaporation of Ge films to a

thickness of approximately 1000 A was made in the electron gun eva-

poration facility of Tekniska Högskolan in Stockholm at a working

pressure of about 10 torr using two controlled deposition rates of

10 A/sec, and 60 A/sec, respectively. The time duration between the

depositions of the first metal layer and the semiconductor layer was

approximately 24 hrs and that between the deposition of tne semiconductor

film and the top metal contact also approximately 24 hrs. The latter

operation was again done in the Uppsala facility, the thickness of

the top metal layer being approximately 1000 A. The structure is shown

in fig. 1.

A typical I-V-curve for the Au-Ge-Au structure is snown in fig.3a,

and in fig.3d is drawn similar characteristics for a Cr-Ge-Cr structure.

Using the area of the Ge film under the contacts (-- 0.5 cnr), and
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the thickness of tho film (- 1000 A) we deduce a resistivity of about

1.0x10 ohmcm for the Ge film, the corresponding resistance being 2 ohm.

This value was independent of whether the evaporation speed was 10 Å/sec.

or 60 A/sec, for the Ge film.

The characteristics of the Au-Ge-Cr configuration is exhibited in

fig.3c The behaviour was polarity-independent, but a small deviation

from linearity is seen in the upper part of the voltage region starting
4 -1at around 500 mV. This corresponds to a field > 10 Van for non-o!i»iic

3 4}behaviour, in agreement with other workers ' '.

The I-V-:urve for Cr-Ge-Al combination is shown in fig.3b. No

non-linearity or polarity dependence is observed for the measured

voltage rang? up to 100 mV. Also given in fig. 4 are the characteristics

for Al-Ge-Al structures. The behaviour was stable with time and shows

polarity effects. The very high resistivity is possibly due to the

existence of band bending at the surface. One case of band bending is

shown in fig. 2 Ol .

Different metals thus behave differently when used as contacts to

thin amorphous evaporated Ge films. The ohmic resistances are summarized

in table 1. (Al-Ge-Al which showed polarity dependence and thus was

not ohmic is not included; we use the distinction that "ohmic" means

polarity independence while non-linearity could be present in both

"ohmic" and "non-ohmic" cases).

Table 1

Combination

(The first metal is the
layer deposited on Al plate)

Au-Ge-Au

Cr-Ge-Cr

Cr-Ge-Al

Au-Ge-Cr

Resistance

for contact areas cf ~ 0.5 c
at voltages of the order of
hundreds of mV (see fig.3).

about 1-3 ohm

1-3 ohm

" 20 ohm

" 80 ohm

From the table we observe that the Cr-Ge-Al and Au-Ge-Cr structures

present much higher resistance than the Au-Ge-Au and Cr-Ge-Cr samples.

The number of samples measured for each configuration was 3, and the

variation between different samples was small. It seems that the Au-Ge-Au

structure is characterized by low ohmic contact behaviour and this also

applies to Cr-Ge-Cr, while barrier effect may be present for the other

structures. One puzzling thin nere is that v/hile the symmetric structures

with either Au or Cr on both sides of the germanium film are ohmic and



of low resistance, the unsymmetric Au-Ge-Cr structure, while still

ohmic and linear, shows much higher resistance. To get a clear picture

of how this comes about it is necessary to get a detailed view of

the band diagram of the contact and this might be determined by

capacitance and photoelectric investigations (not yet performed).

(Band bending at the contacts as shown in fig. 2 has been used '

for explaining capacitive behaviour of amorphous semiconductor sand-

wiches). A hypothesis could be that the Au-Ge-Au structure is operating

with one type of carriers, say holes, and that then both Au contacts

behave properly i.e. one injects holes without requiring a voltage

drop and the other acts as an exit contact for holes, again without

presenting any appreciable resistance. Similarly, the chromium

contact could be operating with the other type of carriers, say electrons.

