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SUMMARY 

In this report, investigations on the interfacial 

layer and depletion layer of Metal-Insulator-Semiconductor 

(MIS) diodes are reported, 

The interfacial layers used, were either thermally grown 

oxide layers (TO-devices) or oxide layers treated with 

silico-fluoric acid, to incorporate fluorine and thus 

completing the oxide layer (SFA-cells). 

The number of interface states for TO-devices was 

12 -2 -1 determined to be about 5.10 (cm, ,V ) by means of 

frequency dependent capacitance and conductance measure-

ments. The interface state density of SFA-cells could 

not be obtained, because these cells do not show a 

frequency dispersion up to 100 kc/s, at room temperature, 

SFA-cells, sputtered at various sputter-voltages 

(0.5 - 2.4 kV) were used to investigate the current-

voltage relationship for the temperature regime of 

80 - 300 K. It appeared that except for the lowest sputter 

voltage, there was an increase in the recombination current 

for increasing sputter voltages, The number of interface 

recombination states may have been increased due to the 

sputtering process, 

Up to now, it had not been possible to draw an energy 

band diagram of the sputtered devices, given the high value 

of the photo-barrier height, the low value of the depletion 

capacitance and the fact that the effective doping profile 

in the depletion region was not known, 



The doping profile around the depletion layer edge 

2 was determined by careful analysis of 1/C -V plots, 

At the surface, the profile was determined by applying a 

stripping technique of thin layers of silicon by means of 

anodic oxidation of the silicon in combination with 

dilution of the oxide layer in HF, After each oxidation 

step the capacitance was measured as a function of the de 

bias. It was concluded that over a range comparable to 

the initial depletion layer width, the ionized acceptars 

are almost completely compensated by donor-like states, 

The hypothesis is that these compensating impurities 

are present at the surface before deposition of the gold 

layer, and that they are activated during the sputtering 

process. By means of field-stimulated diffusion they 

migrate into the depletion layer of the silicon and 

subsequently compensate the ionized acceptors. 

With the obtained doping profile, it was mow for 

the first time possible to obtain a quantitative model for 

the depletion layer of sputtered gold MIS-diodes on 

p-type silicon, 
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Chapter I: Introduetion 

I. I Introduction. 

Especially in the past decade we have seen an increased 

interest for so-called alternative sourees of energy. One of these 

alternatives is solar energy. In this report we will discuss 

some aspects concerning photovoltaic devices (solar cells), 

that directly convert sunlight into electrical energy. Solar 

cells have already been used in Space Technology for a number 

of years. However, these single-crystalline p-n junction solar 

cells have up till now been too expensive for widespread terrestial 

applications. 

For this reason our group ~s working on the development of 

a different low-cost solar cell which ~s based on the so-called 

M-I-S (Metal-Insulator-Semiconductor) Technology. We are for our 

research using monocrystalline p-type silicon with a resistivity 

of 2 ~cm., and non-reactive gold as the metal. The thickrtess of 

the silicon layers is about 300-400 ~m., although much less is 

required to absorb the sunlight. 

Onto a silicon layer, there will always be a native oxide 

layer present, with for (100) material a thickness of 0,7-0,8 nm •• 

This oxide layer serves as an insulating layer between the metal 

and the semiconductor. It can, as we will see lateron, be improved 

by the incorporation of fluorine atoms. 

For the metal we have used gold because it doesn 1 t react 

with oxygen. The gold layers were deposited onto the samples by 

means of a de-sputtering process.The layers have to be as thin as 
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possible, Ln order to permit the incident light to reach the 

depletion region. Only in this depletion region, there LS an 

electric field that seperates the electrans and holes, generated 

by the absorbence of light. At the same time, the resistance 

of the gold layer should also be as low as possible. As a 

compromise, we first sputtered a rather thin layer of approximately 

5 nm. (50 ~/o; 2 kV) and on top of this layer we sputtered a 

smaller area up to a thickness of about IS nm. (5 Q/o; 2 kV) fo~ 

current collection. 

1.2 Theory of MIS-devices. 

Since the thickness of the insulating layer of our devices 

LS very small, we may regard them as Schottky-barriers. An 

idealized energy-band-diagram of such a device is given in 

figure 1. 1. 
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The workfunction p of the sputtered gold is smaller than the 
rn 

workfuntion of the p-type silicon. This causes a bending, VD' 

of the conductance and valenee bands over a distance w·. This 

region ~s depleted with holes, and therefore contains an 

effective negative charg~ due to ionized acceptors. The band-

bending VD (diffusion potential) and the oxide voltage V 
ox 

deterrnine the value of .the harrier height ~B. The harrier 

height is slightly lowered by an arnount denoted by ~~. due to 

the ~rnage force. 

The rna]or charge transport rnechanisrn in our type of device 

is the flow of holes over the top of the harrier in combination 

with tunneling through the very thin insulating layer. By 

setting the oxide tunneling probability for holes close to I, 

we can find the current to voltage relationship, according to the 

theory of Thermionic Emission (Schottky harrier approximation 

for a rnajority carr~er device). In the absence of an applied 

bias, will the current of holes flowing from the metal to,the 

semiconductor J be equal to the hole-current J which 
p ,ms p ,sm 

flowsin the opposite direction.(see figure 1.2.) 

J 
n, srn 

J 
n,rns 

' ' --- -~ ... _--

J p,rns 

Figure 1. 2 



- 4 -

The current J 1s only dependent on the harrier height ~B p,ms 

and is therefore practically independent of the applied bias v. 

2 J p,ms 
** A T . exp (-~ ) (LJ) 

** where A effective Richardson constant -2 -2 
(A. cm • K ) 

T absolute temperature (K) 

q electron charge 

k Boltmann's constant 

The opposite current J however ~s also dependent on the value p,sm 

VD-V , where V>O for forward bias. 

J p,sm = ** A 
2 

T • exp . exp ( ~) 
nkT (1.2) • 

The term n is called the ideality factor and is usually. greater 

than unity. The total current to voltage relationship is now 

given by 

I ** J - J = A p, sm p ,ms 
2 qtB V 

T . exp (- -·- )• {exp(~ )-l} 
kT nkT 

(I. 3) 

So far we have neglected minority carrier currents and interface 

state recombination currents. First, there is a component of 

current, due to electrans from the silicon conduction band, which 

tunnel through the interfacial layer into the metal, Additionally, 

there is charge exchange via the interface states. These states 
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may capture a hole from the valenee band and recombine with an 

electron from the metal, thus providing an additional current path. 

On the other hand there can also be electrans captured from the 

conduction band, which recombine with the holes. For more detailed 

discussions about charge transport in MIS devices, including 

accupation functions, oxide tunneling harriers etc etc., we would 

. 2 3 
like to refere to Freeman and Dahlke 1 , Card and Straayer We will 

return to this subject ~n chapter 3, where we will discuss the 

temperature dependenee of these currents. 

Due to illumination holes and electrans will be generated 

~n the depletion region, resulting ~n an additional fotocurrent If. 

A typical illuminated I-V curve ~s drawn in figure 1.3. 

I 
m 

I 

I 

oe 

Figure 1,3 

. SC , • 
The most ~mportant quant~t~es are the short-circuit current I 

SC 

and the open cicuit voltage V . Maximum power can be taken from oe 

the device at the point (I , V ) . The efficiency n of the s.olar m m 

cell is defined as the ratio of the delivered electrical power 

P and the power of the incident light P .• We obtain: out ~n 

n 
p 

out,max 
P. 
~n 

I .V 
m m 
P. 
~n 

I • V 
FF 

se oe 
P. 
~n 

(I. 4) 

Here is FF the so-called fill-factor, which can be determined 
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directly from the shape of the illuminated I ~ V curve. For a 

complete description of a practical solar cell we also have to 
I 

add the series-resistance R and the shunt-resistenee R h in the 
s s 

model of figure 1.4. 

l 
R 

s 
I 

Figure 1. 4 

The fotocurrent If can be taken into account by means of a current 

source. The complete current to voltage relationship becomes then 

I 
q(V-I.R ) 

s I
0

• { exp ----
nkT 

I} "'" 

V-LR 
s 

where I 0 is the so-called saturation current 

** 2 q~B I 0 = A .r . exp (- --) 
kT 

- I 
f 

1.3 Preparatien of the samples befare sputtering. 

( 1. 5) 

(1. 6) 

The semiconductor material we used was Boron doped p-type 

silicon from Wacker Chemitronic ( (100), 2Q cm).All wafers, each 

5.7 cm in diameter, were provided with an ohmic back-contact. 

This was clone by creating a p!layer on the back side of the wafers 

by means of heavy Boron doping and by subsequently sputtering 

Tj and Au onto this back-layer. To obtain reproducable surfaces 

for all our MIS devices we needed to perfarm the following three 
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steps. 

I. Thickening of the back-contact by means of an extra gold 

sputtering for one hour, to proteet the back-contact against 

agressive etches. 

2. Etching about 5 ~m.of the silicon surface. This is needed 

because in the top layer we can expect to find unwanted impurity 

atoms and mechanical stress. We used an etch consisting of 

HF (50 %)-HN0
3 

(65 %)-HAc (99 %) in the volume ratio of 2-7-2. 

The HAc reduces the etch rate to about 3-4 ~m./min. 

3. Thermal oxidation of the samples for about I hour in oxygen 

at a temperature of 480°C, During the oxidation, H+-ions are 

removed which were present in the top layer due to the 2-7-2 etch 

treatment. 
! 

After these three steps, we made a choice for the kind of 

cell we wanted to make, First of all, we can leave the oxide layer 

as it is, and sputter the gold directly on top of it. The oxide 

layers of these Thermal-Oxide-devices are at about 2 nm. thick, 

but their oxides are rather incomplete.These devices are not 

ideal for solar cell application, but they can be used for the 

determination of interface states, as we will see in Chapter 2. 

The second kind of devices are the so-called Silico-Fluoric-

Acid-devices. The oxide layers of these devices are treated to 

make them more homogeneaus and complete, prior to the deposition 

of the metal layer. The enebancement of the qualities of these 

insulating layers is achieved by dipping the samples in a salution 

of silico-fluoric-acid ( (H
2

o) 2SiF6 ). Incompletely oxidized Si 

and SiO molecules will be completed to SiOF 2• We may expect the 



- 8 -

following reactions 

2Si -.----+~ 3SiO + 

4H ~ 
2 

6HF + 

(I • 7) 

(I. 8) 

Reaction (1,8) can be reduced by adding an amount of HF to the solution. 

