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1. INTRODUCTION TO THESIS 

1.1. Introduetion 

Thermally oxidized single-crystalline silicon plays a vital role in the field of 
semiconductor-device technology and integrated circuits. Because thermally 
grown silicon dioxide is a dielectric with a high breakdown voltage (106-107 

V/cin) and a high specific resistance (1016 Q cm), it seemed 1 - 1) ideal for pas
sivating silicon surfaces, and thereby protecting against ambients the parts of 
p-n junctions which interseet the surfaces of the silicon crystal. Silicon dioxide 
has another very important application. For instanee if the oxide is locally 
removed from an oxidized silicon slice it is possible to change both the con
ductivity and type of the exposed silicon by a treatment at high temperatures 
in a suitable ambient. The unexposed silicon is prevented by the oxide from 
being infiuenced by the ambient. This masking 1- 2-4) property of the oxide is 
responsible for the development of planar technology, and for the vital role 
played by oxidized silicon in the semiconductor field. Planar diodes, and tran
sistors, Schottky diodes, MOS transistors, integrated circuits and lately the 
silicon vidicon camera tube 1

- 5a) and charge-coupled devices 1 - 5b) employ in 
one way or another the combination Si02-Si. In fact it is now apparent that 
an understanding of the behaviour of these devices, and of the technology for 
making them, is intimately connected with the chemica! and physical properties 
of the Si02-Si system, and for that matter of the metal-SiOrSi system. 

One of the problems *) of the Si02-Si system is associated with so-called 
surface states: these are due to defects localized at and near the Si02-Si 
junction. They give rise to levels in the energy gap of the Si. The number of 
these surface-state levels is strongly dependent on the manner of growing the 
oxide and post heat treatments thereof. These surface states1- 7), which can 
interact easily with mobile carriers at a silicon surface can degrade the perform
ance of MOS transistors for instanee by trapping and also by reducing the 
mobility of free carriers at a silicon surface 1 - 8- 11). The surface states are also 
associated with undesirable 1/f noise 1

-
12

-
14

) and furthermore by acting as 
recombination or generation eentres 1 - 15-24) they give rise to undesirable 
leakage currents and can for instanee considerably reduce the amplification 
factor of a planar transistor and can furthermore seriously degrade the per~ 
formanee of a silicon vidicon camera tube 1 -

24
•
25

). 

Defects 1- 6 ) can also be present in the oxide: they appear to have a net 
positive charge. This charge is generally named fixed oxide charge. Although 
at room temperature these eentres do not interact with mobile carriers at the 
silicon surface, they can induce undesirable conducting n-type channels on the 
surface of p-type silicon: it has also been suggested that these eentres can 

*) Extënsive bibliographies which embrace numerous facets of the metal-Si02-Si system 
have been compiled by E. S. Schlegel 1 - 6 ). 
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increase the radiation sensitivity of the oxide 1 - 26); furthermore this ox.ide 
charge necessitates the use of undesirably high working voltages for MOS 
transistors: they can also lower the breakdown voltages of p+n planar junc
tions 1 - 4 ) *). 

Yet another common souree of trouble associated with the MOS system is 
polarization effects 1 -

6
•27) which can be prevalent under the influence of ap

plied d.c. biases particularly at increased temperature. These effects can be due 
to ion movement either in or on the oxide, they may also be inherent to the 
oxide 1 - 28). 

This thesis is concerned predominantly with a study of the physical nature 
of surface states. This study requires the formation of a space-charge region 
at the silicon surface, under two quite different sets of conditions, namely 
thermal equilibrium and steady-state non-thermal equilibrium. Except for very 
small disturbances caused by an a.c. measuring signal, the first condition exists 
for the so called C-V measuring method. The thesis includes a description and 
discussion of this method which we independently developed to study the 
energy distribution and density of surface-state levels at an Si02-Si interface. 
The method is applied to a study of a metal-oxide-silicon sandwich and results 
are presented: these results illustrate the presence of large numbers of inter
face-state levels at an Si02-Si interface, their removal by certain heat treat
ments, and their dependenee on the crystal orientation of the silicon surface. 
Having established the presence of interface states and their distribution, the 
thesis continnes with a consideration of the behaviour of a silicon surface but 
now under steady-state non-thermal equilibrium conditions. Under these cir
cumstances recombination or generation currents occur at the SiÖ2-Si inter
face. The physical nature of these currents is studied and they are shown to be 
related to surface-state levels. We next establish a physical model for these 
currents which yields very good agreement between theory and experiment for 
the behaviour of these currents under a wide variety of conditions in a large 
number of differently prepared devices; the validity of the model is emphasized 
by the consistency of the results for two fundamentally different types of 
measuring device. In chapter 5 a more detailed study than hitherto of the cur
rent-flow mechanism in a surfac~ space-charge layer leads among other things 
to an explanation for discrepancies between measurement and the foregoing 
theory for surface currents. Some discrepancies have been mentioned in the 
literature 1

-
23

) but not satisfactorily explained. 

1.2. C-V metbod 

A considerable number of methods 1 - 29•48) each with its own special ad-

*)By meansof gated diodes H. C. de Graaff has succeeded in quantitatively explaining the 
influence of surface electtic fields on the breakdown voltage of diodes (Philips Res. Repts 
25, 21-23, 1970). 
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vantages and disadvantages has been developed to study the physical properties 
of the metal-Si02-Si system. We will now qualitatively describe the C-V 
method which is employed in chapter 2. This method uses a MOS sandwich 
which consists of a silicon slice (n- or p-type resistivity 0·5 to 15 Q cm) with 
an oxide layer (0·1 to 1· 3 [LID) on one face. An ohmic contact is applied to 
the unoxidized silicon face and a small metal dot (R:! 1 mm in diameter) to the 
oxide. Of interest is the behaviour of the small-signal a.c. capacitance of this 
device as a function of a d.c. voltage applied across it. Consider for definiteness 
a p-type MOS sandwich. Surface states and oxide charge are assumed to be 
absent. Upon application of a negative d.c. voltage to the metal-oxide contact 
holes will accumulate at the silicon surface as illustrated in fig. 1.1(a). The 
capacitance of the device is now equal to the oxide capacitance Ag Cox which 
is determined by the oxide thickness and the area Ag of the metal dot. If the d.c. 
voltage is reversed, holes will be driven away from the silicon surface and a deple
tion layer will result as illustrated in fig. l.l(b). The capacitance of the device will 
now consist of Ag Cox in series with a silicon-surface space-charge capacitance 
Ag Cs;: this latter one is determined by the width of the depletion layer. As 
the d.c. bias increases electrons (in this case minorities) collect at the silicon 
surface and will eventually invert it when they become comparable to the doping 

Si02 

V9 >0 
-

b) 
Depletion 

Vg »O 

Depletion 

V9 »O 

Fig. 1.1. A p-type MOS sandwich: (a) accumulation at silicon surface; (b) depletion at sili
con surface; (c) inversion at silicon surface; (d) a MOS sandwich modilied to increase the 
frequency response of minority carriers in the inversion layer. 
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density there: when this occurs (fig. l.l(c)) changes in the electron charge will 
compensate any further increase in the d.c. voltage so that the depletion width 
becomes essentially constant at a value dependent on temperature and the 
doping level of the silicon. If the frequency of the a.c. signal used to measure 
the capacitance is very low, or if electrous can be supplied quickly enough to 
the inversion layer from some souree as illustrated in fig. l.l(d), then the 
capacitance of the MOS sandwich will again be equal to the oxide capacitance 
Ag Cox· lf on the other hand the electrous at the silicon surface are unable to 
follow the a.c. signal then the device capacitance will be due to the oxide capac
itance in series with a silicon capacitance Ag Cs1 min which is determined by 
the width of the surface depletion region. The form of the C-V curve for the 
two foregoing cases are shown by the full curves in fig. 1.2. 

If the oxide charge is not zero but say positive then a larger negative voltage 
will be needed on the roetal dot in order to collect the same amount of holes 
at the silicon surface as in the absence of this charge. The oxide charge will thus 
cause the C-V curve to be shifted towards more negative voltages as illustrated 
by the dasbed curve in fig. 1.2. A negative oxide charge will shift the C-V curve 
to the other side of the full curves in fig. 1.2. 

Let us now assume only interface states present at the Si02-Si inter
face, and that, although they are unable to interact with free carriers at the 
silicon surface with the a.c. measuring frequency, they are in thermal equilib
rium with the free carriers at the silicon surface for each value of d.c. bias. 
Of interest is the influence of the interface-state levels on the shape of the C-V 
curve when it is measured at such high frequencies that the minority carriers are 
also unable to follow the a.c. signal. Under the foregoing conditions the MOS
sandwich capacitance is still determined by the oxide capacitance in series with 
the silicon-surface space-charge capacitance. Consicter fig. 1.3(a) which shows 

--.. , ,""' 
\ ' I I 
I I 
I I 

', I 
I 1........-
1 I 
I I 

\ I 
V ,.." ____ _ 

Vg 
Me tal 

Si02 . 

c 

Low-freq. 

Vg<O- 0 - Vg>O 
Fig. 1.2. An ideal high- and low-frequency C-V curve of a MOS sandwich. The dasbed 
curves are those for a device with fixed-charge eentres in the oxide. 
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the band bending and the Fermi potential at the silicon surface of a MOS sand· 
wich for some value of d.c. bias. The surface·state levels tend to loose an elec· 
tron when they come above the Fermi level. For simplicity and ease of explana· 
tion we assume the state levels above the Fermi level to be positively charged, 
those below it to be neutral as illustrated in fig. 1.3(a). This positive charge will 
cause the C-V curve for this device to be displaced along the voltage axis 
towards more negative voltages relative to a curve for no interface states. This 
displacement, as illustrated by the dashed curve in fig. 1.3(b), will in general 
not be uniform, because as the d.c. bias changes so does the surface potential 
and hence, as illustrated in the inserts of fig. 1.3(b), the number of state levels 
which come to lie above or below the Fermi level. Those state levels located 
in the immediate vicinity ofthe Fermi level experience the largest relative change 
in occupancy when the Fermi level is displaced. This means that the rate of 
change, with surface potential of the voltage displacement between a measured 
and calculated i deal C-V curve yields in principle an idea of the distri bution 
of surface·state levels in the energy gap at a silicon surface. 

At very low a.c. measuring frequencies the interaction of interface states and 
free carriers at the silicon surface can be described by a surface·state capaci· 

Me1al
5

i~:~ j 
~ :, "' QJF 

r~q;v r _, Potential 
a) 

c 
---...... , 

',,.----""=--Jol\ 
', 

With statei'', 

~<O-

.l 
Cox I 
Csi ~ 

T High freq. 

Vg<O-

', 

0 

c 
b) 

-~>0 

-V9 <0 
c) 

Fig. 1.3. (a) Band bending at the silicon surface of a p-type MOS sandwich, showing ionized 
positively charged interface-state levels; (b) C-V curvewithand without surface-state levels; 
(c) C-V curve for a MOS sandwich with surface states at very high and intermediate fre
quencies. 
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tance c .. in parallel with the silicon-surface space-charge one. At intermediate 
frequencies the interaction is limited by the so-called time constant <ss of the 
states 1- 6 •7): this quantity depends on the nature ofthe interface states and the 
densities of the free carriers at the silicon surf ace. The interaction at these inter
mediate frequencies for a single surface-state level can be represented 1-

6
) by 

a simple series R.. c .• circuit in parallel with tbe silicon-surface space-charge 
capacitance, where R.. iss/C ••. A number of levels can be represented by a 
set of series RC circuits in parallel as indicated in the inset of fig. 1.3(c). At 
these intermediate frequencies the C-V curve will thus be frequency-dependent 
as illustrated in fig. 1.3(c). 

1.3. Gated-diode structures 

Two methods which we use to study the nature of recombination and 
generation currents occurring at an Si02-Si interface will now be qualitatively 
considered. 