Such a behaviour might then explain why the Au-Ge-Cr structure shows

a much higher impedance. It could then be possible that while the Au

contact injects holes easily the Cr contact does not easily empty the

germanium layer of these holes. In the opposite direction, the chromium

would inject electrons into germanium but the Au contact would not

easily empty the layer of these electrons. This is, however only

one possibility and a simplified picture which should be investigated

further. - It could be interesting to try to look for a possible existence

of barriers at this structure by capacitance and photoelectric measure-

ments. It might also be possible to use the TCT-method, Generation of

electron-hole pairs at one contact and applying a voltage at the other

contact of such polarity to extract, say holes, would then give informa-

tion of whether any barrier for holes exists at the injection electrode.

A puzzling feature is also the much higher resistivity found for

Al-Ge-Al structures. The value of the effective resistance at lew

voltages before non-linearity occurs is of the order of 20 kohm. It

was observed that when the top contact of diameter 8 mm was positive

the current was always higher than for the opposite polarity. This can

give some information about the behaviour of carriers. It is known

that rectification effects can be obtained when the two contacts to a

material have different areas. The positive contact being positive means

that it should extract electrons, while when it is negative is should

extract holes. The existence of holes or electrons at the extracting

contact does not necessarily mean that the same type of carriers are

injected by the injecting contact. There can easily on the way be a

shift or transformation between the two carrier types, just as in the

semiconductor region (a diffusion length) bordering the depletion region

of a p-n junction. However, let us first assume that the carriers extracted



are the same as those injected by the injecting contact. The higher

current obtained when the top electrode is positive then means that

the electrons are surviving more easily than holes during the passage

through the amorphous layer. - We appreciate that the situation is

too complex to be solved with the present experimental data. There are

too many possibilities - we can think of having different diffusion

lengths for holes and electrons in the amorphous layer, different

injection probabilities for holes 3nd electrons for the injecting

electrode and different extraction efficiencies for holes and

electrons for the extracting contact. Data from other types of experi-

ments (other than I-V-measurements) are needed.

EL

The results fcr these specimens are given in table II.

From the first part of the table, Al-Si-Al with a gold contact layer

on top, we observed for samples 50 and 51 that we can get reproducible

results and the resistance is quite high, 14-15 kohm. An example of the

I-V-characteristic for sample 51 is seen in fig. 5. The next two

structures in the table, Al-Si-Ge-Au and Al-Si-Ge-Cr were made by

either sputtering or electron beam depositing the silicon films which

had the indicated thickness between 1000 and 2000 A. Ordinary evaporation

by resistive heating of a tantalum boat was used for the Ge film and the

metal films. Examples of the curves obtained for the samples in the

two bottom sections of table 2 are shown in figs. 6 and 7 which are on a

log-lin scale.

3. Backscattering investigations of the germanium structures

Rutherford backscattering ' was used in investigating diffusion

effects between the layers. It was also employed in identifying and

quantifying any impurities that might be present in the films, a particles

with energies in the region of 2 MeV were backscattered by the specimen

onto a solid-state detector. The backscattered energy depends on the

mass of the scatter ing atom and its depth location. The output from the

detector system, which is proportional to the energy of backscattered

particle is stored in a multichannel analyser and is subsequently displayed

as an energy spectrum.

The spectrum of an Al-Ge-Al-Au contact layer structure is shown in

fig. 8. We observe that nothing peculiar has happened in the structure.

The top gold layer is seen clearly as v/ell as the Ge layer. We also

identify the tv/o A1 layer distributions and the substrate aluminium plate.



This samples was deposited at room temperature. The small rise in the

background at approximately channel 320 is due to an impurity in the

substrate, probably copper. A rough estimate indicates that an oxygen

impurity less than 20".j could not be detected in the spectrum, but as

no such impurity is seen it is concluded that the presence of oxygen

in the germanium film is less than this.

Another room temperature deposition spectrum is shown in fig. 9

and this is for a Au-Ge-Au structure on a Al substrate. Again this

structure seems rather straightforward with no special interesting

details. It should be noted that the bottom gold layer and the germanium

layer are superimposed in the spectrum but there is no visible diffusion

between the layers. In fig. 10 is shown a spectrum of a Cr-Ge-Cr struc-

ture and we note that in this case the thickness of the top Cr layer

apparently was much smaller than that of the bottom layer. This structure

was also made at room temperature.