Both reactions a~e surface reactions and are therefore self-limited. 

The exposure time in the salution is not very critical, but was 

4 
normally kept at 200 seconds,or more. The surface layer is then 

strongly hydrophobic. Because of the high reactivity of the Si-F 

bond it is expected that dangling bands will be compensated. This 

might introduce effects on the position of the interface state 

density N in the band-gap. 
s 

1.4 The de-sputtering process, 

The gold layers are sputtered by means of a relatively simple 

de sputtering proces,outlined in figure t~S 

r-----~~~~~----~ ......--til. 
cathode 

devi_c:e~::::::~::::::~::;;:::J anode -
~--------~''r-------~ 11 

Figure 1, 5 

Inside the bell -jar we have a cathode which is made of the material 

that has to be sputtered, and an anode on which the sample is placed. 

-2 
An Argon ambient is attained at a pressure of 3.10 Torr. As a 
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result of a high de voltage,(about 2 kV) between the cathode 

and the anode, there will flow a current 1n the order of 2 mA,. 

On their way from the cathode to the anode, the electrens can 

ionize the Argon-atoms. These Ar+-ions will be accelerated 1n 

the direction of the cathode. They collide with the gold 

cathode and remave (sputter), (mostly) neutral gold atoms. 

Argon is used as a gas, because it has a relatively high 

sputter yield. This sputter yield 1s defined as the number of 

sputtered atoms of the targed per incident ton or atom. The Argon 

pressure should be high enough to create a sufficiently high 

number of Ar+-ions, .to obtain a self-sustained plasma-discharge. 

But the pressure should not be toa high, in order to minimize 

the scattering of the gold atoms. A more detailed analysis of 

5 6 
the sputtering proces 1s given by Carter and by van Beek 

Only on outline of a few phenomena of the discharge that.might 

have an impact on the device characteristics will be given. 

First of all, we have to consider the (neutral) gold a~oms. 

These atoms have a mean free path, which is in the order of 

I 
;

16 
times the distance between the cathode and the anode. 

The energy with which they reach the silicon surface, will 

therefore be reduced due to collisions to about 10 eV. With 

this energy they can penetrate into the first few atomie layers 

of the insulating layer. Hence, sputtered ~old layers are 

better attached to the substrates than evaporated gold layers. 

Penetration of Ar+-ions into the samples may be neglected, 

because of the direction of the electie field between the 
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cathode and the anode. Ultraviolet radiation, from the excited 

Ar atoms may have a rather limited range in the silicon layer 

of about 10 nm .. 

Fast electrans (2 keV) will be able to penetrate further 

into the deviêe. Calculated trajectories of 100 electrans with 

an energy of 20 keV incident on a 4 ~m. thick PMMA resist-

7 
layer on a silicon substrate_are given in figure 1.6. 

Figure I. 6 

This penetratien depth will be dependent on the sputtering 

voltage. Assuming an exponentional relationship between the 

the penetration depth and the electron energy, we may estimate 

a depth in the order of I vm. typical, for 2 keV electrons. 

Slow electrans coming from the ionized Argon atoms, have 

a much lower energy of about 10 eV. Their penetratien depth 

and impact on the bulk material will be relatively small. 

Nevertheless, they may have a high interaction with fluorine atoms 

~n the insulating layer~ The probability for the breaking 

of the SiOF2 band into SiOF and F- due to the interaction 

with low-energy electrans is quite likely. The fluorine atoms 

might escape from the surface. This might result in an 

undesired degradation of the oxyfluoric insulating layer. 
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By applying the oxide treatment with silco-fluoric-acid 

we are able to produce Au-MIS-devices, sputtered at 2 kV, in 

a very reproducible way. The most important device qualities 

for this so-called " standard-solar-cell 11 are listed below: 

V 260 mV. 
oe 

I 18 mA/ 2 = cm . 
se 

FF = 0.6 

p 2.8·mw/ cm} 2 out when P. a 63 mW/ cm 
4.5 1.0 

n 

R n s 

Rsh = 10 krl 
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Chapter 2: AC-charge transport mechanisms 

2. I Introduction. 

Interface states play an important role in charge 

transport of MIS devices, since they may provide an additional 

path along which currents can flow. We are therefore especially 

interested in the density and kinetic properties of these 

states. Currents between the interface states and the metal 

are limited by the oxide tunneling harrier and the oxide thick-

ness. Hence, the study of interface states will also provide 

information about the thickness of the interfacial layer. 

Most of our information about interface state properties 

LS obtained by means of conductance and capacitance measurements 

at various frequencies. Since the conductance of the devices 

Ls very high, we had to make special arrangements, in order 

to be also able to measure the capacitance, 

2.2 Theory of interface states. 

Extensive studies on the theory of interface states have 

I 8 2 
been given by Freeman , Kar and Card . We will fherefore 

limit our discussion here to the most important conclusions 

which are applicable to our devices. 

We will first consider the case of a single interface 

state, that may exchange charge with the conduction band 

( electrens with T ), valenee band (with T ) and the 
es vs 
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wetal Celeetrans and holes with TT). The characteristic time 

constants for this charge exchange are respectively: 

- -I 
T (cr.v.n) es n s 

- -I - -I <Ps-
T (cr.v.p) (cr p' v .NA ) • exp (- ) 

VS p s 
kT 

TT 
I I 

B exp { (47T·(2m ) 2 t_h).(lj> ff) 2 .t } 
e ox 

where cr n state capture cross section for electrans 

cr 
p 

V 

n 
s 

= state capture cross section for holes 

average thermal velocity of free electrans 

electron concentration at the interface 

hole concentratien at the interface 

surface potential 

B constant 

m = effective carrier mass. 

h = Planck's constant 

~ effective oxide harrier height "'eff 

tox oxide thickness 

(2 ~i) 

(2.2) 

(2.3) 

2 (cm ) 

2 (cm ) 

(cm/s) 

(cm - 3 ) 

(cm-3) 

(èV) 

The oxide thickness of the MIS devices ~S, very small, but at 

the least smaller than 4nm •• Hence, the time constant for 

electron tunneling from the conduction band into the metal, 

-I -I -1 . 
(r + 'T ) , 1s much shorter than the build-up time of es 

8 
a inversion layer 1n the silicon. Instead of causing inversion 

the electrans are now drained away from the interface, by 

tunneling through the oxide. 

The interface states will therefore mainly exchange charge 

with the valenee band by means of holes and with the metal by 



- 14 -

means of both electrous and holes. If f and f are the occupancy 
s m 

functions for the bulk silicon and the metal, we can write for 

the interface state occupancy 

f 
ss = 

'vsfm + 'Tfs 

'vs + 'T 
(2.4) 

By compar~ng 'T and -r we can consider two extreem cases: 
vs 

I If 'vs >> 'T , ·fss is equal to fm' which means that the 

interface states and the roetal are in equilibrium, and 

that the metal Fermi-level and the energy-level of the 

states are pinned. This is the so-called "semiconductor-

limited" case. 

II When t is neglectable to 'T' the interface states are ~n vs 

equilibrium with the silicon. The silicon bulk Fermi level 

is then pinned to the states and the currents tunneling 

into the states are limited by 'T' Therefore we call this 

the . " tunneling limited case". 

2.2.b Determination of the interface state density. 

Equivalent circuits of MOS devices with thick oxides 

9 
have been given by Nicollean and Goetzberger . Their models 

can be extended for the case of a single level interface state 

as in figure 2.l.a. For the semiconductor limited case 

(-r >>-r ) we may replace J by a short-circuit. The admittance wil 
T vs TS 

will then show no frequency dispersion. This ia the case for 

MIS devices with very thin (< 1 nm.) interfacial layers, like our 

SFA -cells, which have I-layers of approximately 0.9 nm .. The 

Thermal Oxide devices have thicker I-layers in the order of 1.8 nm. 



c ox 

C (w) 
p 

c 
OX 

RB 
c. 

- 15 -

Figure 2. I 

GTE C (w) 
+ 

m 

GTS 

C oxide capacitance 
OX 

b. 

G (w) 
m 

d. 

CD depletion capacitance = space charge capacitance 

C = interface state capacitance 
s 

R interface state resistance for recombination of holes 
s 

~ bulk and back-contact resistance 

GTE = frequency independent conductance of the thermionic 

field emission current 

JTS density of current, tunneling from the roetal through 

the oxide into the state 
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The tunneling probability becomes now relatively small 1 so that 

we can replace JTS by a frequency independent conductance GTS 

as in figure 2. I.b. These devices will due toR and C show 
s s 

a significant frequency dispersion. The equivalent circuit 

2. I.b. may be reduced to 2. l.c. where C (w) is the parallel 
p 

sum of the depletion capacitance and the interface capacitance 

and G (w) is the parallel interface state conductance. The 
p 

resistance RB ~s equal to the sum of the back-contact resistance 

(which may be neglected) and the bulk resistance which ~s equal 

to d.p/A, where p ~s the resistivity of the silicon, A ~s the 

area of the metal contact, and d is the thickness of the bulk 

silicon. Since we are dealing with very thin oxides, we may 

assume C to be infinitely high and consider it as a short
ex 

circui~Subsequently we can by neglecting bath RB and C , 
OX 

express the interface papacitance C and the interface 
s 

conductance G in terms of the measured capacitance C (w) 
s m 

and the measured conductance G (w). 
m 

G (w) 
m 

G (w) 
p 

+ + G (w) 
p 

+ 

(2,5) 

(2,6) 

We obtain the capacitance of the interface state by subtracting 

the depletion capacitance from the measured capacitance. The 

conduction associated with the interface states equals the 

measured conductance minus a frequency independent conductance 

G • From a camparisen of the circuits of figures 2.l.b. and c 
DC, 

we get 

c 
p 

c 
s 2 2 l+w T 

(2. 7) 
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2 
W T 

2 2 
I+ w T 

= 
2 

qN (V)• w ; 2 
ss I + W T 

(2,8) 

where N (V) is in cm-2v-l and is a measure for the interface 
ss 

state density. The equations (2.J) - (2.8) are valid for the 

case of a single interface level. 