A common type of configuration used 1
-

15
•16•19•21-

23
) and which is similar 

to the one considered in chapters 3 and 5 is illustrated in fig. 1.4(a). lt consists 
of a planar diode (for the case shown a p+n structure is assumed) with an extra 
metal electrode which overlaps the junction edge and is insulated from the 
silicon and any other electrodes. Of interest is the behaviour of the diode cur
rent as a function of the voltage Vg. In order to illustrate the basic behaviour 
of the device let us assume a reverse bias applied between the p+ and n bulk. 
Although the case for a forward diode voltage is somewhat more involved as 
explained in chapters 3 and 5, the interpretation of the behaviour of the device 

I 

n-Si 

a) 

b) 

o -v9 >o 
Fig. 1.4. (a) Cross-section through a gated diode; (b) diode current Id versus Vu fora fixed 
reverse diode voltage VJR· 
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will be essentially similar. By varying Vu the surface under the metal electrode 
can be made for instanee successively n-type, depleted, and inverted. This causes 
the diode current to vary as sketched in fig. 1.4(b). The current to the right of 
the peak (surface under metal being now n-type) is simply the normal diode 
current: for silicon at room temperature 1 - 49) this current arises predominantly 
inside the depletion region hordered by GADEH in fig. 1.4(a). This region also 
includes the edge GA where the bulk depletion region intersects the oxide. To 
the left of the peak the surface along GK under the metal electrode is inverted 
so that a p-type conducting layer is connected to the p+ diffused region and 
extends under the gate electrode and essentially increases the area of the p+ 

region. The original diode current wiJl be increased by a current which for silicon 
at room temperature 1

- 49) arises predominantly inside the depletion region 
ABCDA *). The current from region ABCDA increases with the width zd and 
it saturates for a partienlar value of diode voltage once the silicon surface 
indicated by GK in fig. 1.4(a) becomes inverted. The change of the current 
with Vg is indicated by the dashed curve in fig. 1.4(b). The current peak which 
is superimposed on this dasbed curve is due to generation at eentres along the 
interface indicated by AK *·**) in fig. 1.4(a). The generation rate at these 
eentres is a maximum when the surface is depleted ***) and is small when the 
surface is swamped either by holes or electrons. This surface current is depend
ent upon the nature and number of eentres as well as on the relative densities 
of holes and electrous along the interface AK. The nature of the eentres re
sponsible for the current peak can be stuclied by varying the reverse and forward 
diode voltage, and the temperature at which the measurements are done and 
the technology used to make the devices. 

As will be explained in chapter 4 the foregoing device can have certain limi
tations. In order to check these, and also the nature of the interface current, 
the structure of fig. 1.5 has also been used. Measurement of the current between 
the p+ and n+ contacts as a function of the gate voltage Vg yields curves very 
similar to the one sketched in fig. 1.4(b). Again the extra current peak is due 
to modulation of the generation (recombination for a forward diode voltage) 
rate along the Si02-Si interface under the gate electrode. For this to occur 
in the present device the thickness of the n layer should be small compared to 
the ditfusion length of holes in it: this enables the p+ region to extract or inject 
holes out of or into the interface region under the gate electrode when the p+n 
junction is reverse- or forward-biased. 

-*)Becalise-the surface along GA has become inverted the current due to surface eentres 
there will also have decreased; however, this will be compensated for by the growth 
of the current due to surface eentres along the surface KB. 

**) The p+ region is so heavily doped compared to the n region that relatively little change 
occurs in the potential along its surface which is overlapped by the gate electrode. 

***) This is true for eentres which obey Shockley-Read l- 50) statistics and when the 
capture cross-sections of the eentres for electrous and holes are approximately equal. 
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Fig. 1.5. Gated-diode structure. 

The foregoing structures in figs 1.4(a) and 1.5 are essentially different. In 
the device of fig. 1.4(a) minority carriers (holes) flow laterally, i.e. parallel to 
the oxide electrode, intoor out ofthe space-charge region under the oxide-metal 
electrode. In the structure of fig. 1.5, the holes (minority carriers in the n mate
rial) diffuse either to or from the surface under the gate electrode via the 
relatively thin n layer. The significanee of these differences between the two 
structures will become apparent in chapters 4 and 5. 

REPERENCES 

1 - 1) M.M. A tal! a, E. Tannenbaum and E. J. Scheibner, BeU Sys. tech. J. 28, 749-784, 
1959. 

1- 2 ) C. J. Frosch and L. Derick, J. electrochem. Soc. 104, 547-553, 1957. 
1- 3 ) J. A. Hoerni, I.R.E. Electron Devices Meeting Washington D.C. (1960). 
1- 4 ) A. S. Grove, Physics and technology of semiconductor devices, John Wiley & Sons, 

Inc., 1967. · 
E. Kooi, The surface properties of oxidized silicon, Philips tech. Library, Centrex, 
Eindhoven, 1967. .. 

1- 5 ) a. M. H. Crowell, T. M. Buck, E. F. Labuda, J. V. Dalton and E. J. Walsh, 
Bell Sys. tech. J. 46, 491-493, 1967. 

b. W. S. Boy1e and G. E. Smith, Bell Sys. tech. J. 49, 587-593, 1970. 
G. F. Amelio, M. F. Tompsett and G. E. Smith, Bell Sys. tech. J. 49, 593-600, 
1970. 

1- 6 ) E. S. Schlegel, Trans. I.E.E.E. ED-14, 728-749, 1967. 
E. S. Schlege!, Trans. J.E.E.E. ED-15, 951-954, 1968. 

l-7) Fora consideration of surface states see A. Many, Y. Goldstein and N. B. Grover, 
Semiconductor surfaces, North-Holland Publish. Co., Amsterdam, 1965, chapter 5. 

1- 8) E. Arnold and G. Abowitz, Appl. Phys. Lett. 9, 344-346, 1966. 
1- 9 ) A. B. Fowler, F. Pang and F. Hochberg, IBM J. Res. Dev. 8, 427-429, 1964. 
1 - 10) A.B. Fowler, Spring meeting of Am. phys. Soc. Washington D.C., Paper KF7, 1965. 
1- 11) J. Grosval et, C. Jund, C. Motsch and R. Poirier, Surface Sci. 5, 49-80, 1966. 
1- 12) F. Leuenberger, Helvetica physica Acta 39, 371-372, 1966. 
1 - 13) C. T. Sah and F. H. Hilscher, Phys. Rev. Lett. 17, 956-958, 1966. 
1 - 14) E. H. Nicollian and H. Melchior, Bell. Sys. tech. J. 46, 2019-2033, 1967. 



9 

1-15) C. T. Sah, Proc. I.R.E. 49, 1623-1634, 1961. 
1-16) C. T. Sah, Trans. I.R.E. ED-9, 94-108, 1962. 
1- 17) H. Edagawa, Y. Morita, S. Maekawa and Y. Inuishi, Jap. J. appl. Phys. 2, 

765-775, 1963. 
1- 18) H. Edagawa et al., Jap. J. appl. Phys. 2, 814-815, 1963. 
1- 19) P.P. Castrucci and J. S. Logan, IBM J. Res. Dev. 8 394-399, 1964. 
1- 20) L. L. Rosier, Trans. I.E.E.E. ED-13, 260-268, 1966. 
1- 21) A. S. Grove and D. J. Fitzgerald, Solid State Electronics 9, 783-806, 1966. 
1- 22) V. G. K. Reddi, Solid State Electronics 10, 305-334, 1967. 
1- 23) D. J. Fitzgerald and A. G. Grove, Surface Sci. 9, 347-369, 1968. 
1- 24) T. M. Buck, H.C. Casey Jr., J. V. Dalton and M. Yamin, Bell Sys. tech. J. 47, 

1827-1854, 1968, 
1-.25) M. H. Crowell and E. F. Labuda, Bel!. Sys tech. J. 47, 1481-1528, 1968. 
1- 26) K. H. Zaininger and A. G. Homes-Siedle, R.C.A. Review 28, 208-240, 1967. 
1- 27) See for instanee the review artiele by R. P. Donovan, "The oxide-silicon interface", 

RADC Ser. in Reliability Physics of Failure in Electronics 5, 199-231, 1967. 
1- 28) P. Balk and J. M. Eldridge, Proc. I.E.E.E. 57, 1558-1565, 1969. 
1- 29) L. M. Terman, Solid State Electronics 5, 285-299, 1962. 
1- 30) K. Lehovec, A. Slo bodskoy and J. K. Sprague, Phys. Status solidi 3, 447-464, 

1963. 
1- 31) A. S. Grove, B. E. Deal, E. H. Snow and C. T. Sah, Solid State Electronics 8, 

145-163, 1965. 
1 - 32) M. V. Whelan, Philips Res. Repts 20, 562-577, 1965. 
1 - 33) K. H. Zaininger, Trans. I.E.E.E. ED-12, 179-193, 1965. 
1- 34) F. P. Heiman and G. Warfield, Trans. I.E.E.E. ED-12, 167-178, 1965. 
1- 35) S. R. Hofstein and G. Warfield, Solid State Electronics 8, 322-341, 1965. 
1- 36) F. P. Heiman and H. S. Müller, Trans. I.E.E.E. ED-12, 142-148, 1965. 
1- 37) P. V. Gray and D. M. Brown, Applied Phys. Letters 8, 31-33, 1966. 
1- 38) J. Grosvalet, C. Jund, C. Motsch and R. Poirier, Surface Sci. 5, 49-80, 1966. 
1-3 9) C. N. Berglund, Trans. I.E.E.E. ED-13, 701-707, 1966. 
1- 40) E. H. Nicollian and A. Goetzberger, BeU Sys. tech. J. 46, 1055-1133, 1967. 
1 - 41) H.C. de Graaff and J. A. van Nielen, Electronics Letters 3, 145-146, 1967. 
1- 42) A. Goetzberger, Trans. l.E.E.E. ED-14, 787-789, 1967. 
1- 43) E. Arnold, Trans. I.E.E.E. ED-15, 1003-1008, 1968. 
1- 44) N. S. Clayton, abst. 89, Spring Meeting Electrochem. Soc. Boston, Mass., 1968. 
1- 45) P. V. Gray and D. M. Brown, Appl. Phys. Letters 13, 247-248, 1968. 
1-46) D. Kerr, Conference on Properties and use of MIS structures, 17-20 June 1969, 

Grenoble, France. 
1 - 47) M. Kuhn, Abst. 11.2, International Electron Devices Meeting, 29-30 Oct. 1969, 

Washington. 
1-48) C. T. Sah, A.B. Tole and R. F. Pierret, Solid State Electronics 12, 689-709, 1969. 
1- 49) C. T. Sah, R. N. Noyce and W. Shockley, Proc. I.R.E. 45, 1228-1242, 1957. 
1 - 50) W. Shockley and W. T. Read Jr., Phys. Rev. 87, 835-842, 1952. 



-10-

2. C-V METHOD AND lTS APPLICATION TO STUDY 
CHARGESATAN SiOrSi INTERFACE 

2.1. Introduetion 

Tbis chapter is concerned with the trapping offree charge carriers at surface
state levels at a thermally oxidized silicon interface. Of interest is a measure
ment of the amount of charge trapped as a function of the silicon surface poten
tial. Chapter I described qualitatively how to achieve the foregoing by the 
C-V method: this implies measurement of the bigh-frequency small-signal a.c. 
capacitance of a metal-oxide-silicon sandwich as a function of a d.c. voltage 
across the sandwich. Because the oxide is an insuiator no steady-state d.c. cur
rents flow across the silicon interface so that thermal equilibrium exists in the 
silicon and at its surface. Only the small a.c. measuring signa! disturbs the 
thermal-equilibrium conditions at the silicon surf ace. The frequency of this a.c. 
signalis so high that interface states are unable to interact with free carriers at 
the silicon surface with this frequency. The interface states are however in 
equilibrium with free carriers at the silicon surface for every value of applied 
d.c. voltage. The foregoing method is applied to measure the charge trapping 
by surface-state levels and its dependenee on a number of technological factors. 
The significanee of results obtained are discussed as well as certain lirnitations 
of the C-V method. 