On the other hand, in the spectrum in fig. 11 which is for a germanium

on gold (on Al substrate) structure without top electrode, where the sub-

strate was held at 200 C during the evaporation of the Ge layer, we ob-

serve diffusion effects between the layers. This can be seen from a compa-

rison with the spectrum in fig. 12 which is for a structure of the same

type made without substrate heating and in a different evaporation cycle.

In fig. 11 diffusion of gold towards the surface is evident. The difference

in the slopes of the front gold edges in fig. 11 and 12 indicates inter-

diffusion at the Au-Ge interface for the heat treated sample.

Another pair of samples, one with substrate heating and the- other

without, is seen in fig. 13 and 14. This time the structure was Ge on Al

without top layer, and the substrate was Al. No appreciable diffusion

effects seem 1 D be present in the neighbourhood of the Ge layer, as can

be seen from the similarity of the two Ge peaks. There may be a slight

oxidation of the Ge surface in the heated sample, which is indicated

by the slope at the top of the Ge distribution (fig. 13). This indicates

a lower Ge concentration right at the surface. The existence in the un-

heated sample (fig. 14) of a distribution between 6e and Al is apparently

due to some impurity element in the substrate (because the extension of

this distribution is much wider than the Ge and Al peaks). A slight

difference in the calibration between figs. 13 and 14 is due to a small

change of the energy calibration.

It is suggested that one should be looking for the presence of oxide

interface layers with a 'Ore accurate method, e.g. using the a,a resonance

reaction in 0 at 3.05 MeV. Even monolayers of oxide can be detected in

this way ' , and the use of alphas as the omitted particles also makes
it possible to determine the position of the layer.



4. Investigations of the structure of the amorphous Ge films

To find out whether the deposited Ge films were amorphous or poly-

crystalline, depositions were made on rock salt at room temperature,

and at 200 C substrate temperature. The deposition rate was 10 Ä/sec.

The films which were floated off by dissolving the rock salt in water,

were subsequently deposited on microscope grids for transmission

electron microscopy.

The electron diffractograms in figs. 15 and 16 show that for room

temperature deposition the films is amorphous, while for the elevated

temperature deposition the films is polycrystalline. The electron

microscope picture of the film in the latter case (heated substrate),

at a magnification of 80,000, is seen in fig. 17. These results largely

agree with the work of Chang and Shimaoka (1974) '.

5. Summary and comments

He have investigated the DC current-voltage characteristics of amorphous

evaporated Ge films contacted with various metals. The film structure was

confirmed from electron microscope studies. Al, Au and Cr were used as

contacts in symmetric ar.d non-symmetric sandwich configurations. The

fact that all the-structures exhibit time stability would probably indicate

that both Ge and metal films were deposited under appropriate vacuum

conditions '. This time stability and reproducibility also applied to

the Al-Si-Ge-Au and Al-Si-Ge-Cr structures which were also studied.

He find that the Al-Ge-Al structure showed both polarity dependence

and high resistivity. The latter property is also presented by the non-

symmetric structures, while the Au-Ge-Au ano Cr-Ge-Cr configurations give

ohmic behaviour and low resistance. The dependence of resistivity on

structure symmetry if partly unexplained; it is suggested that further

investigations be conducted using capacity and photoexcitation methods.

It may be necessary to use ultraviolet light which is expected to be

absorbed in a sufficiently thin layer (~ tens of Å) where we can expect

to have the band bending of the Ge film which itself is only 1000,A thick.

From our hackscattering spectra, we observe no interlayer diffusion

between the metal films and Ge for room temperature deposition. The same

was true for AI/Ge interface when the substrate temperature was 200°C

during the 6e deposition. Diffusion does, however, take place when Ge was

evaporated on Au at that substrate temperature (200°C). We note that when
i

Au is a metallic contact for Si devices, migration of Si atoms through the

Au is also known to occur ' at a temperature of ~ 150°C which is well

below the eutectic temperature of 370°C.



Within the accuracy of the backscattering method, we identify no

oxygen impurity in the Ge films. He suggest that where such impurity

is critical in device operation, the methods in refs.6 and 7 should

be employed in identification and estimation of the content.



-Table 2

Sample
no.