Similarely we can consider the case of a continuurn of 

states by replacing cp(w), Gp(w) and GTS by corresponding 

integrals across the band""gap. The interface state density, 

-2 -1 is then given by N (E), (units, cm eV ) and C and G 

become 

es p p 

c = q2N (E). arctan (wT) 
p CS 

G p 

WT 

q
1

N (E) 2 2 
• CS .ln ( H W T j 

2T 

(2.9) 

(2. I 0) 

Determination of the interface state density is possible by 

platting ( Gm(w)- Gdc)/w versus w or w(~m(w)-CD)_versus w 

for various biases. In both cases, the state density can he 

determined from the maxima of these plots, as shown in figures 

2.2a - h, The interface state density for the single state model 

can also be taken from the C (w) values for very low frequencies, 
m 

since in that case 

N (V) 
ss 

2.3 AC-measuring set-up. 

c 
s 
q 

(2. J 1} 

The experimental set-up for the admittance measurements 

is shown in figure 2.3. 
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Figure 2.2 
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Figure 2.3 

device 

variable de supply Ref. 

freq. generator to 

LIA 
R current probe 

to LIA 

to LIA 

The device ~s connected ~n series with a variable de power 

supply and a sinusoidal ac voltaga sourca. Tha amplituda of 

the ac signalis usually small (~20 mV) compared to the de 

bias. lts frequency could be varied from 10 c/s to 10 ~c/s, 

The de bias may only be varied very slowly, in order 

to preserve equilibrium conditions. The current through the 

devise is normally measured with a current probe. Signals from 

the current probe are amplified and sent to a phase-sensitive 

lock-in amplifier (PAR 121A). A reference signal from the ac 

voltage source, is also led to the lock-in amplifier. The incoming 

signal will in general consist of a cqp&citive and a conductive 

component, which are 90 degrees out of phase with respect to 
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each ether. The lock-in amplifier (LIA) enables us to amplify 

selectively in phase, in such a way that either the conductance 

or the capacitance of the device can solely be measured. By 

means of the recorder output of the LIA and a Keithly voltage-

meter we could display.the si:gnal on (the ~~axi:s of) a X-Y 

recorder. The bias across the device is also measured and sent 

to (the X-axis of) this recorder. A secend Keithly-voltage 

meter may be used for precise adjustment of the conductance 

and the capacitance. A set of precision resistors and capacitors 

were used for calibration of the admittance signals. 

The current-probe could only be used for rather high 

frequencies (typical greater than 5 kc/s).For measurements 

at lower frequencies we had to make use of resistors (R ) 
m 

connected in series with the device. The voltage across these' 

resistors is also sent to the LIA, leaving the rest of the 

experimental set-up the same. One has to make sure that the 

admittance associated with the resistance R of the resistor ~s 

is always much smaller than the conductance (wC or G) of 

the device. 

Unfortunately,the use of the LIA is limited to frequencies 

up to 150 kc/s. However, special arrangements were made, to 

enable measurements up to frequencies of 10 Mc/s. The inaccu-

rar~es of the measurements for bath conductance and capacitance 

are typical within 2%. Only for capacitance measurements at 

very low frequencies, this inaccuracy may be somewhat greater, 

because the phase-setting to cancel the conductivity is more 

difficult, 
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2~4 AC measurements. 

Capacitance and conductance measurements have been performed 

~n the frequency range from JO c/s to JOO kc/s, using five 

different Thermal Oxide devices. The difference between the 

devices was their (background) impurity (acceptor) concentration 

or resistivity. All devices received the same sputtering treatment 

2 
at 2 kV, and had Au contact areas of 0.14 cm . The values of 

the resitivity provided by the manufacturer, were checked by 
10 

means of v.d. Pauw-measurements, carried out on samples of the 

same wafers. The results are given in table 2.1. 

TABLE 2. I pf b (rlcm) a r, 

TO 0.06- 0112 01 I 

TO 2 I. 5 - 4 I I 9 

TO 3 2 

TO 4 5 7 514 

TO 5 25 - 50 

Pfrom N (rlcm) 
A 

01 1 

1 19 

213 

615 

40 

Another check ~s obtained from capacitance measurements uader 

reverse bias. The acceptor concentration NA •cán óe obtained from 

2 
the slope of a I I c rv VR- plot according to 

2 (2.12) 

The results are given ~n figure 2.4, and are in a more profound 

way discussed in chapter 4. From the acceptor concentratien we 
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Figure 2.4 
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can easily de termine the resistivity of the bulk material 

d
. . 11 

accor ~ng to Sze and Irv~n . 

The measured data for the capacitance and conductance 

under forwardbias, are given in figures 2.5 and 2.6 for device 

TO 1. From these data we obtain the befare mentioned plots of 

w(Cm(w) -CD) and (Gm(w) -GDC) versus the frequency and with 

the bias as parameter (see figures 2.7 and 2.8.Comparing these 

plots with the corresponding figures 2. 2~.a - h for the single 

state and continuurn state, we may conclude that the better fit 

fs obtained for the single state model. Applying this model 

to the capacitance and conductance measurements of all five 

devices, we get the respective interface state densities 

N (V) as shown ~n figure 2.9. The interface state density, 
ss 

as determined from capacitance measurements at very low 

frequencies is also given. The relatively high values arè 

probably due to sputter damage. 

f 

It is obvious that the N (V) densities determ~nedifor the 
ss 

single state model are lower when they are obtained from 

capacitance instead of conductance measurements. This could 

be an indication for an influence of the oxide capacitance c ox 

which in that case may no langer he estimated to he infinitely 

high. 

The energy level E above the valenee band, corresponding 

to the energy level of N (V) can he calculated from 
ss 

E (2 .13) 

Howeve~ because n ~s rather high (n 10 typical), it ~s only 
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Figure 2.5 
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Figure 2.6 
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Figure 2.7 
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Figure 2.8 
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possible to determine the interface state density for a very 

kT small energy-interval of at about 100 mV (= 4 --). It is there
q 

fore hardly possible to distinguish between an extended single 

state model and a cóntinuum state model. Unfortunately we could 

notlet the forward bias exceed values of 1 - 1.5 volts. 

Beyond these voltages, the electric field becomes greater than 

12 
10 MVolts/cm., which is according to Ferry , equal to the 

value at which high-field-breakdown of the oxide becomes likely. 

Even when breakdown does not directly occur, the device will 

be irreversibly altered by a bias stress of forward voltages 

exceeding I -1.5 V. 

The maxima in the C,w and G/w curves occur at frequencies 

w which are equal to the reciprocal of the time constant T 
VS 

These values of T are presented in figure 2.10, as a function vs 

of the bias for all five TO~devices. By extrapolating the T~V 

curves we find for V=O volts a value TO equal to about 5 msec. 

The value of TO may be considered as a lower limit for the oxide 

tunneling time constant TT. By setting TO = TT and applying 

the relationship between TT and the oxide thickness d ,given 
13 ox 

by Lundström, we obtain for the TO-devices a value of 

approximately 1.8 nm .. Also from the (very low) value of the 

open circuit voltages for these devices, we can obtain a value of 

14 
at about 1.8 nm., by us~ng a relationship g~ven by Ng • 

From the fact that all T~V curves result ~n approximately 

the same value of 1 0 , we can by using equation (2.2), conclude 

that all five devices have a comparable hole concentratien p at 
s 

the surface. Purthermare we can conclude from the logl~V curves 
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Figure 2. 10 a 
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of figure 2.11 that all devices have the same saturation current 

I 0 , and subsequently the same harrier height ~~ 

In fact this means that we have measured the saffie interface 

states (with regard to the level in the energy band) for all 

five devices. 

Figure 2.11 

2 
I (mA. I cm. ) 

Jo-3 i 

TO 3 

TO 2 
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Chapter 3. DC charge tranport mechanism. 

3. I Introduction. 

The ma~n component in the charge transport of common 

Schottky harrier MIS devices under forward bias, (see figure 

3. I) is the thermionic emission of holes over the harrier (1). 

Additional currents of electrans (minority carriersl tunnel 

through the oxide layer into the bulk semiconductor and 

contribute also to the total current (2L The interface states 

can trap holes from the valenee band (3) which can recombine 

with electrans from the conduction band (4), or capture an 

electron from the metal resulting (5) in a net current between 
f 

the semiconductor and the metal.States in the semiconductor, far 

from the metal act as recombination centers (6+7). In chapter 2, 

we have seen that the number of interface states is rather high, 

due to the sputter damage. The current flowing thro?gh :these 

states may therefore be rather significant. 

2 

Figure 3, I 

6 

·------ ......... _ 
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~he thermionic emission current IT, can be characterized by 

I = I ( (qV. ) -· I ) T O,T· exp nkT 

where the saturation current I ~s equal to o,T 

I 
o,T 

The minority carrier current I ~s given by 
n 

I 
n 

(3. I) 

(3. 2) 

(3. 31-

where n is the electron concentratien on the bulk and vd is 
p 

the drift velocity of the electrans (<J07 cm/s.~. Since n 
p 

4 -3 
~s only of the order of .JO cm for 2 .a. cm. p~ype. mate.rial 

we can neglect this minority carrier current. The recombination 

current of centers far from the metal, but in the depletion 

region is equal to 

1R B 

qpiw 
(3.4) 

21"R ' 

with 
15 -I 

Nt.(exp 
qV (3.5) (LR) = cr•v . (n kT) - 1 ) 

th B 

Here is a is the capture ours section, vth is the thermal 

velocity, Nt is the number of recombination centers, pi the 

intrinsic hole concentration, w the depletion layer width and 

• ~ T ~s the minority carrier lifetime. Using 1: 
r"' n n 

2 ]Jsec., as 

16 
obtained by Leermakers , we can estimate IR B to about 

' -7 2 
10 A/cm . 