2.2. Theory and measuring methods 

2.2.1. High-frequency C-V method 

A model of a metal-oxide-silicon sandwich is shown in fig. 2.1 : the silicon 
material is assumed to be p-type. The band bending at the silicon surface is 
denoted by "Ps: tbis represents the potential in volts of the centre of the energy 
gap of the silicon at its surface, relative to the potential of the centre of the 
energy gap in the neutral silicon bulk; tbis "Ps is assumed to be due to a com
bination of charge Qm on the metal electrode and charge in oxide centres. 
Tbis latter charge is divided into an effective charge Q •• in surface-state levels 
located spatially at the oxide-silicon interface, and a charge in ionized eentres 
wbich can only exchange charge with the silicon under certain circum
stances 2 - 1•

6
). This latter charge is represented for simplicity by a sheet of charge 

of density Qox per unit area located at some distance h from the metal-oxide 
interface. The value of Qss depends on the position of the Fermi level rf>F 
in the energy gap at the silicon surface. The position of cf>F at the surface de
pends upon "Ps the surface potential, wbich in turn depends on the d.c. bias 
applied across the metal-oxide-silicon sandwich. Tbis chapter is predominantly 
concerned with the change of Q •• as a function of the position of cf>F in the energy 
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Potential 

Fig. 2.1. Supposed model of charge distribution in a MOS diode. 

gap at the silicon surface and for this reasou a number of appropriate expres· 
sions will next he considered. 

Upon referring to fig. 2.1 and balancing potentials we obtain for the total 
d.c. voltage V9 across the sandwich: 

Vg .PM- {X+ (cPF cP;) (cfov- cPc)/2} + Vox "Ps; (2.1) 

cPM denotes the work function of the metal in volts; x is the electron affinity of 
the silicon; cPt> <Pv and cfoc denote the potential in the neutral silicon bulk of the 
middle of the energy gap, the valence· and the conduction-band edge, respec· 
tively; Vox represents the voltage drop across the oxide layer: 

Solution of Poisson's equation yields 

V =-{± Qsi dox ox 
Box 

Qox hfdox) do"}, 

Box 
(2.3) 

(-) if "Ps > 0; ( +) if "Ps < 0. 

Substitution of (2.3) into (2.2) yields 

Vo-1fls=[cfoM {x+(cfoF-.fot)+ cfv 
2 

Qox h J __ [±_Q_si __ Q_ss J_d_ox 

Box Box 

(-) if 'I{Js>O; (+) if 1fls < 0; (2.4) 

dox and Box denote the thickness and dielectric constant of the oxide layer, 
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respectively; Q81 denotes the space charge per unit area at the silicon surface 
(Q •• is excluded); it is related to 'lf!s in a manner derived by Garrett and Brat
tain 2 - 7): 

Qs, = ± 2q n1La [À {exp (-P w.)-1} + Ä.- 1 {exp (P V's) 1} + 
+(À-À-1)P1f.J1'2, (2.5) 

(+) if P1f,<O; (-) if f3w.>O; 

p = qfkT; n1 is the intrinsic electron density: Ld = ( e8!{2qn1/))
112 is the 

Debye length; e81 is the dielectric constant of the silicon; À and Ä. -l represent 
the thermal-equilibrium bulk hole and electron concentration divided by n,. 
If!; denotes the bulk doping level divided by n, then for p-type silicon À l; 
and for n-type silicon À- 1 !;. Figures 2.2(a) and 2.2(b) show a number of 
curves which were obtained with the aid of eq. (2.5); these relate Q81 and 
1(3 'lf!sl to each other for various values of !;. 

The quantity inside the first set of square brackets on the right-hand side of 
eq. (2.4) is constant (independent of V0 ) for a particular MOS sandwich. If 
1/'s can be measured for various values of V9 , it should be possible to study 
the relative changes in Q •• as a function of 'lf!s and hence as a function of the 
position of the Fermi level in the energy gap at the silicon surface. The quan
tity 1/'s and hence Q81 can be measured as follows. If we impose the essential 
condition that the a.c. capacitance of the MOS sandwich is measured at such 
high frequencies that Q •• does not change during the a.c. measuring cycle then 

8~--t-----

c: 
~ 5r---~-----------b~~~~~~~~~ 
Cl -.. 
:::1 
E 4~--+-----~~~~~~----
:::~ e 

j_~~~~~~~~wu~~-L~~~~~~ 
5 10-7 2 5 10-6 2 5 10- 2 

a) 
__ _.,.... OsdC!cm 2) 

Fig. 2.2. (a) The thermal-equilibrium silicon-surfacespace charge Q81 versus lP 'IJisi the band 
bending (in kT units) towards accumulation with l; as parameter. 
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the equivalent series capacitance c. of the device for any particular value of 
Vg is simply due to two capacitances in series: 

Ag Cox Csl 
C.=----

Cox Csl 
(2.6) 

Ag denotes the area of the metal contact on the oxide. The oxide capacitance 
Cox Eoxfdox per unit area is known if the oxide thickness is available; it can 
however also he measured as explained in sec. 2.2.2(a). Hence by measuring 
c. it is possible with the aid of eq. (2.6) to obtain C51 • This latter quantity is 
the capacitance associated with the modulation by the small a.c. signal of the 
silicon-surface space charge Q51 • This capacitance C51 is a function of "Ps and 
the relationship is illustrated graphically for various values of C in fig. 2.3. 
These curves are based on expressions derived by Lindner 2

-
8
). These expres

sions are reproduced below in a somewhat modified form. They are based on 
the additional assumption that the a.c. measuring signal is also so high that 
the minority carriers which form part of Q81 (silicon-surface space charge) are 
unable to follow the signal. The three expressions are appropriate for ranges 
of "Ps corresponding respectively to an accumulation of majority carriers to a 
depletion region and to an inversion region at the silicon surface. 

4.8 
IJJVJsl 

t 
4.0 

32 

~ 
1::1 24 
§ § ·-....... ·- 16 .!!~ 
á}~ 

C:l.S 8 

t 0 

8 c.:: 
.!2 ....... 
.9 16 ::I 
E 

2 ::I 
(.J 
(.J 

~ 

Fig. 2.3. The band bending lP V's I (in kT units) at the silicon surface versus the high-frequency 
silicon-surface space-charge capacitance C51 with ~ as parameter. 
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High-frequency accumulation capacitance: 

Es1 '
112 exp (lP 'lj'.l) 1 

Csi = --------------
2 Ld {exp (lP V's I) 1 - lP V's I }112 

(2.7) 

High-frequency depletion capacitance: 

Bs1 C112 1 - exp (-lP 'Ij', I) . 
Cs1 = -- (2.8) 

2 Ld {exp (-lP '1/'.D -1 + lP V'siF12 
' 

(2.8) is valid for lfJ V's- I I > exp (I{J 'lj'.i)(C2
• 

High-frequency inversion capacitance: 

8 s1 C112 (ifJV'll 1)112 

Cs1 = ----------------
2 Ld lP V'tl - exp {---! (lP V's I - lfJ V'tD} ' 

(2.9) 

(2.9) is valid for lfJ V'sl - 1 < exp (I{J '1/'.1)!'2 

and (2.10) 

When "P• becomes larger than '1/'t an inversion layer exists at the silicon surface 
and the charge in this layer forms a predominant part of the silicon-surface 
space charge. 

2.2.2. Procedure for studying the effective charge in oxide eentres 

The following is a summary of the procedure for obtaining from a measured 
high-frequency C-V curve of a MOS sandwich the relative changes in Q •• ( sur
face-state charge) as a function of the position of the Fermi level at the silicon 
surf ace. 
(a) Section 1.2 pointed out that when V0 is such that large numbers ofmajority 

carriers are accumulated at the silicon surface the capacitance c. of a MOS 
sandwich is constant and equal to A9 Cox; this is because Cs1 » C0 , (eq. 
(2.6)). Thus the oxide capacitance Cox of a MOS sandwich can be measured 
by varying V9 until the capacitance of the sandwich reaches a constant 
maximum value. The silicon space-charge inversion capacitance Cs1 min 

(practically constant in the inversion region) is calculated using the mini
mum capacitance of the measured curve and the known value of the oxide 
capacitance Cox and eq. (2.6). This C51 mln gives the value of' to be used 
by reference to fig. 2.4; C is related to the average doping of the silicon 
surface, and when used with fig. 2.5 gives an average value - based on 
bulk mobilities of surface resistance. Figure 2.5 has been reproduced 
from a paper by Irvin 2 - 9). 

(b) The next step is to calculate for various values ofthe measured capacitance 
c. the corresponding values of C51 using the known Cox and eq. (2.6). 
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Fig. 2.5. Doping level i; ni versus specilic resistivity for n- and p-type silicon. The curves are 
reproduced from ref. 2.9. 

(c) The valnes of (J "Ps corresponding to these C81 values are obtained using a 
curve in fig. 2.3 with the C obtained in (a). 

(d) The valnes of the totalspace charge Q81 this includes mobile charge and 
that due to ionized dope in the silicon - which is related to the surface 
potential "Ps is now obtained using the appropriate value of C and figs 
2.2(a) and (b). 
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(e) The total effective charge in the system is now calculated. This is from 
eq. (2.4) equal to --(Vg tp,) Box!dox· If the silicon-surface space charge 
Qs1 obtained in step (d) is subtracted from the foregoing quantity we 
obtain 

Q 
= Q 

1 
Q0 ,h _ [cpM-{X + (cpF-tPt}+(cfov-tPc)/2}] Box (

2
ll) 

ef- ssT • . 
d~ ~. 

This includes the effective charge Q •• and Qox h/d.,. in surface-state levels 
and fixed charge in oxide eentres respectively. The last term inside the 
square brackets represents the inftuence of a difference in work function 
between the roetal and the silicon. 

(f) Knowledge of the average doping level at the silicon surface yields the 
position of the Fermi level there corresponding to each value of V's· Thus 
the effective charge Qer of eq. (2.11) can be plotted as a function of the 
distance of the Fermi level from the conduction-band edge at the silicon 
surface. The slope of this curve gives an idea of the density and energy 
distribution of eentres which interchange charge with the silicon during 
the changing of the surface potential V's· 

2.2.3. Average doping level of the silicon surface 

The measured high-frequency C-V curve becomes practically parallel to the 
voltage axis when the silicon surface is inverted. This indicates (eq. (2.6)) that 
C81 has become almost constant and independent of V's· On examining eq. (2.9) 
it can be seen that if lf3VJ,I > 1(3 tp11 then Cs1 becomes 

Ss; C112 {1(3 V'1l 1 }112 

Csimln = 
2

La ~~-- (2.12) 

and is independent of tp,. This equation together with (2.1 0) yielded the curve 
in fig. 2.4 which can be used to yield some average value of C when C81 mln 

is measured. More detailed analyses of the doping changes which can occur 
at an oxidized silicon surface have been publisbed 2 - 10•15). 

2.2.4. Rejèrence voltage containing jixed oxide charge 

It is sometimes convenient to measure the d.c. voltage needed across a MOS 
sandwich to obtain some specified value of silicon-surface poten ti al. The voltage 
needed to obtain the so-called flat-band (zero-band-bending) condition at the 
silicon surface is normally used in the literature. In this thesis ho wever we pref er 
to measure a voltage we define as V R· It is the voltage needed to bring the 
Fermi level to the centre of the energy gap at the silicon surface. For this 
situation the silicon surface is depleted of holes and electrous so that the inter
action of interface states with free carriers will be unable to follow the a.c. 
measuring signal if this is say above 100 cfs. Above this frequency VR will be 
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independent of the measuring frequency. The maximum frequency needed to 
avoid dispersion in the case of the flat-band point, on the other hand, can be 
as high as several Mc/s (see for instanee figs 2.11 and 2.12). 