37

40
43
44
50
51

39

42

4G

47

53
54

43

49

55

55

Conposition

Al-Si-Al
Au

Al-Si-Ge-Au

Al-Si-Ge-Cr

Si-thick-
ness

1000 Ä

1000 Ä
1000 A
1000 A
2000 A
2000 A

1000 A

1000 A

1000 A

1000 A

2000 A

2000 A

1000 A

1000 A

2000 A

2000 A

Semi c.
film
depos.

Electron
beam evap
Sputtered
it

it

ii

"

Si-film

Electron

sputtered
i»

II

H

Ge-film
alw.evapot
sputtered
ir

ii

II

Ge&Cr fill
alw.evapo

Room temp
1 i near
esistanro

23.5 kft

14 ku
15 kP

5.000 ku

55 kfi

10.5 kn

48 kft

3 3 kft

11.5 kn

2343 kn

9 kn

17 kn

Max.
oltage

600 mV

950
825

700 mV

000 "

900 "

500 "

700 "

8 0 0 r.iV

800 mV

800 "

Max.
current

96

1020
455

275 nA

105 nA

37.5nA

217 nA

1.3 nA

410 nA

132 nA

Reprodu-
c i b i 1 i ty

;jo

Yes
Yes

Yes

Yes

Yes

yes

yes

yes

yes

yes

vo

70 mV

120 "

70 "

100 mV

90 mV

100 mV

Polarity
depend.

;jo

No

Yes
Yes
Ho

No

No

no
no

Max.
power
mW

0.220

0.328

0.145

p ohmcm
room

Max.
E V/cm

0.27-105

a»

O.27-1OJ

O.27-lOa

iJ'jrvc

36,3-i

40

43

45

4G

47
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Figure captions

Fig. 1 Typical configuration of specimens used in this

investigation.

Fig. 2 Band bending which could exist in the amorphous

semiconductor films, near the contact.

Fig. 3 DC current-voltage cha.-actpris.tics of Ge films for

different contacts, a) Au-Ge-Au, b) Cr-Ge-Al,

c) Au-Ge-Cr, d) Cr-Ge-Cr.

Fig. 4 DC current-voltage characteristics for the structure

Al-Ge-Al, a) 60 Ä/sec, top electrode positive,

b) 60 Å/sec. top electrode negative, c) 10 A/sec,

top electrode positive, d) 10 A/sec, top electrode

negative.

Fig. 5 DC current-voltage characteristics of two sputtered

Si films of thickness 2000 A (a,b) and beam evaporated

film of thickness 1000 Ä (c). The configuration was

Al-Si-Al-Au.

Fig. 6 DC current-voltage characteristics for Al-Si-Ge-Cr

(a,c) and Al-Si-Ge-Au (b,d). The Si was sputtered and

of thickness 2000 A, the Ge was evaporated and of

thickness 1000 A.

Fig. 7 DC current-voltage characteristics for Al-Si-Ge-Au,

the Si was sputtered and of thickness 1000 A, the

Ge evaporated and of thickness 1000 A.

Fig. 8 Backscattering spectrum for Al-Ge-Al-Au structure.

Fig. 9 Backscattering spectrum for Al-Au-Ge-Au structure.

Fig. 10 Backscattering spectrum for Al-Cr-Ge-Cr structure.

Fig. 11 Backscattering spectrum for Al-Au-Ge structure. The

temperaure of the substrate was 200°C during the

beam evaporation of the Ge. In the spectrum the

Gc peak is superimposed on the Au because the Au

layer is very thick - 2600 A.



Fig. 12 Backscattering spectrum for Al-Au-Ge structure.

Fig. 13 Backscattering spectrum for Al-Al-Ge structure.

The temperature of the substrate was 200°C during

the beam evaporation of the Ge.

Fig. 14 Backscattering spectrum for Al-Al-Ge structure.

Fig. 15 Electron microscope diffraction pattern for Ge when

the rock salt substrate was at room temperature.

Fig. 16 Electron microscope diffraction pattern for Ge when

the rock sa'

deposition.

the rock salt substrate was at 200°C during Ge

Fig. 17 Electron micrograph for Ge film deposited on rock salt

at a temperature of 200°C.
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