For the recombination current IR,S through the interface states, 

14 
we can in the simplest case write 

qNT 

T p 
(3.6) 



- 34 -

Here is ~T the interface state density, for a single interface 

state and T is the lifetirne of the holes, which can be expressed 
p 

as q (v~vD) 
p ' v h ' 0 (exp (n kT \ - J ) 

0 t p s 

where p is the hole cöncentration at the interface. 
0 

(3,7)_ 

Neglecting the series resistance R and oxide-tunneling 
s 

lirnited currents we can now write for the total current 

I 

(3.8) 

For the ideal case will the ideality factors n and n
8 

be 

equal to I, while nB will be equal to 2. The influence of the 

recornbination currents is higher at lower biases and lower 

temperatures. A typical log r~v plot of a current consiàting 

of a thermionic component and a recombination component is 

given in figure 3.2. By subtracting the recombination turrent 

frorn the measured current,we can determine the thermionic 

current over a wider range, and find more accurately the 

saturation current IQ T' 
t 

2 
A plot of log ( IQ T/T ) versus the reciprocal 

t 

temperature should give a straight line, from which slope 

we can determine the activation to the barrier height ~B' 

according to (3. 1) and (3.2). 



- 35 -

Figure 3.2 
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3.2 Choice of devices and dc-measuring set-up. 

3.2.a Choice of devices. 

For thermal oxide devices, we have observed lower forward 

currents thanfor the SFA-cells, and higher apparent n-factors 

(n = 10 typical), Furthermore, the log I~ V curves do not show a 

linear b~haviour, which makes it questionable whether we still may 

apply the thermionic emission theory for these devices, The 

forward currents are strongly limited by tunneling through 

the oxide layer, Since also the photovoltaic performance for 

the TO-devices is much lower than for the SFA-cells, we have 

only investigated the charge transport mechanisms of some 

SFA-cells. The log I~V relationship at temperatures ranging 

from 80 K to 300 K was measured for devices sputtered at 

voltages V of 0.5, 1.0, 2.0 and 2.4 kV., for the devices 
~ 

. '1 6 s
1 

-s
4 

respect~v~ y , 

For each sputter-voltage we could determine the most 

suitable argon pressure by measuring the deposition time t 

of a reproducible gold layer (50 0./o) as a function of the 

pressure p. By also varying the distance L between the cathode 

and the anode 1 we were able to keep the resistivity of the 

layer, the deposition time t and the ratio L/À constant. By 

keeping the ratio of L and the mean free path À for the gold 

atoms the same, we could for all devices obtain the same 

scattering conditions inside the bell-jar. 
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The devices were mounted in a double walled stainless 

steel c~yostat. The temperature could easily be kept at 80 K, 

by making use of a starage chamber filled with liquid nitrogen. 

The devices were thermally connected to. but electrically isolated 

from the "cold finger". 

The temperature could be raised with the aid of an ac

heater, mounted inside the cryostat. Stable temperatures 

between 80 K and 300 K were obtained by flowing cold N
2
-gas 

through the cooling chambers of the cryostat, in combination 

with heating by means of the ac-heater. The temperature was 

measured directly at the position of the device by means of a 

chromel-alumel thermocouple. 

A logarithmic amplifier combined with a de supply which 

delivered a slowly varying voltage ramp (see appendix I) 

made it possible to plot the desired log r~v curves, dir~ctly 

on a X-Y recorder. 

3.3 Log r~v measurements. 

The logl ~ V ~ T curves for the four devices s1 - s4 are 

given in the figures 3,3-3.6, Since higher sputter voltages 

introduce more damage to the devices, we might expect an 

increase in the number of recombination states (either in 

the depletion layer or at the surface), with incraesing sputte~ 

voltage, Indeed we observed for the devices s
2

, s
3 

and s4 a 
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Figure 3.3 
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Figure 3.4 
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Figure 3.5 
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Figure 3.6 
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Figure 3.7 
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success~ve increase ~n current according to:equation (3.5). 

Device s1 shows a deviating behaviour. 

Ta he able to understand this, we also have to consider 

the log r~v curve of an evaporated gold device (figure 3.7)_. 

The currents for such a device are rather high, and show an 

almast ohmic behaviour, instead of the rectifying behaviour 

of the sputtered devices. Device s1 was sputtered at the lowest 

possible sputter-voltage (0.5 kV).Its characteristics lay 

somewhere in between the characteristics of the evaporated 

device and the other devices, sputtered at higher voltages. It 

might be that this has to be associated with the generation 

of the high harrier, which in that case should be less than 

0.65 V for the device s
2

. 

However there might he two additional effects. 

I. With increasing sputter voltage there is a faster 

deposition of the first few atomie layers, which protects 

the insulating layer in such a way that less fluorine atoms 

are able to leave the sample. This means that for lower 

sputter-voltages their can be an excess number of recombination 

centers, resulting in a higher recomhination current for 

device sl, with respect to device s2. 

2. For further increasing sputter-voltages, their will be an 

increase in number of interface recombination states, due to 

sputter-daJnage. This could account for the increase in 

recombination current, with increasing sputter-voltages 

for the devices s2,s3 and s4. 

The combination of these two effects, could explain t~e 
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rn~n~rnurn ~n the nurnber of recornbination states for device s
2

. 

3.4 Evaluation of the activatien energy. 

The plots of r0 ,T;~
2 

versus JOOO/T for the devices s
1

, 

s2 and s3 are given in the figures 3.8-3.10. The curve through 

the rneasures data, is not a straight line. However the slopes 

around room ternperature give approxirnately the expected value 
17 

of the harrier height (0.65 eV), as obtained from Fowler-plots. 

The values of the activatien energies from the slopes are 

for the devices s 1 ,s2 and s3 respectively 0.60, 0.55 and0.65 V. 

The activatien energy of device s4 could not be obtained 

because of the recombination current. 

Different roodels have been suggested to decriba tlia 

deviation of the measured data from the straight line, for 

lower temperatures. Padovani
18

suggests that the effective 

temperature is increased by an additional temperature T' , 
' 0 

although the physical meaning of T remains unclear. Several 
0 

authors suggested a thermionic saturation current dependenee 

on the ideality factor according to 
19,20,21 

** 2 q~B 
(3.8) 10 T A • T. exp (- nkT) 

' 
2 The curves of r0 ,T/T versus 1000/nT, indeed do show a linear 

behaviour, as we can see in the figures 3.8-3.JO. The activation 

energies for the devices s 1, s
2 

and s
3 

are now respectively 

0.78, 0.98 and 1.15 V, However it remains doubtfull whether 

may introduce the ideality factor in equation (3.8). 
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Figure 3.9 
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Chapter 4: Depletion layer analysis 

4, I Introduction, 

From chapter I we·know, that the gold sputtered MIS-

diodes can be made in a relatively simple, reproducible way 

with promising photovoltaic qualities, 

We have also seen that a change in sputter conditions can 

greatly influence the device characteristics, This becomes 

clear when we look at the c~v relationship, The harrier-

height of the sputtered gold diodes is 650 mV ~ IO%,in 

contrast to evaporated Au-MIS devices which show such a low 

harrier that the contact is ohmic at room temperature, on 

our 2~cm, p-type material, 

The value of the harrier height can be increased by·a 
_6 13 

positive oxide charge of 10 Coulomb, I.,e, JO charges 

would be :~.ecessary in this case, This value l.S somewhat~high 

but not unacceptable, Other investigators have also reported 

positive charges in oxides on p-type silicon 
2~ 

From a harrier height of 0.65 Volts and a bulk acceptor con-
15 _3 

centration of 6-7 , JO cm , we would obtain an energy band 

diagram as outlined 1.n figure 4,1, The depletion capacitance 

CD can as a function of the applied bias be calculated accor-
15 

ding to Sze 

2 ( 4, I) 
d V 
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However, the experimental l/c2~v data yield a curve which 

is translated to highervalues along the I/C2 axis (see figure 

4.2) 1 giving an apparent diffusion potential VD of about 6 V 

which is impossible in .a 1.1 eV semiconductor. The slope however 

of the measured curve, which ~s almast a straight line, corres-

15 -3 
ponds to the same acceptor concentratien of 7 • 10 cm . 

For small reverse biases, it is observed, that the measured 

data are lying below this straight line. 

4.2 Influences of oxide and interface state caeecitance, 

We will first discuss the impact of parameters like the 

oxide capacitance C , the interface state capacitance C and ox s 

the minority carriers on the c~v relationship, 

The oxide capacitance may be considered as a capacitance 

in series with the depletion capacitance CD' The total measured 

capacitance C would then be 
m 

and 

c 
m 

(
. 1 2 
-) 

c 
m 

= 
c 

OX 

+ 

+ (_!_)2+( )2 

cD coxcD 

using equation (4, 1) for CD and assuming a constant oxide 

(4 .2) 

(4.3) 

2 
capacitance. one would expect a change in slope of the 1/C ~v 

curve, But because C is at least 1000 nF/cm
2

, where CD is less 
OX 
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2 
than 10 nF/cm ,we may neglect the influence of the oxide 

capacitance, 

In the case of a very thin insulating layer, we may 

consider the interface states at the insulator-semiconductor 

interface to be in good communication with the metal, for 

reverse biases. The interface states are then filled and emptied 

by electrans and holes that tunnel through the interfacial 

23 
layer, According to Cowley , the diffusion voltage VD may 

be increased due to interface states , by means of a factor 

~VD , thereby not altering the slope of the 1/c2~v curve, 

with a = 

~ 
(V - !.'f.~ D q, 

Q e: 
s 

+ 
(4 ,4) 

(4. 5) 

12 -2 Using a density of states n5 of 5, 10 (cm ), and a value 

cm, for the insulator thickness o, we obtain that a 

-3 
~s at about 3,10 ~m.We may therefore also neglect the 

influence of the interface states on the measured value of the 

depletion capacitance, The interface state capacitance will 

only become important when the device is switched to forward 

bias, 

The influence of the minority carriers may also be neglected 

because the insulator thickness is small enough to let the 
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electrous from the conduction band tunnel almost instante-

neously into states of the metal, 

Since the harrier height ~B remains constant for reverse biases 

will the bias across the depletion layer be equal to the applied 

bias. 

In conclusion, we may say that the ideality factor n is equal to 

unity and that the measured capacitance is equal to the depletion 

capacitance, both for reverse biases. 

~~3 The depletion approximation. 

To investigate the depletion region, we assume that all 

acceptor states inside the depletion region are ionized and that 

the mobile carrier concentrations can be neglected (depletion ' 

approximation). For values closer to the surface than the 

depletion width w, we have a charge density p equal to -qNA' 

while for x> w, p is equal to zero (rectangular approximation). 