The surface potential corresponding to the Fermi level at the midgap at the 
silicon surface is 

In C 
±-= 

fJ 
(+) for p-Si; (-) for n-Si. 

(2.13) 

Equation (2.13) and the curves of fig. 2.3 yield the appropriate silicon-surface 
space-charge capacitance C51 (see sec. 2.2.2(a) for 0 which in turn with eq. 
(2.6) yields the total device capacitance. This capacitance and the measured 
C-V curve yield VR. By substituting eq. (2.13) in eq. (2.4) and simplifying we 
get 

(t/>v- !foc)/2}]- Qox h 
dox Cox 

Q •• - V Qst- V -- R±-= i> 

Cox Cox 
(2.14) 

( +) for n-type Si; (-) for p-type Si. 

The voltage V1 is equal to the work-function difference between the metal and 
intrinsic silièon minus the effective voltage drop across the oxide due to fixed 
oxide charge Qox and due to the charge Q •• in interface states when the Fermi 
level is at the centre of the energy gap at the silicon surface. With the aid of 
"Ps of eq. (2.13) and the appropriate curve of fig. 2.2(b), we can evaluate Q51 

and hence V1• 

2.2.5. Ring-dot structure 

Some results to be presented later were obtained with a so-called ring-dot 
MOS-sandwich device. The roetal contacts on the oxide consisted of a roetal 
dot 500 fLill diameter surrounded at a distance of 7 !J.m by a roetal ring 200 fLill 
wide. This type of device was used, because it is very suitable for a quick but 
rather qualitative measurement of the dilference in the numbers of interface
state levels for various samples. Although the metbod outlined in secs 2.2.1 
and 2.2.2 gives more detailed information than the ring-dot method, it is more 
involved, and time-consuming to apply. Other device geometries are also suit
able for similar work as the ring-dot device, but require the use of diffused 
regions. The devices are thus more involved to make than the ring-dot structure 
and furthermore the diffusions can inftuence the silicon surface to be studied. 

Measured C-V curves (300 kc/s) for the dot of two n-type samples with dif
ferent amounts of interface-state levels are illustrated in fig. 2.6. During the 
measurement of these curves a large negative voltage sufficient to heavily invert 
the underlying silicon surface was applied to the ring electrode. The increase 
of the capacitance of the dot in the inversion region is due to a coupling of the 
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1
- Vg

2
1 is proportional to the number of inter

face-state levels in the energy gap near the valenee-band edge at the silicon surface. 

inversion region under the dot with that under the ring. The voltage neerled on 
the dot to cause an inversion layer at the underlying silicon surface, can be 
strongly dependent on the number of interface-state levels which are present 
at the silicon surface. For the present n-type samples those states near the 
valenee-band edge will be important. If there are many states then a large 
voltage will be needed on the dot before any inversion layer forms under it, 
and consequently before any coupling occurs with the inversion layer under 
the ring: this in turns leads to an increase in the inversion capacitance of the 
dot. Thus the voltage difference I V91 - Vg2 will be a measure of the number 
of interface-state levels under the dot and for the present n-type samples near 
the valenee-band edge. The curves in fig. 2.6 exhibit a large difference between 
! V91 V92 l and consequently a large difference in the number of interface
state levels for the two samples. If no inversion layer were present under the 
ring electrode there would be no increase in the inversion capacitance of the 
dot. There would consequently be practically no indication of the large dif
ference in the number of interface-state levels for the two samples. 

Numbers of interface-state levels between the conduction-band edge and the 
middle of the energy gap, and between the middle of the energy gap and the 
valenee-band edge at the silicon surface can be measured by using p- and n
type silicon respectively. 

2.3. Sample preparadon 

Simpte MOS and ring-dot n- and p-type 6-10-Q cm sandwiches were used. 
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The former had an oxide contact of 1 mm diameter and the latter had a dot 
of 500 fLm diameter surrounded at 7 fLm by a ring of 200 fLm width. In addition 
to the foregoing some circular p-type n-channel MOS transistors with the dimen
sions shown in fig. 2.7 were also used. The (100) and (llO) slices used were 
cut from a < 111) bar. Polishing, boiling in alcohol, and etching in HF; acetic 
acid; fuming HN03 in the ratio 5 : 8 : 15 foliowed by a 20 min boil in HN03 

preceded the oxidation and P20 5-ditfusion steps. Oxidation was carried out in 
wet N 2 (dew-point temperature 90 oq for 80 min; the ditfusion step was done 
in nitrogen using a two-zone furnace; deposition was at 920 oe for 30 min 
with the P20 5-powder souree held at 200 oe; the drive-in was at l150 oe for 
60 min with the souree oven switched otf. After the ditfusion step the samples 
were allowed to cool slowly to room temperature over a period of about 5 
hours. In the case of the circular-type MOS-transistor structure of fig. 2.7 
windows were photo-etched in the oxide before the phosphorous-ditfusion 
step: the resulting n+ regions were about 6 fLm deep. Some samples were next 
heat-treated in wet N 2 (d.p.t. 26 oq unless otherwise stated for 20 min at 
500 oe. At the end of a beat treatment slices were pulled quickly from the 
furnace to minimize slow-cooling etfects. The oxide was next removed from 
the back of each sample and aluminium contacts were applied there and on 
the oxide without expressly heating the silicon during the evaporation process. 

For all samples the total oxide thickness was about 1 [Lm of which about 
0·4 fLm consisted of a mixture of P20 5 and Si02 glass. 

Gate contact 
Circular 

souree contact Drain ontact 

n+ n+ 
p-type substrate 

I· 400tt ·I· 4oop • 1• 4oop .1. 4oop 

5102 
200p 

.I. 400p .. I l 
Fig. 2.7. Cross-section through a circular-type MOS transistor. 

2.4. Measurements 

2.4.1. Introduetion 

The smali-sigoal a.c. capacitance of the MOS sandwich was measured as a 
function of an applied d.c. bias in the manoer illustrated in the block diagram 
of fig. 2.8. The maximum a.c. signal allowed across the MOS sandwich was 
20 mV. The capacitance of 1 fLF while serving as a short-circuit patb for the 
a.c. measuring signal, allowed the d.c. voltage to be applied across the device. 
For measurements between 20 c/s and 20 kc/s a General Radio 1708A bridge 
was used, and from 100 kcfs to 5 Mcjs, and from 1 Mc/s to 100 Mc/s a Wayne 
Kerr B201 and B80l bridge was used. 
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Fig. 2.8. Block diagram of circuit used to measure a C-V curve of a MOS sandwich. 
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Fig. 2.9. C-V curve of the gate electrode of the MOS transistor of fig. 2. 7 with and without 
many interface-state levels. Also shown for the same devices is the outer n+ to inner n+ 
current: the inner region is reversed biased (25 V) with respect to the bulk, and the outer 
n+ region is connected to the p bulk. 

Figure 2.9 shows for a not heat-treated and heat-treated MOS transistor 
(fig. 2.7) a plot ofthe capacitance versus the gate voltage (220 kcfs): also plotted 
versus the gate voltage is the current lv which flows between the inner and 
outer n+ regions when the inner n+ region is reversed biased by 25 volts with 
respect to the p bulk and the outer n+ region is connected to the bulk. When 
the surface under the gate electrode becomes inverted the gate-bulk capacitance 
should again increase since minority carriers (electrons) can be supplied quickly 
enough from the n+ regions via the inversion layer *): furthermore, when the 
surface under the gate near the outer n+ ring becomes inverted the current I v 

should also begin to flow. In the not heat-treated sample the inversion layer 
does not form as we would expect at about -15 V but at the large gate voltage 

*) See sec. 1.2 and fig. Ll(d). 
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of 75 V. The most likely explanation of this fact is that the voltage 
from -15 to + 75 volts is used to charge a large number of interface-state levels. 
This explanation implies that the heat treatment causes a removal of interface
state levels: there is an absence of a delay of inversion-layer formation in these 
samples. 

The possibility of large numbers of interface states and their removal by a 
heat treatment will be illustrated in another manner. Figure 2.10 shows the 
measured equivalent series capacitance and resistance for a not heat-treated and 
heat-treated MOS sandwich. The bulk material for these samples consisted of 
an 8 (LID thick n layer epitaxially grown on an n+ substrate. The series-resistance 
curves show the same behaviour as ones measured by Nicollian and Goetz
berger 2

-
16

) who showed that these peaks are due to interface-state levels near 
the Si02-Si interface. The not heat-treated sample has the largerand broader 
resistance peak: this indicates that this sample has more interface states than 
the other one in which the heat treatment has apparently removed or made 
inactive a considerable number of interface states. 
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Fig. 2.10. Measured equivalent series capacitance and resistance (500 kc/s) versus d.c. applied 
voltage for an n-type MOS sandwich. 
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2.4.2. Oxidized surfaces with many interface-state levels 

To obtain more information about the interface-state levels just considered, 
C-V measurements were performed on not heat-treated n- and p-type sand
wiches. Typical results for various frequencies are shown in figs 2.11 and 2.12 
for respectively n- and p-type samples. No hysteresis effects were observed 
during the plotting of these C-V curves: this points to an absence of ion move
ment in the oxide and of slow charge interaction at the Si02-Si interface. The 
frequency dispersion of the curves as pointed out in sec. 1.2 is due to interaction 
of interface-state levels with free carriers at the silicon surface. Although not 
indicated this frequency dispersion ceased near 60 Mcfs: this was indicated by 
the coinddence ofthe 60- and 100-Mc/s curves. The foregoing means that above 
60 Mc/s interface states cease to interact with free carriers at the silicon sur
face; at least in the range of band bending corresponding to measurable valnes 
of C51• With the aid of figs 2.2(a) to 2.4 and the steps summarized in sec. 2.2.2 
the effective charge Q.r was obtained for the samples of figs 2.11 and 2.12. 
This charge Q.r (eq. (2.11)) includes the work-function difference between the 
metal and the silicon and the effective charge in oxide and interface eentres: 
the Q.r obtained is plotted in fig. 2.13 in relation to the position of the Fermi 
level in the energy gap at the silicon surface. The slopes of these curves which 
are an indication of the density of interface-state levels are approximately alike 
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Fig. 2.11. Measured C-V curves, at various frequencies, of an n·bulk MOS sandwich which 
has a large amount of interface-state levels. The metal contact on the oxide was 10- 2 cm2 
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Fig. 2.13. The effective charge Q.c (eq. (2.11)) versus the position of the Fermi level at the 
silicon surface, for samples with many surface-state levels. 

for both samples. The relative displacement between the curves along the charge 
axis can perhaps, as we shall discuss later, be attributed to a difference in the 
effective fixed charge in the oxide. 
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Both n- and p-type samples appear to have a large number about 1·5.1012 

cm- 2 of interface states with energy levels at a bout 0· 2 e V from the edge of 
the conduction band. This number of states is of the same order of magni
tude as that needed to explain the lack of control of the gate electrode of the 
MOS transistor (fig. 2.9) between -15 and 75 V. 

The curves of fig. 2.13 indicate that a considerable density of interface-state 
levels is also encountered when the Fermi level is within about 0 ·I e V of the 
edge of the valenee band at the silicon surf ace. The number of these state levels 
could not be obtained using a simple MOS sandwich because of a Jack of 
sensitivity of the C-V method in this range of surface potential. An idea of the 
number of these states was obtained by using the ring-dot MOS-sandwich 
structure and n-type silicon. A voltage (-260 V) suftleient to invert the under
lying silicon surface was applied to the ring. A voltage of -130 volts was needed 
on the dot, i.e. an extra -90 volts before the region under it coupled with the 
inversion layer under the ring. The surface potential was thus locked over a 
voltage range of 90 volts. This corresponds to about 1·6.1012 cm- 2 of inter
face states. 

The frequency dispersion of the C-V curves of figs 2.11 and 2.12, between 
100 Mc/s and 1 kcfs can be attributed to the interaction of the surface-state 
levels with majority carriers at the silicon surface: this is for the range of sur
face potential corresponding to accumulation and near-depletion at the silicon 
surface. The possibility of interaction of surface-state levels with minority 
carriers in this range of surface potential must be ignored because of the small 
density of the Jatter. 

For frequencies lower than 1000 cfs the C-V curves for p-type samples exhibit 
a dispersion in the depletion-to-inversion region. No such dispersion is evident 
inthen-type sample. We explain this difference as follows. By referring to the 
high-frequency C-V curves in figs 2.11 and 2.12 forthen and p sample it can 
be seen that for zero applied voltage the band bending towards inversion is 
larger for the p than for the n sample. Hence the concentration of minority 
carriers at the silicon surface surrounding the region under the aluminium dot 
on the oxide, is much higher for the p than for the n sample. It has been dem
onstrated by a number of workers 2

-
17

•
18

) that depending upon the strength 
of an inversion layer surrounding the active area of a MOS sandwich the fre
quency response of a p-MOS sandwich in the inversion region can be increased 
by several orders of magnitude. In our present p sample, although the sur
rounding surface is not inverted, the minority-carrier concentration is still 
relatively high: 1014 cm- 3 ; this was estimated from a knowledge ofthe band 
bending at the silicon surface for zero applied d.c. voltage V9 • This can be 
sufficient to cause an increase in the response of the capacitance of the silicon
surface region under the aluminium electrode on the oxide, particularly at the 
relatively low frequencies below 1 kcjs. The concentration of electrous at the 
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silicon surface surrounding the surface under the metal electrode can also be 
of sufficient density to serve as a souree of minority carriers which in turn can 
interact with the traps under the roetal electrode and thus cause an increase in 
the frequency response of the p-MOS sandwich in the depletion-inversion 
region at frequencies less than 1 kc/s. 

2.4.3. Oxidized surfaces with few interface-state levels 

The C-V curves for heat-treated n- and p-MOS sandwiches are shown in 
figs 2.14 and 2.15. Compared to the curves of not heat-treated samples they are 
on the average shifted towards less negative voltages. The most pronounced 
effect however is the removal of about 1·5.1012 cm- 2 interface states with levels 
near the silicon conduction-band edge. This is indicated by the rapid in
crease *) in the capacitance for the p-type sample beyoud the minimum in 
moving towards inversion. Using the ring-dot n-type MOS sandwich a voltage 
of + 100 V was applied to the ring, and an immediate increase occurred in the 
dot capacitance beyond its minimum value which occurred at -18 V. This 
rapid increase indicates the remaval also during the heat treatment of about 
1·5.1012 cm- 2 interface states with levels near the silicon valenee-band edge. 
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Fig. 2.14. Measured C-V curves of an n-type MOS sandwich after treatment in wet N 2 at 
500 °C. The area of the metal contact was 0·78.10- 2 cm2 • 

*) This increase is due to the effect of an external inversion layer 2- 17•18), because a voltage 
of -10 V on the ring of a ring-dot MOS sandwich was sufficient to isolate the silicon 
surface under the dot from the external inversion layer and to eliminate the increase in 
capacitance of the dot in the inversion region. 
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Fig. 2.15. Measured C-V curves of a p-type MOS sandwich after treatment in wet N 2 at 
500 °C. The area of the metal contact was 0·78.10- 2 cm2 • 

Very little frequency dependenee occurred in the slopes of the C-V curves 
in the accumulation-depletion region between 125 c(s and 100 Mc/s. This 
indicates that there are no interface-state levels with relaxation times between 
these limits in the range of the energy gap scanned by the Fermi level. 

The curves of effective charge Q.r (eq. (2.11)) as a function of the distance 
of the Fermi level from the conduction-band edge at the silicon surface are 
plotted in fig. 2.16: these curves were obtained using the 100-Mc/s C-V curve 
for the n- and p-type samples. The curves of fig. 2.16 are practically parallel 
to the 4>F -cfocs axis which indicates very few interface-state levels within 0 ·1 
and 0·9 eV of the edge of the conduction band, and a removal in the same 
region of considerable numbers by the heat treatrnent. 

2.4.4. Additional results on the influence of technology on interface-state levels 

The following results on the dependenee of interface-state density on the 
silicon crystal orientation and on the temperature of heat treatments were 
obtained with the aid of ring-dot MOS sandwiches. As explained in sec. 2.2.5 
the quantity IV91 - V02 l (see fig. 2.6) is an indication of numbers of interface
state levels in the energy gap at a silicon surf ace. By using n- and p-type silicon, 
states near the valence- and conduction-band edge can he studied respectively. 
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Fig. 2.16. The effective charge Qer (eq. (2.11)} versus the position of the Fermi level at the 
silicon surface for samples with few surface-state levels. 

We also consider for completeness the behaviour of the voltage V1 of eq. (2.14). 
As explained in sec. 2.2.4 this V1 is equal to the work-function difference be
tween the metal and intrinsic silicon minus the effective voltage drop across 
the oxide due to fixed oxide charge Qox (fig. 2.1) and due to the charge Qss in 
interface-state levels when the Fermi level is at the centre of the energy gap at 
the silicon surface. 

The dependenee of I v!ll Vg21 and Vt on the temperature of heat treatment 
and crystal orientation of the silicon surface are indicated in table 2-I. This 
indicates that for samples prepared together the number of interface-state levels 
near the valence- and conduction-band edges are within the limits of experi
mental error equal (compare columnspand n (111) Si, and columnspand 
n (100) Si). Furthermore the state levels in the two halves of the band gap 
behave similarly under the influence of heat treatments (compare columns n 
and p for the separate orientations (111), (110) and (100) for no heat treat
ment, and heat-treated at 500 and 800 oq. Also of interest is the dependenee 
for samp!es prepared together, of the number of interface states and V1 on the 
orientation of the silicon surface. 

A final camment on the dependenee of the number of interface-state levels 
on technology. Samples which had an oxide grown in dry 0 2 (d.p.t. -40 oq 
also had large numbers of interface states in a similar manner to the not heat
treated samples already considered. These state levels could also be reduced in 
number by a heat treatment in wet N2 (d.p.t. 26 oq at 500 oe. On the other 
hand, samples which had an oxide grown in wet 0 2 or N2 (d.p.t. 80 oq had 
about a factor ten in number less interface-state levels than the dry oxide and 
not heat-treated samples just mentioned. 
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TABLE 2-I 

Influence on I Vg 1 - Vg 2 1 and V1 of the crystal orientation of the silicon sur
f ace, and of the temperature for 10 min heat treatments in N 2 (dew-point 
temp. 26 °C). The oxide thickness was ~ 1 fLm 

temperature sample orientation and type 

of heat <111) <100) <110) 
treatment CC) p n p n p 

no treatment IVYl- Vgzl I60 ± 10 I60 ± 10 48 ±4 48 ±4 76±5 
V; -30 -I5 -11 -4 -30 

500 1Vg1 - V92 l 10 ±I 10 ±I 6 6 25 ± 2 
V; -I3 -11 -IO -I -I2 

800 jVYl- Vgzi 70± 5 70± 5 60± 3 60± 3 
V; -85 -65 -68 -50 

2.5. Discussion of results 

In the analysis and interpretation of the results of secs 2.4.2 and 2.4.3, it was 
tacitly assumed that the junction between the silicon and silicon dioxide could 
be regarcled as a two-dimensional plane. The junction may in fact be gradual 
and of some finite thickness. Nevertheless the excellent agreement obtained 
between the calculated and measured C-V curves for heat-treated samples 
indicates that this assumption of a simple two-dimensional junction is quite a 
reasonable basis for descrihing at least the physical behaviour of a MOS sand
wich. Even after accepting the simple two-dimensional junction model there 
are still a number of factors to be considered in conneetion particularly with 
the interpretation of the curves of figs 2.11 and 2.12. 

A number offactors other than interface-state levels could distori a measured 
C-V curve relative to anideal one: (a) contact problems, (b) a non-uniform 
oxide thickness, (c) a non-uniform distribution of fixed-charge eentres in the 
oxide, (d) a spatial disturbance of the uniformity of the doping of the silicon 
near the oxide, (e) a spatial distribution of trapping eentres into the bulk and 
oxide. 

Possibility (a) eau be eliminated because the contacts were applied in exactly 
the same manner to the not heat-treated and heat-treated samples, yet these 
latter samples were completely free of the distoriion effects which were only 

- peculiar to the not heat-treated ones. 
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Measurement of the oxide thickness across the oxidized silicon slices indi
cated that the variations under a contact of 1 mm diameter was certainly less 
than 3%: this is incapable of accounting for the large distortions of the meas
ured C-V curves. This present possibility is also eliminated by the excellent 
agreement between the measured and calculated C-V curves for heat-treated 
samples of sec. 2.4.3: it is extremely unlikely that heat treatments at 500 oe 
could remove any thickness variations which are present in the oxide before 
heat treatment. Furthermore an oxide-thickness variation could not explain 
the frequency dispersion of the measured C-V curves of figs 2.11 and 2.12. 

The possibility of a non-uniform distribution of fixed-charge eentres in the 
oxide can also be eliminated. Again this could not account for the measured 
frequency dispersion of the C-V curves of figs 2.11 and 2.12. Apart from a 
possible statistica} variation in fixed-charge eentres in the oxide gross non
uniformities would appear to be absent since the results for a large number of 
similarly prepared samples were alike. 

A serious rearrangement of the bulk dopant near the silicon surface during 
oxidation can be eliminated for a number of reasons. The measured minimum 
high-frequency capacitance corresponded very well (± 10 %) with that which 
could be expected on the basis of a homogeneous doping of the silicon surface; 
this value of doping furthermore agreed with the bulk value measured before 
oxidation of the silicon slice. The present possibility is also eliminated by the 
excellent agreement between the calculated and measured C-V curves for heat
treated samples, if we can ignore the rather unlikely possibility of a rearrange
ment of the bulk dopant during the heat treatment at 500 oe. Furthermore a 
non-uniform doping would not cause the frequency distortion measured for 
the C-V curves of the not heat-treated samples of sec. 2.4.2. 

In the interpretation of the curves of fig. 2.13 we have attributed the charge 
trapping to surface-state levels. There is also a possibility, however, that the 
trapping could be due to bulk levels in the energy gap, which are forced to 
pass through the Fermi level near the silicon surface as the surface potential 
is changed. Nicollian and Goetzberger 2

-
16

) have shown however that the 
equivalent series resistance peaks similar to those in fig. 2.10, and which are 
related to our trapping centres, must be caused by energy levels localized 
spatially at the silicon surf ace. The orientation dependenee of the numbers of 
trapping eentres illustrated in table 2-1 also points to the surface nature of 
these trapping levels: the slices of different orientation were processed together 
and were cut from the same material so that there should be no reason to have 
different amounts of bulk impurity in the various slices; this is so if we ignore 
the unlikely possibility of some impurity whose ditfusion into the silicon near 
the surface during device preparation is dependent on the orientation of the 
silicon slice. 

There is a possibility of interaction between free carriers at the silicon surface 
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and energy levels which extend into the oxide. Let us assume that the capture 
cross-section of trapping eentres is independent of their energy level and also 
of their spatial position. We also assume that the interaction between energy 
levels extending into the oxide, and free carriers at the silicon surface is accord
ing to the tunnel model of Heiman and Warfield 2 - 19). This model implies 
that the effective capture cross-section of defectsin the oxide for free carriers 
at the silicon surface decays exponentially with distance into the oxide, for 
instanee if a0 is the capture cross.section for defects at the Si02-Si interface; 
the effective value of the capture cross-section for the same type of defects at 
a distance Z into the oxide is O'z = a0 exp (-2 u0 Z). The quantity 2u0 is a 
decay constant. If we use the same value for the decay constant as they do, 
namely 2x0 = 1 A - 1

, we find that the effective capture cross-section of energy 
levels in the oxide and intersected by the Fermi level at 12 A from the silicon 
surface is at least 105 times smaller than for the energy levels intersected by the 
Fermi level at the silicon surface. This means that the frequency response of 
the first levels will be 105 times less than the latter on es. The maximum meas
ured frequency response of the energy levels was 108 cjs, so that the maximum 
frequency response for the trapping eentres 12 A into the oxide will be 
108(105 103 cfs. Now the predominant frequency dispersion of the C-V 
curves was measured between 103 c(s and 108 cjs: this means that the eentres 
responsible for this frequency response must be less than 12 A from the 
Si02-Si interface. 