N 

t Figure 4.3 

0 L 

I 

I 

w 
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Using Poisson's equation 

dE 

dx E 
s 

(4;6) 

and assuming a constant acceptor concentratien at x = w, we 

get for the potential ~ and the electric field E the following 

boundary conditions 

E(w) 0 

Hw) = 0 

and by integrating equation (4.6) 

E(x) 
w 

= - J qNA dx' = 

~(xl 

w 
= J E(x') dx' 

x 

x Es 

= 
qNA 

-.-- (w-x) 
2E 

s 

- qNA (w-x) 

E 
s 

(4. 7) 

(4,8) 

(4. 9) 

(4,10) 

The diffusion potential VD is equal to the potential ~ at the 

surface (i,e, at x=O). 

2E 
s 

(4. 11) 
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E: 
s 

E: 
s 

where Qd equals the charge ~n the depletion region, we can 

rewrite equation (4,11) 

Q 2 
d 

The differential depletion capacitance per unit area CD is 

then given by 

= 

This equation, as well as the following equation, is also 
24 

valid for a non-uniform doping concentration, 

2 

w 

(4. 12) 

(4. 13) 

(4.tM 

(4,15) 

By varying the voltage VR' we can now vary the depletion width w 

and obtain at each value of x=w the local doping concentratien 

2 from the slope of the 1/C ~v curve at V=V , 
R 

This methad of determining the doping profile, is restricted to 

reverse biases. 
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4.4 Consequences of variable doping concentratien profiles. 

As explained in the previous section, a variable space 

charge (i.e. doping) can give a variatien in slope of the 

1/C
2rvv curve, as we me·asured for small biases. 

However, we have nat yet explained the parallel shift of the 

2 
measured 1/C data , with respect to the expected values, 

In this section, we will in particular discuss which non-

uniform space charge profiles may also account for this shift, 

We therefore assume a uniformely doped p-type sem~-

ductor with a background doping NA and a uniform doping 

concentratien NDO for 0 < x < L < w, 

The Poisson equation becomes then: 

and 

=- - L(N -N ) 
e: A D 

= 

s 

-!LN 
e: A 

s 

for 0 < x < L 

for 

(4,16) 

(4. 17) 

using the continuity of the potential, we obtain the following 

boundary conditions 

~1 (L) = ~2(1) (4. 18) 

(4. 19) 
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E:2(w) 
d<j>2 

(4.20) = = 0 
dx x=w 

and <P I(O) V- V _..JL_Nw 2 
(4. 21) D 2E: A 0 s 

Here is w0 the depletion width for the case of absence of 

donor impurities. By integration we get 

<PI (x) 
qND qNA qNA 2 V-V 

(- -•1 + -•W - ...,.....;;;... •W + _LD, )tx+ (V - VD) 
2E: E: 2E: L 

= 

s s s 

qNA 2 
- -o-(w - x) 

2E: 
s 

(4. 23) 

(4.22J 

Since also the electric field is continuous at x=L, we get 

an additional equation, using w=E:s/CD 

c 2 
D 

= 2 
+ (4,25) 

The first part of the right side of this equation 

represents the conventional c~v relationship for the case of 

a uniform constant doping concentratien NA, 
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The second part corresponds to a constant increase ~n I/C2 

(see figure 4.4). 

~ 0 

Figure 4.4 ND,L 
2 

/ 
/ = 0 

/ 
/ 

/ 
/ 

/ 
~ / 

/ 

We can now in principle explain our measured c~v data, 

However, from the difference between the measured and the 

theoretical I/c2~v data we can only calculate the product 

NDL2 , Besides that, there are other doping profiles that 

result in a similar parallel shift, 

From straightforward calculation it follows for example for 

the case of a linear and kwadratic variation of the donor 

concentratien ND(x), that equation (4,24) becomes 

2 
~w = + 

for the linear variatien ND(x)=ND0(I- x/1) 1 and 

(4,26) 
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+ (4.27) 

2 2 2 for the kwadratic variatien ND(x)=ND0 ((L -x )/L ) , 

In general we may conclude that the parallel shift 1n 

the I/c2~v curve, may be accounted for by various doping pro-

2 
files. The shift is equal to S.NDO'L , where NDO 1s the 

apparent donor concentratien at the interface (x=O), Lis 

the width over which the effective acceptor concentratien 

NA(x)=NA-ND(x) differs from the background doping NA and S 

is a constant which depends on the shape of the doping 

profile. 

4.5 Anodic oxidation, 

To be able to determine the doping profile we have carried 

out an experiment in which we have successively removed thin 

layers of silicon from the surface, in combination .with repeated 

C"-'V measurernents, Befare doing so, we had to remave the gold 

top contact of our cell in aqua regia, Liquid mercury contacts, 

which will be discussed 1n sectien 4.7, were used to obtain 

Schottky-barriers :on the device, 

Unfortunately we were not able to polish thin layers of 

silicon in a controlled way, Besides that polishing would 

have introduced mechanical stress of the devices, 

Silicon etches like the in chapter mentioned 2-7-2 etch 

could not be used, because they do not etch the silicon in 

such a way, that the silicon surface rernains flat within 0.1 ~m. 
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Heneet the only possibility leftt was by growing a thin Sio
2 

layer of a few tenths of a micrometer and additionally using 

an HF solution, which only dissolves the Si0
2

, but which 

leaves the silicon bulk material unaffected. The oxide layers 

could be grown thermally, but because of possible annealing 

effects of the phenomena we are looking at, we choose to grow 

the oxide at room temperature by means of anodic oxidation. 

Several electrolytes are available for the anodic 
25 

oxidation .We have chosen a salution of ethyleneglycol with 

4% KN0 3 and 2% H20, because it allows room temperature operationt 

it does not dissolve the silicon , it gives reproducible results 

and it allows an accurate control for the growth of oxide layers. 

During repeated oxidation steps, the device was kept ~n a teflon 
I 

sample~holder schemetically shown in figure 4.5. The sample 

was mounted in between two V-shaped teflon rings, which prevented 

the electrolyte from leaking away, even after a few oxidation 

steps. A backcontact was made by glueing a wire onto the gold 

backcontact of the device, using a silver paint. During the 

oxidation, the device forms the anode, while for the catbode a 

platinum w~re was used. Mechanical stirring of the electrolyte 

was necessary because otherwise gas bubbles can stick to the 

silicon surface, thereby reducing the oxide grow rate and 

possibly causing uneven growth of the oxide. The oxidation was 

carried out in a constant current mode, until a specific voltage 

V was reached. To obtain this, we used a de power supply in 
e 

ser~es with a current supply. The four parallel transistors 
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Figure 4.6 
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(2N 3439), serve to keep the current more stable. Both the 

voltage across the anodization cell and the current through the 

cell were reearcled during the oxidation.2After the voltage has 

reached its final value V , it will rernain constant. The current .. e 

will then start to dectease (figure 4.7.) 

Figure 4.7 
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During the decrease of the current LS the oxide layer only 

becoming more homogeneous, and is nat growing any further. The 

oxidation is stopped when the current has fallen to less than 

5% of its initial value. The voltage V can be predeterrnined, 
e 

within an accuracy of I volt, by varying the variable resistor 

R shown in figure 4.6. It was normally taken to 300 volts, and 

in some cases 150 volts was applied.The rapid increase of the 
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voltage after the oxidation has started, is due to an ohmic 

resistance of the electrolyte, and caused a voltage drop which 

was for all oxidation steps at 300 v~lts equal to 26 + l volts 

(at I = 4 mA). 

4.6 Thickness determination of the oxide-layers. 

The thickness of the anodically grown oxides could b.e 

determined in various ways. A first indîcation of the thlckness 

can be made by looking at the interterenee colour of the oxide 

and camparing it with table 4.1, below. 

Film 
thickness, 1-1m 

0.05 
0,07 

0.10 
0.12 
0.15 
0.17 

0.20 

0.22 
0.25 
0.27 
0.30 
0.31 
0.32 
0.34 
0.3'5 
0.36 
0.37 
0.39 
0.41 
0.42 
0.44 
0.46 
0.47 
0.48 
0.49 
0.50 
0.52 
0.54 
0.56 
0.57 

0.58 

0.60 

Tan 
Brown 

Color and comments 

Dark violet to red-violet 
Royal blue 
Light blue to metallic blue 
MetaJlic to very light yellow-
green 

Light gold or yellow-slightly 
metallic 

Gold with slight yellow-orange 
Orange to melon 
Red-violet 
Blue to violet-blue 
Blue 
Blue to blue-green 

'Light green 
Green to yellow-green 
Yellow-green 
Green-yellow 
Yellow 
Light orange 
Camation pink 
Violet-red 
Red-violet 
Violet 
Blue-violet 
Blue 
Blue-green 
Green (broad) 
Yellow-green 
Green-yellow 
Yellow to "yellowish" (not yellow 
but is in the position where 
yellow is to be expected. At 
times it appears to be light 
creamy gray or metallic) 

Light orange or yellow to pink 

I 
borderline 

Camation pink 

Film 
thickness, 1-1m 

0.63 
0.68 

0.72 
0.77 
0.80 
0.82 
0.85 
0.86 
0.87 
0.89 
0.92 
0.95 
0.97 
0.99 
1.00 
1.02 
1.05 
1.06 
1.07 
1.10 
1.11 
1.12 
1.18 
1.19 
1.21 
1.24 
1.25 
1.28 
1.32 
1.40 
1.45 
1.46 
1.50 
1.54 

Color and comments 

Violet-red 
"Bluish" (Not blue but borderline 

between violet and blue-green. 
It appears more like a mixture 
between violet-red and blue-green 
and looks grayish) 

Blue-green to green (quite broad) 
"Y ellowish" 
Orange (rather broad for orange) 
Salmon 
Dull, light red-violet 
Violet 
Blue-violet 
Blue 
Blue-green 
Dull yellow-green 
Yellow to "yellowish" 
Orange 
Camation pink 
Violet-red 
Red-violet 
Violet 
Blue-violet 
Green 
Yellow-green 
Green 
Violet 
Red-violet 
Violet-red 
Camation pink to salmon 
Orange 
"Y ellowish" 
Sky blue to green-blue 
Orange 
Violet 
Blue-violet 
Blue 
Dull yellow-green 
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For oxides. grown at 150, 200 and 300 volts we observed 

respectively a blue, yellow and a light-green to yellow-green 

colour. 