The results of other investigators 2 - 2 0-2 5) who employed other measuring 
techniques agree with the findingsof secs 2.4.2 about surface-state levels. They 
find that particularly in samples oxidized in dry 0 2 large numbers of interface
state levels are present in the energy gap near the conduction- and valenee-band 
edge at the silicon surface. The density of these levels is dependent upon the 
orientation of the silicon surface in the same manner as illustrated in table 2-1. 
Gray and Brown 2 - 20) find evidence for the existence of discrete levels near the 
band edges, however our measuring method is not sensitive enough to check 
this. Arnold 2 - 24) who has studied the region of the energy gap at the silicon 
surface near both band edges found only in some isolated cases evidence for 
discrete levels. The results of sec. 2.4.3, namely that low-temperature heat 
treatments cause a removal of interface-state levels, is in accordance with the 
:findings reported in the Iiterature 2

-
21

-
28

). lt is not tbe purpose of this work 
to investigate the nature and the reasou for the remaval by low-temperature 
heat treatments of the relatively large number of interface-state levels. We will 
suffice by recalling a model presented in the literature 2 - 26•27); the model 
fits most of the experimental facts, at least qualitatively. It postulates 
that silicon dangling honds are the cause of the interface-state levels. The 
model postulates further that the states can be removed or neutralized by 
saturating the dangling honds by hydrogen. This can be achieved by heating 
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at relatively low temperatures ( ~ 500 cq in an ambient of water vapour or 
hydrogen gas. 

An interesting point in conneetion with table 2-1 is the difference between the 
V1 values (eq. (2.14)) for similarly oriented n- and p-type samples oxidized 
together. Upon referring to eq. (2.14), it can he seen that V1 is equal to the 
work-function difference between the metal and intrinsic silicon minus the 
effective voltage drop across the oxide due to (a) fixed oxide charge Qo"' (b) the 
charge Q,, in interface states when the Fermi level is at the centre of the energy 
gap at the silicon surface. The only quantities which should cause V1 to he 
different for n- and p-type samples are the effective oxide charge Qox hfdox 
and the charge Q,, in interface-state levels. The Fermi level is in the same 
position for both n- and p-type samples when V1 is measured: furthermore as 
indicated in secs 2.4.2 and 2.4.4, the numbers of interface-state levels (at least 
those within about 0·1 eV of either band edge) appear to be equal for similarly 
oriented and prepared n- and p-type samples. This means that the difference 
in V1 is very likely due to charged levels lying outside the part of the energy 
gap investigated or to the quantity QQX hfdox· This difference in vj for n- and 
p-type samples is also according to table 2-1, dependent on the orientation of 
the silicon and it decreases after a heat treatment at 500 oe in wet N 2 gas. 

This discussion will now be completed with an appraisal of the C-V method. 
This review will be brief since extensive appraisals in the meantime exist in the 
literature 2 - 28'

30
). Some of the more important sourees of trouble associated 

with the use of the C-V metbod have already been considered earlier in this 
section: bad contacts; non-uniform oxide thickness and/or distribution of 
fixed-charge eentres in the oxide; spatial disturbance of the doping of the silicon 
near the SiOrSi interface. These drawbacks together with the problem of 
spatially localizing the trapping eentres indicate the danger of using only a 
high-frequency C-V curve: they indicate the necessity of measuring the C-V 
curve at various frequencies on a large number of samples and if possible of 
supplementing the c~ V metbod with some other measuring technique. 

Of the foregoing drawbacks perhaps the most common is that due to a 
spatial disturbance 2

-
10

"
15

) of the doping near the silicon surface during oxi
dation. The high-frequency minimum capacitance of the measured C-V curve 
can however, as described in sec. 2.2.4, yield some average value of the doping 
level of the silicon surface. This average value can then he used to calculate 
the ideal C-V curve. We have discovered for a wide variety of samples not 
considered in this chapter, that this average doping value can yield satisfactory 
results. This is indicated by the very good agreement obtainable between the 
slopes of the measured and calculated C-V curves for samples which had rela
tively few interface-state levels. 

Even under ideal circumstances - absence of the preceding drawbacks and 
interface-state levels located exactly at an ideal two-dimensional boundary 
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between the Si02 and Si - there is a fundamental limit on the sensitivity of 
the C-V metbod for measuring the density of interface-state levels in the energy 
gap, of the silicon. The rate of change with band bending at the silicon surface 
ofthe surface-state charge Q •• must be comparable to that ofthe silicon-surface 
space charge Qs1 in order to be detected with any accuracy. The latter quantity 
dQ81/d?f's depends on the surface potential and doping level at the surface. 
When both of these are known then dQ81/d?p. can be estimated by using the 
appropriate curve in fig. 2.2(a) or 2.2(b). An idea of the sensitivity will be 
illustrated with the aid of a simple example. Consider silicon of a doping level 
4.1015 cm- 3 (C = 4.1015fn 1 2·5.105 at 300 °K). When the surface potential 
Y's is zero at the silicon surface and the Fermi level is about 0·23 eV from the 
majority-carrier band edge then the density of surface states per cm2 

per eV which can be detected will have to be comparable to q- 1 dQ8 tfd?f's 
which is about 1012 cm- 2 eV- 1• On the other hand when Y's is such that the 
Fermi level is located near the centre of the energy gap at the silicon surface, 
the density which can be detected is about 5.1010 cm-2 eV- 1 • When the silicon 
surface is inverted and the Fermi level is about 0 ·1 e V from the minority
carrier band edge the density of surface states wbich can be detected is about 
1013 cm- 2 eV- 1 • Finally, to summarize, despite various drawbacks the C-V 
metbod when employed with an awareness of its limitations can be a very 
useful tooi for studying physical characteristics of an oxidized silicon surface. 

2.6. Summary 

A so-called C-V metbod wbich we independently developed for studying 
charge trapping near an Si02-Si interface has been introduced. The necessary 
equations together with sets of numerically calculated curves were presented 
which allow easy application of the metbod to a study of a MOS sandwich. 
A modified MOS-sandwich geometry was also introduced. This is useful for a 
quick and easy but rather qualitative study of the behaviour of trapping levels 
under the influence of various treatments. 

The foregoing techniques were applied to a study of oxidized n- and p-type 
silicon slices. Oxidized slices subjected to a phosphorous-diffusion step which 
resulted in the growth of a P20 5-Si02-type glass on the oxide, or slices oxi
dized in dry 0 2 (d.p.t. -40°C) exbibited a large amount of trapping when the 
Fermi level was forced to witbin about 0·2 to 0·1 eV of the conduction- and 
valenee-band edge at the silicon surface. The number of these trapping levels 
is dependent on the orientation of the silicon surface and decreased in the 
following order: (111), (110), and (100). The amount of levels encountered 
by the Fermi level in each half of the band gap appeared to be equal and also 
behaved similarly under the influence of heat treatments. A heat treatment in 
wet N 2 (d.p.t. 26 oq at 500 oe for 20 minutes caused a considerable reduction 
in the number of trapping levels. 
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The spatial spread of the states into the oxide was limited to about 1 2 A. 
The various results on the behaviour of these surface states agree with the 
dangling-bond model which bas been postulated in the literature 2

-
26

•
27

) to 
explain the cause of interface states and their removal by low-temperature 
treatments in water vapour or hydrogen ambient. 

REFERENCES 

2 - 1) J. E. Thomas and D. R. Young, IBM J. Res. Dev. 8, 368-375, 1964. 
2- 2) D. R. Kerr, J. S. Logan, P. J. Burkhardt and W. A. Pliskin, IBM J. Res. Dev. 

8, 376-384, 1964. 
2- 3) D. R. Kerr, IBM J. Res. Dev. 8, 385-393, 1964. 
2 - 4 ) D.P. Seraphin, A.E. Brenneman, L. M. d'Heurle and H.L. Friedman, IBM 

J. Res. Dev. 8, 400-409, 1964. 
2- 5 ) E. H. Snow, A. S. Grove, B. E. Deal and C. T. Sah, J. appl. Phys. 36, 1664-1673, 

1965. 
2 - 6 ) M. V. Whelan, Philips Res. Repts 20, 562-577, 1965. 
2 - 7) C. G. B. Garrett and W. H. Brattain, Phys. Rev. 99, 367-387, 1955. 
2- 8) R. Lindner, Bell Sys. tech. J. 41, 803-831, 1962. 
2- 9) J. C. Irvin, Bell Sys. tech. J. 41, 387-409, 1962. 
2 - 10) M. M. Atalla and E. Tannenbaum, Bell Sys. tech. J. 39, 933-946, 1960. 
2- 11) J. Lindmayer, Solid State Electronics 6, 137-140, 1963. 
2 - 12) T. Kato and Y. Nishi, Jap. J. appl. Phys. 3, 377-383, 1964. 
2 - 13) A.S. Grove, 0. Leistiko Jr and C. T. Sah, J. electrochem. Soc. 112, 308-314, 1965. 
2 - 14) B. E. Deal and M. Sklar, J. electrochem. Soc. 112, 430-435, 1965. 
2 - 15) B. E. Deal, A.S. Grove, E. H. Snow and C. T. Sah, J. appl. Phys. 35, 2695-2701, 

1964. 
2- 16) E. H. Nicollian and A. Goetzberger, Bell Sys. tech. J. 46, 1055-q33, 1967. 
2 - 17) S. R. Hofstein and G. Warfield, Solid State Electrollies 8, 321-341; 1965. 
2- 18) E. H. Nicollian and A. Goetzberger, I.E.E.E. Trans. ED-12, 108-117, 1965. 
2 - 19) F. P. Heiman and G. Warfield, I.E.E.E. Trans. ED-12, 167-178, 1965. 
2 - 20) P. V. Gray and D. M. Brown, Applied Phys. Letters 8, 31-33, 1966. 
2 - 21) D. M. Brown and P. V. Gray, J. e1ectrochem. Soc. 115, 760-766, 1968. 
2 - 22) E. H. Nicollian and A. Goetzberger, Bell Sys. tech. J. 46, 1055-1133, 1967. 
2 - 23) E. Arnold, Trans. I.E.E.E. ED-15, 1003-1008, 1968. 
2 - 24) E. Arnold, Conference on "Properties and use of MIS Structures", Grenoble, 17-20 

June 1969. 
B. E. Deal, E. L. MacKenna and P. L. Castro, J. electrochem. Soc. 116, 997-1005, 
1969. 

2- 26) P. Balk, E.C.S. Meeting (San Francisco, May 1965), Abstr. 109. 
2- 27) E. Kooi, Philips Res. Repts 20, 578-594, 1965. 
2 - 28) K. H. Zainninger, Trans. LE.E.E. ED-12, 179-193, 1965. 
2- 29) D. Lile and C. Juhasz, Proc. I.E.E.E. 56, 189-190, 1968. 
2- 30) C. T. Sah, A. B. Tole and R. F. Pierret, Solid State Electronics 12, 689-709, 1969. 



-35 ~ 

3. RECOMBINATION-GENERATION CURRENTS MEASURED 
ON MOS-GATED PLANAR DIODES 

3.1. Introduetion 

In chapter 1 we have introduced two devices for studying recombination-gen
eration currents at an oxidized silicon surface. In one of these so-called MOS
gated diode structures, as illustrated schematically in fig. 3.l(a), minority car
riers are either injected into or extracted out of a surface space-charge region 
in a lateral direction, namely parallel to the gate electrode. In sec. 1. 3 we pointed 
out that it is possible by varying the voltage on the gate electrode to change the 
band bending at the underlying silicon surface. This alters the recombination
generation ra te of electron-hole pairs at surface-state levels which in turn leads 
to variations in the diode current. The object of the present chapter is to study 
such diode-current changes and to arrive at some physical model for surface 
recombination-generation currents. 