For homogeneaus thick oxides, it is possible to defermine 

the thickness from the·accumulation capacitance measured under 

forward bias. Using liquid mercury contacts, we measured o~ide 

capacitances as shown in figure 4.8. The o~ide thickness d 
ox 

should be determined from 
E 

d ox 
OX 

c ox 
(4.28), with E ox 

However we abserve that the oxide-capacitance is strongly 

frequency dependent. This might be due to 1nhomogenitie~ in 

the oxides in the form of incorporated OH or H
2
0 groups or 

mobile ions like K+. Hence, the values of the oxide thickness' 

obtained in this ~ay are highly unreliable. The most accurate 

determination of the oxide thickness, is by means of ellipso-

metry. 

From ellipsametrie measurements we obtain an index of 

refraction n of 1.42 insteadof n = 1.46 as for thermally grown 

oxides. This decrease is due to the fact that an anodically 

grown oxide is less dense than a thermally grown oxide. The 

thickness of the oxide layers as a function of V and the index 
e 

of refraction LS given in table 4.2, and figure 4.9. 

Table 4.2 Thickness of arrodie oxide layers in nm. 

150 200 300 

n = 1.46 127 183 326 

n = 1.42 134 192 343 

n = 1.40 137 197 350 
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The increase in slope of this figure has also been found by 
26 

other investigators. 

We can now calculate the thickness of the reacted silieön-

layer, when we know the Si I Sio2 thickness ratio. For thermally 

. .. . . . 4 27 1 26 
grown-ox~des, th~s rat~o ~s 0. I . Manara et. a . , have 

found for anodic oxide ratios of 0.43; 0.38 and 0.41. Using the 

fact that the index of refraction for anodic o:x:i'de.s is about 

3% less than for thermal oxid~s, we §~ggest that the Si I Sio
2 

ratio for our anodic oxides is 0.40 + 5%. The thickness of the 

o:xidized silicon layer at voltages V of 150, 200 and 300 V. is 
e 

then respectively 134 nm., 192nm. and 343nm .. 

4.7 Mercury contacts. 

After each- anodic o:xidation step, the samples were rinsed 

~n de-ionized water and blown dry in air. After measuring the 

oxide capacitance, the oxide was removed in an HF-etch (40% 

HF-sol.; I min.) .This was followed· by an SFA"...etch för 2 minutes, 

to get a reproducible surface layer. 

The subsequent CrvV .. curves were it)easu:r;ed ~· means- of liquid 

mercury contacts. For this purpose, we placed the teflon beaker 

with the mounted sample, upside down over a glass jacket with 

the liquid mercury. The top of this jacket consisted of a small 

teflon head which was connected with the glass jacket by means 

of a small rubber tube. The sample-holder was now lowered until the 

the teflon head would touch the sample. Becease of its flexibility 

the teflon head adjusts itself perfectly parallel on the surface. 
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of the device. The electical contact from the liquid mercury 

to the electrical circuit was made with the aid of a Pt-wire 

which was brought into contact with the liquid mercury'as shown 

in figure 4.10. The ohmic resistance of the mercury-platinum 

contact was less than óne ohm. 

The liquid mercury could be brought into contact with 

the silicon surface by mov1ng jacket A upwards. Because of the 

sphere men1scus of the mercury it was quite easy to determine 

the exact moment at which the mercury touches the sample. The 

jacket A can than be highered by another 2 cm,to obtain an 

effective contact-area of about 5.1 mm
2 

•. Since the mercury 

contact leaves traces of mercury and mercury-oxide on the 

sample, we were able to determine the exact contact area. 

2 
Also from 1/c ~vR measurements of non-sputtered samples with 

(known) doping concentrations, it is possible to obtain this 

contact area by applying equation (4.1). It appeared that the 

contact area could be made reproducibly within an accur~cy of 

2%. A plot of the mercury pressure versus contact area for a 

similar set-up, but with a somewhat wider jacket opening is 

given in figure 4. 11. 

4.8 Experimental procedures. 

The capacitance measurements were performed at a frequency 

of 100 kc/s with the same experimental set-up, as described in 

chapter 2. After each anodic oxidation and subsequent removal 

of the oxide, the capacitance of the device was measured from 
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zero to five or ten volts in reverse, and plotted as 1/c2~v 

curves. Small variations in capacitance due to inaccuracies of 

the contact area were eliminated by calibrating the slopes of 

the 1/c 2~v curves to the known (measured) background doping of 

7,0•10 15 cm-3 , The remaining inaccuracy of the 1/c2-data is due 

to noise and can be estimated to be about 5%. 

Eight successive anodic oxidation steps were performed with 

respective voltages V of 151, 300,301,300, 299, 300,299 and 
e 

150 volts. The 1/c 2~v curves are given in figure 4,12, Each 

curve corresponds to the average value of several c~v curves 

obtained from different spots on the device, The curves indexed 

with Au and Hg are made befare the stripping of the device and 

with respectively a sputtered gold contact and a liquid mercury 

contact ( the last one after remaval of the gold in aqua regia~. 

The remaining indexes indicate the number of performed oxidation 

steps, After six oxidation steps in an attempt to measure the 

oxide capacitance, an electical breakdown of the oxide occured, 

Mainly due to this, the device broke completely after eight 

oxidation steps, Therfore, care has to be taken with the inter-

pretation of the three last curves 6,7 and 8, We prefer to base 

our conclusions only on measurements that were made befare the 

breakdown of the oxide. It is also difficult to campare the 

"Au" and "Hg" curves with the curves 1-5. For the Au-curve 

because the workfunction of Au is different from the workfunction 

of Hg and for the Hg-curve because in the layer which is removed 

in the first anodic oxidation step, we might expect additional 

surface effects due to penetration of gold atoms or other sputter 
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Figure 4.12 
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damages. The "non-sputtered" CrvV curve ~s measured at a device, 

made from the same wafer, as the device described above, also 

using a mercury contact, 

4.9 A first interpret~tion of the I/c2rvv data after ancdie oxidation. 

The most accurately determined differences between the 

curves of figure 4.12. are the parallel shifts along the vertical 

axis, at higher values of the reverse bias, This shift remains 

constant for voltages exceeding 1,5 V., and can be expressed 

2 in terras of (d. 
~ 

d2), Here is d. the depletion width corresponding 
~ 

to a voltage of 5 volts after i oxidation steps and d is the 

depletion width at the same voltage for the non-sputtered device, 

In a first estimation of the doping profile associated 

with the 1/c2-shifts, we use the case of the rectangular. donor 

concentratien NDO' Equation 

NA(di-d2) = 

(4,24) changes then to 

2 
NDO ' (L -xi) (4.29) 

where x. is the thickness of the removed silicon after i oxidation 
~ 

steps, and the diffusion potential VD is equal to 

VD = ~ NAw; = %E (NA-ND(x) )w
2 (4,30) 

With experimentally determined values of w • 1,2 ~~. and 

w
0 

0.29 ~m., we obtain for the ratio ND0/NA a value close to 

unity, By now consiclering NDO = NA • we can easily determine the 

value of L from the intercept of the x-axis in figure 4. 13. The 

value of L = 1.7 ).liD, obtained ~n this way is somewhat higher 

than the value of L = 1.4 ).liD, as determined from figure 4,3, 
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However we have also seen before that several doping 

profiles can aecount for the shift in the l/c 2~v curves, For 

instanee for a linear variatien of the effective donor concentratien 

according to equation (4,26) we get the relationship 

I NA 
-•- • (L 
3 NDO 

3 x.) 
~ 

(4. 31) 

By plotting (d~ - d
2

) and (L -x.) on logaritmie scales, we can 
~ ~ 

determine the exponent of the term (L·- x.), This is done for the 
~ 

case of L = 1,4 ~m. and L = 1,7 ~m. in figures 4.14a and b, We 

obtain an exponent of about 1,5 for L = 1,4 ~m. and an exponent 

of z·for L = 1,7 ~m •• Apparently we can eliminate doping profiles 

for which the slopes is greater than 2, like the linear or 

kwadratic profiles of ND. 

The most likely profile, is the one in which the exponent 

is equal to 2 (rectangular profile) or a profile for which the 

effective donor concentratien even slightly increases with the 

distance x ~n the silicon, However we have- to point out that the 

above is only valid for distauces closer to the surface than 

0, 62 ~m., 

4~10 Variatien of the depletion width, 

In chapter l,we have considered all the sputter-parameters 

that may have an impact on the device characteristics, They are 

all associated with a rather short penetratien depth into the 

silicon, except for the 2 kV-electrons which may penetrate over 

a range comparable to the depletion region width, 
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By taking samples with different background acceptor 

concentrations NA, we could change the depletion width w
0 

for 

the non-sputtered devices, If the effective donor states were 

created by the fast electrons, we would not have expected the 

observed signifcant change in the distartion length 1 1 because 

the penetratien depth of these electrans is hardly effected by 

the small variatien of NA, We can now return to figure 2,4 where 

l/c 2~v curves are given for five different Thermal Oxide devices 

for different background doping concentrations, By applying the 

methad of section 4,3 we can determine a part of the doping 

profile for each of these devices, as shown in figure 4,15, It 

is obvious that the distartion length L is not a constant, but 

varies:with the background acceptor doping, Therefore we may 

conclude that the fast electrans can not be responsible for the 

creation of effective donor states, Another striking fact about 

figure 4.15 1s that the values of Landware for all five devices 

of the same order of magnitude, We will return to this fact 1n 

sectien 4.13, 

The creation of the donor states, now has to be associated 

with those phenomena of the sputter-process, that have a short 

penetratien depth into the silicon, This means that the donor 

concentratien will be at its maximum at the interface (x=O) 

and can not increase for greater distances x from this interf4ce, 

In addition with the results obtained from figure 4.14, we 

may now assume that for distances up to 0,6 ~m., the effective 

donor concentratien profile ND(x) can be considered to be 

rectangular, 
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Figure 4.15 

Donor and acceptor concentratien profiles 

for five Thermal · Oxide devices • 
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Combining this with the results of figure 3, we aasurne 

the following effective donor concentratien profile (figure 4.I6). 

= N (I (~)k. ) 
DO - L (4.32) 

It is easily observed, .that when k 1s increased, ND(x) approaches 

the rectangular profile, The value of k can be estimated from 

figure 4,3 and similar curves for Au-sputtered SFA-devices, We 

obtain a value of k between IO and I5, 

Figure 4.I6 

----4· x ( lJffi. ) 

0,5 I, 0 I 5 
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The value of the distortien length L can vary from 1.4 to 1.7 ~m. 