During the course of our work Reddi 3 - 1) and also Fitzgerald and Grove 3 - 2 ) 

published results on a comparison between theory and experiment for the 
behaviour of surface recombination-generation currents. The theory of 

a) 

Gate 

b) 

qyts 
f/J1s 

n-Si 

~------()y 

1 
Potentlal 

~ Surface space-charge region 

SI02 z1=o 
Z:Zct 

Fig. 3.1. (a) Cross-section through a gated diode. 
(b) Band bending along a section perpendicular to the Si02-Si interface anywhere between 
AD and BC for a forward bias on the p+ n diode. 
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Reddi 3 - 1) was based on a single level and that of Fitzgerald and Grove 3 - 2) 

on a uniform distribution of levels near the centre of the energy gap at the 
silicon surface. Since in both cases only partial agreement was obtained between 
theory and experiment an unambiguous choice of model could not be made. 

In a critical appraisal of the gated-diode structure in chapter 5 we arrive at 
an explanation for the discrepancies which exist in the literature between theory 
and experiment for the surface currents. In the present chapter we show that 
when certain precantions are taken with regard to the measuring structure, we 
can quite unambiguously explain the behaviour of surface currents on the basis 
of a uniform dis tribution. of recombination-generation levels in the centre of 
the energy gap at the silicon surface. The density of the levels was obtained 
by matching theory and measurements and using valnes of electron- and hole
capture cross-sections reported in the literature 3 - 3). Within the limits of ex
perimental error this density agreed well with that obtained from high-frequency 
C-V curves for the devices. The model is furthermore verified by the measured 
temperature dependenee of the current both for reverse and forward voltages 
applied to the diode. 

Other models based on large numbers of levels near the conduction- and 
valenee-band edge, or on a single level near the centre of the energy gap at 
the silicon surface, or on a single level in the oxide, are shown to be insufficient 
to explain the measurements. 

The infiuence of a number of technological factors on the surface currents 
is also considered. 

3.2. Recombination-generation in ap+n-gated diode 

Appendix I contains for various types of distributions of recombination-gener
ation levels, among other things, expressions which relate the surface recombi
nation-generation rate u. to surface band bending, minority-carrier-injection 
level, and various surface-state parameters. This chapter is concerned with the 
analysis of the surface recombination-generation ra te in gated-diode structures 
which are similar for instanee to the p+n one illustrated in fig. 3.l(a). In order 
to apply the expressions of appendix I to such gated-diode structures certain 
simplifying assumptions have to be made. These assumptions will now be con
sidered together with some general relationships which are necessary to adopt 
the general expressions of appendix I to a gated-diode device. The assumptions 
and relationships are applicable to the p+n-gated structure of fig. 3.l(a): 
analogous assumptions and expressions exist for n+ p-type devices. 

In order to ensure a reasonably uniform injection or extraction of holes 
along the surface AK in fig. 3.l(a) the diffusion lengthof holes inthen material 
is comparable or larger than the length of the surface region AK. In chapter 5 
we consider the range of validity of this assumption. The departure Lip of the 
hole concentration from its thermal-equilibrium value along DCB in fig. 3.l(a), 
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is so much less than the bulk electron concentration that the quasi-Fermi level 
4>Fn for electrous in the region ABCDA is equal to its thermal-equilibrium 
value rPF· We also assume that current flow inside ABCDA is sufficiently small 
to allow the quasi-Fermi-level potentials if>Fv and if>Fn to be regarcled as constant 
inside this region. The applied junction voltage V J if>Fv if>Fn (for a for
ward and reverse diode voltage if>Fv if>Fn is respectively positive and nega
tive). We also assume steady-state non-equilibrium conditions and that inside 
ABCDA the variation of electron and hole concentrations with surface poten
tial is governed by Boltzmann statistics. The surface potential 'lfls is uniform 
along the surface denoted by AK in fig. 3.l(a). We assume, and this is justi
fied by our own work and that of refs 3-3 and 3--4, that the capture cross
sections f1vs and ans of the interface defects for holes and electrous are alike 
and equal toa •. We ignore the current due to the surface regions GAand KB 
(fig. 3.l(a)). The surface of the regionsis smal] compared to the area denoted 
by AK; furthermore, if the two areas (GAand KB) are approximately equal, 
the changes in the surface currents arising there wiJl partly compensate each 
other because when GA is depleted KB will be accumulated and when KB tends 
to become depleted GA will tend towards inversion. Any current which arises 
along the surface of the p+ region which lies under the gate electrode can be 
ignored because (a) this area is generally very smal! compared to that denoted 
by AK, (b) since the p+ region is so heavily doped, its surface will be accumulat
ed so that current arising there will be smal! and the gate voltages needed to 
vary the surface potential along AK will cause negligible change at the p+ sur
face, (c) the injection of electrans by the n region into the p+ region will be 
negligible compared to injection of holes into the n material by the p+ region. 

The influence of a voltage VJ applied between the p+ and n regions of the 
diode of fig. 3.l(a) is such that the hole concentration at the point D and along 
the quasi-neutral edge DCB of the surface space-charge region is 

p,. = Pno exp (P VJ); p = qjkT, (3.la) 

so that the departure of the hole concentration from its thermal-equilibrium 
value is 

(3.lb) 

p,.0 is the equilibrium hole concentration in the n bulk. 
The band bending in the z direction at any cross-section between A and K 

(fig. 3.l(a)) is illustrated in fig. 3.l(b). Fora positive value of surface potential 
the electron energy bands bend downwards and for a negative value of 'lfls the 
electron energy bands bend upwards as illustrated in fig. 3.l(b). 

Because of foregoing assumptions the hole and electron concentrations at 
the surface AK in termsoftheir concentrations p,. and nn along DCB are 
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p, = Pn exp (-fJ 'f/Js) (3.2a) 
and 

n. = n. exp (fJ VJ5). (3.2b) 

The current which arises due to interface eentres along the surface indicated 
by AK in fig. 3.l(a) is 

I.= q Ag U., q Au s Llp, (3.3a) 
where 

u. 
(3.3b) s --

' Llp 

q is the electron charge, A 9 the area of the surface indicated by AK, s denotes 
the surface recombination-generation velocity and Us denotes the surface 
recombination rate for a forward diode voltage V JF (injection of holes into 
region ABCDA) or the surface generation ra te for a reverse diode voltage V JR 

( extraction of holes out of region ABCDA. 
In secs 3.4.1 and 3.4.2 theory and experiment for the behaviour of surface 

currents are compared by matching calculated and measured curves at one 
point and camparing the agreement for other points on the curves. In order 
to perform such a comparison for instanee for s versus Vg curves, it is neces
sary to be able to calculate the relative changes in gate voltage V9 with surface 
band bending 'f/Js· If we ignore *) the influence of fixed oxide charge Qox and 
any work-function di:fference between the metal gate electrode and the n-type 
silicon then the relation of Vg to surface potential 'f/Js along AK in fig. 3.l(a) is 

q n do,) ; 
e •• 

(3.4) 

n is the total number of electrans in the surface-state levels which for simplicity 
are assumed to be negatively charged when filled *), and to be located at the 
Si02-Si interface. If defects are distributed into the oxide then the expression 
for Vg will be somewhat more involved. Expressions for n corresponding to 
various distributions of surface-state levels are considered in appendix I. In 
eq. (3.4) Qs1' denotes the silicon space charge for non-equilibrium steady-state 
conditions; Q8 / is described by eq. (I.E.4) of appendix I. 

3.3. Samples and evaluation tecbnique 

Both n+p andp+n MOS-gated diodes with the dimensions shown in fig. 3.2(a) 
were used **): in some cases samples with the dimensions shown in fig. 3.2(b) 

assumption is allowable since we are only interested in the relative changes of band 
bending with applied gate voltage V9 • 

**) This circular type of structure has the gate electrode inside a p+ ring so that a larger 
percentage of the gate area is located near the edge of the p+ region than for the structure 
of fig. 3.2(b). lt is less prone to changes of the quasi-Fermi levels along the surface under 
the gate electrode than the latter device. 
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a) 

b) Si-p(n) 

Fig. 3.2. (a) Cross-section of a circular-type MOS-gated diode: the two n+(p+) regions were 
connected in parallel. 
(b) Cross-section of a MOS-gated diode. The outer guard ring could be used to cut olf any 
inversion layer which might be present at the silicon surface. Dimensions are in [Llll. 

were used. Unless otherwise stated the samples used were preparedas follows. 
The bulk material was 2-6 Q cm and either <t 11)- or (100)-oriented. About 
50 fLID was chemically etched from one face of each slice before cleaning and 
oxidation at ll50 oe in N2 (d.p.t. 80 oq for 75 min. In the case of the p+n 

samples the boron deposition was in N 2 at 940 oe, the drive-in (temperature = 
1050 "C) was for 25 min in wet N 2 (d.p.t. 80 oq. For the n+p samples the 
phosphorous deposition was at 975 oe in N 2 , the drive-in was at 1050 "C in 
wet N2 (d.p.t. 80 oq for 20 min. The oxide was now removed from the back 
of the slices and a gettering step was applied: this occurred for 8 min at 975 oe 
in N 2 gas which was led over POC13 at 35 "C. The samples were next subjected 
toa 15-min heat treatment in dry N 2 at 1050 oe foliowed by 15 min in wet N 2 

(d.p.t. 50 oq at 1000 oe. The samples were then slowly cooled over a peliod 
of one hour to 800 oe and were then heat-treated for 20 min in N 2 (d.p.t. 
80 oq at 500 °C. In order to check the influence on surface currents of the 
cooling speed from high temperatures some samples previous to the 500 oe 
treatment were quickly removed from the furnace immediately after the 15-min 
treatment at 1000 °C. Contactwindows were next opened; the n+ layers were 
removed from the backs of the p slices; aluminium cantacts were applied at 
200 oe and the samples were mounted and encapsuled in dry N 2 • The samples 
thus prepared had on the average a relatively small bulk reverse current, which 
was about 2.10-s A cm- 3 fora depletion region at 296 oK. This corresponded 
to a minority-carrier-diffusion length of greater than 100 fLID. Only samples 
with this relatively small leakage current were used. 
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The encapsuled-sample currents were measured in darkness in a dry N 2 

ambient, and the temperature of the samples could be varled from -100 oe 
to 220 oe. 

A typical sketch of the behaviour with gate voltage Vg of a p+n-diode cur
rent for say a forward diode voltage is shown by curve 1 in fig. 3.3. As explained 
in chapter I the behaviour of the diode current to the left of V111 is due to the 
surface indicated by AK and the bulk region ABeDA in fig. 3.1(a). We solved 
the problem of the separation of these two current components as follows. The 
variation of the bulk component of the diode current for gate voltages to the 
left of Vg 1 was measured in samples which had a negligible surface component 
of current: this is illustrated by curve 2 in fig. 3.3. With such a plot it was pos
sibie to approximate the behaviour of the bulk component of the current in 
samples which yielded plots like 1 in fig. 3.3: the bulk component of current 
for such samples which can now be drawn with the aid of curve 2 is shown 
dashed. Subtraction of this dashed curve from the total-current curve yielded 
the surface current. As an additional precantion we only used samples with 
relatively small bulk components of current. 

lil< a-
Fig. 3.3. A sketch of the current of a MOS-gated diode (see insert) as a function of the gate 
voltage for a sample with a relatively large (curve 1) and no measurable (curve 2) surface
curtent peak. 