However, we might expect larger errors in the values of L 

determined from the stripping measurements, Hence, we prefer a 

value of 1,4 ~m. for the distortien lenghth L, for further use, 

In principle, it should now be possible to calculate the ratio 

= 
.k 

. k+2 (4.33) 

But due to uncertainties ~n the value of L and because of the fact 

that the ratio ND0 /NA is close to unity, we cannot accurately 

determine this ratio ~n this way, We can however obtain it by 

using the value of the band-bending of the silicon at the interface 

which we can deduce from the measured value of the harrier height 

~B' 

In order to do so, it ~s necessary first to investigate 

whether NDO can exceed NA. 

4,11 Conductivit) 'ch-eck of" tbe depletion règion with a 

hot~point probè~technigue. 

For the understanding of the crigin of the 

effective donor states in the dpletion region, it is important 

to know whether this donor concentratien can exceed the acceptor 

background concentration, In other words whether or not a 

transition from p-type to n-type might occur, For this we made 

an SFA-cell with a sputtered Au-area of 10 x 40 mm,, The gold 

layer was as usual removed in aqua regia. The device was mounted 
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vertically above a beaker containing a KOR salution (50 gr. 

KOH/60 ml. H2o). With the aid of a stepping motor, the device 

was lowered into the KOH-etch at a rate of 1,2 mm/min,, From 

weighing measurements of the removed silicon we could determine 

the etch-rate to he 21 .nm,/min, The thickness of the removed 

layer varied along the lengthof this bevel-cel from 0-1.3 um., 

In principle , it should have been possible to carry out 

c~v measurements along the length of the bevel-cell, in order to 

determine the dopi~g profilè, But because of uncertainties 

about the linearity of the etch rate, the relatively great width 

of the mercury contact and possible uneven etching of the silicon, 

the c~v measurements were nat accurate enough, 

Nevertheless, the cell remains suitable for determination 

of the conductivity type, For this we made use of the fact th~t 

for bath p-type and n-type semi-conductors, the Fermi-level 

moves towards the intrinsic level when the temperature is raised, 

A hot probe touching p-type silicon will therefore become negative 

with respect to an ambient-temperature contact, placed on the 

same material, while on n-type silicon the hot probe will become 

. . 28 
pos~t~ve 

Two tungsten cantacts were placed on top of the bevel-cell, 

one of these probes was heated by means of a small heater-coil 

placed around the probe, The two probes were placed close to each 

other, parallel to the short side of the bevel, 

Let us consider a thin n-type layer on top of a bulk p-type 

layer. If the probes were placed on;.such a layer, the current 

should flow mainly through the thin n-type layer (path no.1 in 
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figure 4. 17). 

1 

2 2 

p-type 
Figure 4,17 

This is evident because the resistivity of the two anti-series 

p-n junctions along path no.2 will always exhibit a much 

higher resistance than the thin n-type top layer. ·nuring 

scanning of the two probes along the surface of the bevel-cell, 

we always found that the hot probe became negative with' respect 

to the ambient-temperature probe. All measurements were carried 

out in dark, to eliminate possible photovoltaic effects. Tlie 

method was checked with the aid of non-sputtered n-type and 

p-type silicon samples. 

In conclusion we may say that nowhere on the bevel-cell 

there was an indication for an n-type layer. Hence, we may 

state that the donor concentratien ND does not exceed the 

background acceptor concentratien NA. 
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4. 12 Energy band diagram. 

In the previous sections we have seen that 

with 

N (x) 
A .. NA- NDO (I - (I)k ) > 0 

IO<k<l5 , L = L4 J.Jm. and N = 7.10 15 
A 

cm-3 . 

(4. 34) 

The total harrier height is given by the sum of the photo-

harrier height ~B and the image force harrier lowering ~~. For the 

photo-barrier, we have measured a value of 0,65 V + 5%, 

The image force lowering can be calculated to be less than 0.02 V 

29 3 
using q NA(x=O) ! 

M =' ( .• (VD + M :- kT) ) 4 
3 ·q 

E 

(4.35) 

s 

We may therefore neglect the image force. Since we are 

primarily interested in the band-bending at zero bias, we are 

dealing with a situation where w<Lo<.Although the depletion layer 

is ended at x = w, there is for w<x<L still a bending of the 

energy bands, due to the fact that ND(x) does nat equal 

15 -3 
NA= 7. JO cm for this region. 

Consequently we may nat use the boundary-conditions (4.7) and 

(4.8) any langer. For w<x<L we can estimate that the band-bending 

is equal to the shift in Fermi-level due to the variatien of 

the doping concentration. This results 1n 

cp(x) w<x<L (4.36) 

and E(x) d~(x) 
=~= (4. 37) 

where (NA-ND(x) ) can be easily determined from figure 4.16. 

For x = w and k = 14 we obtain two new boundary conditions 

Hw) 

E(w) 

0,042 V 

0, 18 V/!J.m 

(4,38) 

(4.39) 
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By using the Poisson equation and equntion (4.34) we get for 

O<X<W : E (x) 
N k+l 

g_ (N -N ) • x - g_ • DO • x +A 
E A- DO E R+l Lk (4.40) 

q NDO xk+2 
cp(x) 

s(k+l)(k+2) · 
1

k + Ax + B (4. 4J) 

with 
N k+l 

A = s(O) 
a s_ . DO w 

= ~ (N -N ) .w + ~ •--
s A DO s k+l 1k + s(w) (4' 42) 

and 

B = cp(o) = - cpB - ~cp + cp(w) + (EF-EV) (4.43) 

or B = .L • (N -N ) • w
2 

+ 
2s A DO 

qNnn w k 2 
3 + s(k+ 1) (k+2) • (L) .w - 0. 18w. +0. 03 (V) (4.44) 

By applying w = 1.23 j..lm., L = 1. 4 j..l m., 3 -3 
NA= 7.JO j.Jm and 

w = 0.29 m., we can be slightly varying k, calculate NDO 0 

obtain the energy band diagram of figure 4. 18. The best fit 

is obtained for ND0=NA and k=l4. (see figure 4.J8L 

Since we now know the profile of the electric field 

we can from its value at x=O calculate the charge QDin the 

and 

depletion region. 
(4 ,45) 

With ND0=NA and k=l·4, we obtain that s(O) is at about 

5.104 V/cm and QDis at about 5.10-S Coulomb (i.e. 3.Io 11 units 

2 of charge per cm). 

It is now possible to check the influence of the minority 

carriers on the measured capacitance. The minority carrier 

concentration at the surface is approximately given by 

n 
s = 

(4,46) 
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Figure 4. I8 

Energy band diagram of sputtered gold devices 
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For the cases of a Au-contact (VD = 0.45 V) and mercury contacts 

) . ( ) ' 12 ( -3 (VD = 0.72 V we obta1n that ns Au ~ 1.3'10 cm ) and 

n (Hg) 4.4 ·!0 16 (cm-3) .. S · that he · · · ~ uppos1ng t m1nor1ty carr1er 
s 

builts up a charge, over a distance of 0,1 11m. from the surface, 

we can estimate the influence of the minority carriers on the 

measured capacitance. For the Au-contact we obtain that the 

charge of the minority carrier concentration can be neglected 

compared to the depletion charge. We can therefore neglect the 

influence of the minor i ty carriers --on the measured capaci tance 

for the Au-contact, as we did in section 4.2. 

But for the Hg-contact, the charges due to the minority 

carriers becomes comparable to the depletion charge. This 

results in a effective decrease of the depletion width and 

consequently a stronger decrease of the 1/c2-values for small 

reverse biases (see figure 4.12). 

The somewhat higher 1/c
2
-values for the Hg-curve compared 

to the Au-curve at higher reverse biases is due to the fact 

that the diffusion potential for Hg is higher than the diffusion 

potential for Au. 

4.13 Discussion about the origin of the effective donor S~àtes. 

In the previous sections, we have seen that we can explain 

our measured high barrier-height ~B and high 1/c2-values, in 

terros of an ~pparent donor concentration profile as outlined 

in figure 4. 16. However we have not yet discussed its crigin 
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and nature. Therefore we return to figure 2.4 in chapter 2. 

Analysis of these curves for the five different T.O. 

devices with different background doping concentration yields 

to the conclusion that for all devices. the measured 1/c2 data 

are laying below the straight line at small reverse biases 

We could therefore determine parts of the apparent doping 

profile; as we did in section 4. 10. From the corresponding 

figure 4.15, we can draw the following conclusions: 

In all five cases the widtlL L over wlu"'ch: the.. donors are 

present, is comparable to the depletion width. 

- The donor concentration is not a constant, as we might have 

expected for the case of donor-like traps, but it is linked 

to the background acceptor concentration. 

Hence, we have to conclude that the nature of the donors.is 

such, that they compensate the acceptor states. This expla~ns 

the fact that the apparent donor concentratien cannot e~ceed 

the acceptor concentratien as we have seen insection 4.11. 

In order to he able to compensate acceptor states, the 

donors have to he posititively charged. We suggest that the 

donors are present at the surface when we start the sputtering 

process.Due to the penetratien of gold atoms into the surface 

layer, the donors could be knocked into silicon lattice and/or 

activated. Subsequently they might penetrate into the depletion 

region. Provided that their mobility is high enough, they would 

then migrate further into the device, with the help of the 

electric field in the depletion region. The necessity of the 
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presence of the electric field becomes clear from the fact 

that in all cases, the distortien lenght L is only slightly 

greater than the depletion width w, 

The total number of donor states needed to explain the 

campensatien effect is: at highest for device TOl. The number 

12 -2 of statesisthen at about 3.10 (cm ) which is still only 

at about 1% of the number of atoms ~n a single monolayer. 

Summarizing, we may conclude t~at the donors have to meet 

three requirements. 

- They have to be positively charged. 

- They have to he sufficiently mobile at room temperature. 

- They have to he present at or inside the outermost layer 

of the device in a concentratien of at least J% of a single 

monolayer. 

Hydragen atoms are always present in sufficiently large 

quantities and they are very mobile because of their small 

diameter. Also iron atoms are known to he present a~ siÜ:~con 

30 
surfaces, up to concentrations of 10% of a monolayer, and they 

are also sufficiently mobile at room temperature. Iron ions 

are also known to compensate acceptars by forming pairs like 

+ - 31 
Fe -B , as can be concluded from Electron-Spin-Resananee-studies 

It is remarkable that for all devices we obtain the same 

harrier height of 0.65 V. Possibly this can he explained by 

assuming that the metal Fermi-level and the donor-level are 

pinned to each other. 
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However, it rema~ns speculative whether the hydragen ions 

or the iron ~ons are responsible for the compensating effect. 

In the following sections, we will discuss some not yet 

mentioned effects invalving frequency dependenee of the ~VR 

measurements, annealling effects and influence of illumination. 

4.14 Frequency dependenee of c~vR measurements. 

Usually we measured the capacitance at a frequency of 

100 kc/s. When we use louer or higher frequencies, we abserve 

small (5%) frequency variations. For high frequencies in the 

order of 100 kc, we may assume that there ~s no frequency 

dipersion due to interface states, since the time constant of 

charge exchange with these states is higher than the reciprocál 

of the frequency. 

We therefore expect, that it has to be associated with 

the bonding between accepters and their compensating do~ors. 

When an ac-signal is superpored on,a fixed reverse bias, bot~ 

acceptars and donors in the depletion region win exchange 

charge. When both the acceptor and donor of an 'acceptor-donor 

pair exchange their charge, the net contrabution to the 

capacitance is zero. However for higher frequencies it mig~ 

happen t~t eit~er the donors or the acc~otcrs, can no longer 

fellow the ac signal. We obtain than an additional amount of 

charge dQ which results in a small change of the capacitance 

according C = dQ/dV. Usually the capacitance increases for 

higher frequencies, but the opposite effect has also been 
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observed, probably due to variations 1n the sputter-conditions. 

4.~5 Dependenee on band-gap illumination. 

For device S3, which we have discussed 1n chaptar 3, we 

have plotted a dark de r~v curve as well as an INV curve under 

band-gap illumination (typical 1.5 x AM1.5), in figure 4. 19a. 

We abserve that the illuminatecL curve is shifted downwarcis by 

a value of Iph' which 1s equal to the value of the current of 

the illuminated curve at V= 0 Volts. 

In figure 4.19b we have plotted the results of a dark 

and illurninated curve at 85 K, instead of 300 K. The illuminated 

curve does not remain below the dark curve, but crosses it at 

a voltage of at about 0. 215 V. By translating the illuminated f 

curve upwards over a value equal to Iph (V=O) we can campare 

the illuminated and dark curve (figure 4.20). The ideality 

factor n 1s for both casesabout 2.7. 

Due to the illumination, the saturation current r
0 

is 

increased and the harrier height is effectively decreased by 

a value of 200/2.7 = 75 mV. 

Also the c~v curves for reverse bias, are affected by the 

illumination.Because of the lower conductance of the device 

at 85 K., we are now able to measure the capacitance also at 

srnall forward biases. On account of the illumination , the 

capacitance 1s somewhat increased at a temperature of 85 K. At 

300 K there 1s no visible difference between the illuminated 

and the dark curve, We can ~gain explain the difference in a 
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Figure 4, 19 a 
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Figure 4.20 
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voltage shift, like we did for the I~V curves. For forward 

biases this shift is about loO mV. The increase in capacitance 

effectively leads toa decrease of the diffusion·voltage of 

75 - 100 mV. Previously, we have seen that the positive oxide 

charge is responsible for the increased value of the harrier 

during the sputtering processo Suppose that this positive charge 

originates from a number of states gradually distibuted in 

levels above the Fermi-level. Upon illumination of the device, 

the Fermi-level EFn for the minority carriers (electrons) will 

be raised. Hence a certain number of the positive charges will 

be neutralized by electrons. Consequently, the total oxide 

charge will decrease and the harrier height will be effectivelv 

lowered. The time-constants associated with the neutralization 

of oxide charges rather long. This has been deduced from 

transient effects in bath current and capacitance which occur 

after fast switching from illumination to dark conditions and 

are typical in the order of 5 - 10 seconds. 

4.16 Annealing effects. 

Annealing of semiconductor material is a commenly used technique 

for the impravement of the device characteristics. We have 

investigated the influence of an annealing treatment for one 

hour at a temperature of 460°C in an oxygen ambient. 

First we removed the gold top and back-contacts, in aqua 

regia. This is necessary because gold atoms become very mobile 

in silicon at temperatures of a few hundred degrees centigrade. 
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Befare the heat-treatment we measured C-V curves with the gold 

contact still present and with liquid mercury contacts, after 

the gold layer had been removed (curves A and B in figure 4.21). 

The annealingof the device was carried out ~n the same oven 

as in which the Thermai oxides (see chapter 1) were grown. After 

0 
the treatment for one hour at 460 c the device was kept in 

oxygen ambient, until the temperature had decreased below l00°C. 

Using mercury cantacts again, we now obtained C-V data, 

as plottedas line C in figure 4.21. It is obvious that the 

capacitance has drastically increased due to the heat-treatment 

Apparently, the effects of campensatien of acceptars have vanished. 

If hydragen atoms were responsible for the compensating 

effect, one· could expect that due to the heat treatment in 

oxygen, the hydragen atoms diffuse towards the interface, where 

they react with the oxygen. When ~ron atoms are responsible 

for the effect, one might expect that due to the increase ~n 

temperature, the iron atoms become so mobile that they 

diffuse further and are smeared out over the whole volume of the 

the device. In that case, the background doping concentratien 

might be decreased a bit. However within experimental error 

we could not detect such a decrease in acceptor concentration. 

We might expect that similar "annealing" effects could 

0 
also occur at temperatures lower than 460 C, although it does 

not occur at room temperature,Ageing effects of our devices 

have been observed in I-V characteristics.and forward C-V 

characteristics, but not in the capacitance under reverse bias. 

Probably these ageing effects have to be associated with effects 
-- --

at the interfacial layer, i.e. the escape of fluoririe atoms. 
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Figure 4,21 
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Appendix I 

Logarithmic amplifier and bias sweep. 

The log r~v measurements discussed in chapter 3, were 

performed with the aid of a logorithmic amplifier and a 

voltage sweep. 

The logarithmic amplifier (see figure !,I)~ basically 

consists of a 759 P log/antilog amplifier from Anolog Devices. 

Currents between 10-9 A. and 10-3 A. can be logarithmically 

converted to voltages between -4 V. and +2 V .. However the 

linearity of the output voltage needed to be corrected with the 

-6 -7· the potentiometers PA (around 10 A,), PB (around 10 A,) 

-8 
and PC (around 10 A,). Errors up to 30% for low currents 

were thus reduced to less than 2%. Currents up to 0.1 A. could 

be measured by switching SQ to position II. Only 1% of the 

total current is then flowing into the logarithmic amplifier. 

The circuitry behind s6c is needed to add 4 V, to the output 

in order to obtain the same output voltage in both switching 

positions for currents between 10-4 A. and 10-S A •• Switch 

s7 can be used to calibrate the X-Y recorder, 
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The voltage sweep (figure I,2) can be used to obtain 

a linearely increasing or decreasing voltage. The output 

voltage can he kept between values which are adiusted by 

means of p2 (0 to +10 V.) and p3 (-10 to 0 V.). 

As soon as the output voltage has reached the preset 

value, the output of the camparator c 1 or c2 will switch its 

polarity. The flip-flop then also switches and subsequently 

will also the current 1 switch its polarity. The voltage 

built up by the elco's C will then start to decrease when 

the voltage was positive and increase when the voltage was 

negative. The two amplifiers between point A and the output 

serve to decrease the output inpedance of the sweep and to 

eliminate sourees of noise. Switches s4 and s5 can 

alternatively be used to alter the direction of the output 

voltage increase or decrease, befare the values adjusted by 

p2 and p3 are reached. Switch S3 determines a fast or slow 

variatien of the output voltage, which can also be varied 

with the aid of the potentic meters p3 and p4. The switch S2 

can be used to reset the voltage to 0 V. 
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Appendix II. 

High frequency dispersion of SFA-cells. 

In chapter 2, we have discussed the frequency dispersion 

~n capacitance and conductance for Thermal Oxide devices. 

With the use of equivalent models for MIS-structures, we were 

able to explain the results in terms of interface states. The 

Silico-Fluoric-Acid cells did not show a similar frequency 

dispersion. Nevertheless, there are also interface states 

present in the SFA-cells, only they can not he detected with 

admittance measurements due to the fact, that the SFA-cells 

are "semiconductor-limited" instead of "oxide-tunneling" 

limited (see section 2,2). 

For the devices, dicussed in chapter 3 we have also 

performed experiments at a temperature of 80 K .. At this 

temperature there appeared to he a frequency dispersion in 

admittance for all four devices. For device S4 we have plotted 

the measured frequency dependent conductance at 80 K and 300 K 

in figure II,l. The frequency dependenee becomes visible at 

lower temperatures, because of the decrease of the de con 

conductance with decreasing temperature. Moreover there also 

appeared to he a frequency dispersion_at room temperature, 

for frequncies above 100 Kc/s. The slopes of the log frequency 

curves of iigure II,2, are for all four devices approximately 

equal to 2. Therefore will a curve of G/w versus w only result 

~n a possible max~mum for frequencies above 1 Mc/s. Since 

also the bias dependenee of G ~s rather weak, we cnnclude 

that the frequency dispersion can not he explained by means 
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of interface states. Sirnilar results have been found by Knoll 

32 
and Fahrner , who rneasured the conductance at even high€r frequencies 

frequencies. They obtained a first maximurn in the G/w "u w curve. 

around JO kc/s - JOO kc/s and a second maximurn around 100 Mc/s. 

The first maximum, is like for our own T.O.-devices due to 

interface states. However the second maximurn was ascribed 

to an interaction (and associated time-constant) of the depletion 

depletion capacitance CD and the bulk resistance RB. For our 

devices (bath TO and SFA) we rnight expect a sirnilar behaviour 

for·freauenei<=>s above I Mc/s. With a depletion capacitance of 

3 nF and a series resistance of J-5 ohms, we would expect the 

maximurn in G/w at a frequency of approxirnately 10-50 Mc/s. 

Figure II.3 (Frorn ref. 32) 
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