3.4. Experiments and results 

3.4.1. Reverse bias on p+n-gated diode 

For simplicity only results for p+n samples will be presented; those for n+p 
samples were similar. The typical behaviour of the reverse diode current as a 
function of the gate voltage for a MOS-gated diode is shown in fig. 3.4. The 
diode reverse voltage is a variabie parameter; Lll5, max in this figure denotes 
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the maximum value of the surface generation current which saturates after a 
certain value of diode reverse voltage bas been reached. 

The circles in fig. 3.5 represent a typical plot of the temperature dependenee 
of the saturation value of the maximum surface generation current (L1I •• max 

Fig. 3.4. Room-temperature reverse current of a p+ n MOS-gated diode versus the gate voltage, 
with the reverse diode voltage as parameter. 

llilss max 
(A/cm 2) 

110-
7 

Tn; 
(°K/cm3) 

10151 

Fig. 3.5. Circles and full-drawn line are plots of maximum measured surface generation cur
rent Lllss ma .. and T n1 versus 103/T. 



-42 

of fig. 3.4), which was measured for a reverse bias applied to a gated diode. 
The full line represents the calculated temperature behaviour for a surface 
generation current based on a uniform distribution of generation levels near 
the centre of the energy gap at the silicon surf ace. This should he proportional 
to T n; which can he understood as follows. Since the temperature dependenee 
of the surface current was measured for areverse diode voltage V JR such that 
exp (-{3 VJR) «: 1 then according to eq. (3.lb) Lip~ -Pno· The surface 
generation current for the relatively large value of VJR can he obtained by 
substitution in eq. (3.3a) for u. from (I.B.l3) and letting Lip -Pno· Sim
plification of the resulting expressionleads toa surface generation current which 
is proportional to T n1• 

3.4.2. Forward bias on p+n-gated diode 

As in the preceding section for simplicity only results for p+n samples will 
be presented, those for n+ p samples were similar. Figure 3.6 shows a typical 
plot of the measured room-temperature (296 oK) behaviour of the diode cur
rent versus the gate voltage for various values of applied forward bias on a 
MOS-gated diode. The sample which yielded these curves also yielded those in 
fig. 3.4. 

The circles in fig. 3. 7 represent the maximum value of the surface current, 
obtained from the curves of fig. 3.6, plotted versus the diode forward voltage 
VJF· The full curve is a calculated one based on a uniform distribution of 
recombination levels about the centre of the energy gap at the silicon surface. 

I 
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Fig. 3.6. Room-temperature cuerent of MOS-gated diode versus gate voltage with the for
ward diode voltage as parameter. 
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Fig. 3.7. Circles represent the measured room-temperature maximum surface recombination 
current Ll/55 max versus the forward diode voltage VJF of a MOS-gated diode. The full-drawn 
curve is a calculation of the same current based on a uniform distribution of levels at the 
silicon surface. The dasbed curve is a calculation based on a single level at the rniddle of the 
energy gap at the silicon surface. 

This curve was matched to the measurements at the point shown and prediets 
excellently their behaviour. The calculations were done with the aid of eqs 
(3.3a), (3.lb) and (I.B.l6) of appendix I. The matching of the measurements 
to the calculations yielded a value for t1s 'YJts = 0·8.10- 6 eV. If we assume 
t1s = 5.10- 16 cm2 which value has been reported in the literature 3 -

3
) we ob

tain a value of 1·6.109 cm- 2 eV- 1 for 'YJts· This corresponds to a very low 
density of surface states. 

The dashed curve in fig. 3.7 was calculated with the aid of eqs (3.3a), (3.lb) 
and (I.A.7) of appendix I. This curve represents the best fit to the measurements 
for a single level at the silicon surface: the calculations which were matebed 
to the measurements at the point shown do not fit the measurements as well 
as the preceding model. The measured temperature dependenee of the surface 
generation current in fig. 3.5 places this level at the centre of the energy gap at 
the silicon surface *). 

Figure 3.8 shows for two samples the behaviour of the peak value of the sur
face current versus the reciprocal ofthe absolute temperature (times 103), while 

*) Equations (3.3a) and (I.A.8) yield an expression for the maximum value of the surface 
generation current which expression contains the temperature-dependent term 

nnoPno/(n1s + IXPts) = nt2/(n1s + IXPts). 
If this term is to yield the measured temperature behaviour of fig. 3.5, then (n1s + ex Pts) 
must behave like T n1• This means upon inserting for n1, = n1 exp {/3 (t/>1, .p,.)} and 
Pts nt exp {/3 (tf>ts t/>1s)} that 14>ts t/>1,1 must be approximately zero. Which thus 
places the generation level very near the centre of the energy gap at the silicon surface. 
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3 3·5 4 
----;o-. 1000/T (°K-1) 

Fig. 3.8. The symbols represent the measured temperature dependenee ofthe maximum surface 
recombination current Lll,, max· For one sample two different forward diode voltages were 
used. The full-drawn lines were computed on the basis of a uniform distribution of energy 
levels at the silicon surface. 

the forward diode voltage was constant at 140 mV and for N°2 sample also 
at 350 mV. The crosses and open circles are measurements. The fulllines repre
sent calculations for a uniform distribution of surface recombination levels at 
the centre of the energy gap of the silicon: these curves which were calculated 
with the aid of eqs (3.3a), (3.1 b) and (LB.l6) were matched to the measurements 
at the point shown: they describe excellently the behaviour of the measurements. 
The matching yielded qs'Yirs 1·3.10- 6 and 1·3.10- 5 ev- 1 for N°l and N°2 
sample respectively. If we again use qs = 5.10- 16 cm2 the foregoing samples 
have values of 2·6.109 and 2·6.1010 cm- 2 eV- 1 for 'Yits· 

Figure 3.9 shows room-temperature plots of the surface recombination veloc
ity s versus the gate voltage V0 for the forward diode voltage V JF equal to 
50, 100, 150 and 200 mV respectively. The open circles were extracted from the 
measured curves of fig. 3.6 by using eqs (3.lb) and (3.3a). 

The full curves in fig. 3.9 represent calculations basedon a uniform distribu
tion of recombination levels at the centre of the energy gap at the silicon surf ace. 
These curves were calculated by using eqs (3.Ib), (3.2) and (I.B.6) and were 
matched to the measurements at the point shown. As can be seen they describe 
excellently the behaviour of the measurements except for the relative displace
ment between the 200-m V curves. This displacement is most likely due to the 
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Fig. 3.9. The open circles represent the measured room-temperature behaviour of surface 
recombination velocity versus gate voltage. The full-drawn curves and the dashed curves are 
calculations based on a uniform disttibution of energy levels at the silicon surface, and a 
single level at mid-gap at the silicon surface, respectively. 

fact that at 200 mV the currents flowing in the surface space-charge region are 
so large that quasi-Fermi-potential changes along the spa ce-charge region under 
the gate electrode are no Jonger negligible. In chapter 5 we show that such non
negligible quasi-Fermi-potential changes can considerably affect the form of 
measured s versus Vg curves. The matching of the calculations to the measure
ments yielded a value of 8.10- 7 eV- 1 for u. 'YJrs which in turn gives a density 
of interface states '11ts 1·6.109 cm- 2 eV- 1 when a.= 5.10- 16 cm2 • 

The dashed curves in fig. 3.9 represent the calculated best fit to the measure
ments for a single recombination level at the silicon surface. The curves were 
calculated by using eqs (3.lb), (3.2) and (I.A.3) and were matched to the meas
urements at the point shown. As can be seen they do not fit the measurements 
as well as the curves for the foregoing model. As explained in the foregoing 
footnote the measured temperature dependenee of the surface generation cur
rent places this level near the centre of the energy gap at the silicon surface. 

In the preceding calculations of the behaviour of s versus V9 the relative 
changes of "Ps with Vg were calculated with the aid of eqs (3.1b), (3.4) and 
figs 2.2(a) and 2.2(b). Matching the calculations to the measurements at the 
point shown in fig. 3.9 yielded values for u. Nt., and a. 'YJu for the case of a 
single level and uniform distribution of levels respectively. By using the same 
value of u. 5.10- 16 as reported in the literature 3 - 2 • 3) we obtained valnes 
for Nts and '11ts· These were so small that we could neglect the change in occu
pancy of the recombination-generation levels with "Ps when calculating V9 as 
a function of "Ps· 
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3.4.3. Injfuence of technology 

The most consistent result as regards the infiuence of technology was the 
smaller value of at least by a factor ofthree ofthe surface recombination-genera
tion current for <100)-crystal-oriented silicon surfaces as compared to <I I 1)
oriented ones. This is illustrated by some typical results in table 3-l for < 100)
and <I I 1 )-oriented samples. The various samples were taken from slices pre
pared together. The figures are the maximum surface generation current meas
ured at room temperature on MOS-gated diodes. 

TABLE 3-I 

Typical results showing the dependenee on crystal orientation of the room
temperature maximum surface generation current 

LIJ., max 
(lil> 2·9. J0-9 2·9. 10·9 3·3.10-9 3·3.10-9 3·4.10-9 3·9.10-9 3·5.10-9 3·6.10-9 4·3. 10-9 4·3.1Q-9 

(Acm-2) 
(!Oo) 0·66.10-9 0·9. 10-9 0·47.J0-9 J0-9 J0-9 1·1 S.J0-9 1·2. ]Q-9 1·2.J0-9 1·3.10-• I ·32.10·9 

Samples which had an oxide grown in wet N 2 (d.p.t. 80 oq and subjected 
to the growth of a P 20s-Si02 glass on the oxide, and samples oxidized in dry 
0 2 (d.p.t. -40 oq always had relatively large surface currents. These currents 
could always be reduced by as much as a factor of 100 by a low-temperature 
heat treatment for instanee in wet N 2 (d.p.t. 80 oq for 20 minutes at 500 oe. 

As mentioned in sec. 3.3, some samples were quickly cooled from 1000 oe 
to room temperature. This was done to study the inf!uence of cooling speed on 
surface currents. The maximum surface generation current was measured in 
quickly (quenched) and slowly cocled samples. Results were averaged over a 
number of samples and then normalized to the smallest average value. These 
normalized val u es are shown in table 3-II for <I 11 ) - and <I 00) -oriented, 
slowly cooled and quenched samples. 

TABLE 3-II 

Relative magnitudes of the maximwn surface generation current averaged over 
a number of < 1 I 1 ) - and < 100) -oriented samples some of which were slowly 
cooled and some of which were quenched from 1050 oe in dry N 2 

<lil ) <IOO) 

relative magnitude of quenched 50 20 

maximum surface 
generation currents slowly cooled 3 I 
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To conclude, the best results were obtained using <IOO) -crystal-oriented 
silicon samples prepared as described in sec. 3.3. These samples had on the 
average a maximum surface generation rate corresponding to w- 9 A cm- 2 ; 

with O's = 5. I0- 16 cm2 this current corresponds to a density of 109 cm- 2 eV- 1 

of defects with energy levels at the centre of the energy gap of the silicon. For 
these samples the room-temperature generation current due to bulk eentres in 
a depleted region was on the average a bout 2.10- 5 A cm- 3 • 

3.5. Discussion of results 

Section 3.4 demonstraled that the recombination-generation current which 
arises at the surface under the gate electrode of a MOS-gated diode can be 
attributed to a uniform distribution of Shockley-Read 3 - 5)-type recombina
tion-generation levels at the centre of the energy gap at the silicon surface. 
Another model was considered to explain the measurements in sec. 3.4; it was 
eliminated on the basis of disagreement with the measurement. This disagree
ment was most pronounced for the behaviour of the maximum value of the 
surface recombination currents: this current could be measured with the most 
accuracy and compared with the measurements on a basis with the smallest 
number of assumptions. Allowingas much as 20% uncertainty in the measured 
points (the actual spread was much less) the uniform model is still the best fit 
to the measurements. 

Irnplicit in the theory applied to the rneasurements of sec. 3.4 was the assump
tion for the recombination- generation eentres of equal values of electron and 
hole capture cross-section. In appendix I eq. (I.A.5) shows that the value of 
surface potential 1p, for which the surface recornbination current reaches a 
maximurn depends among other things u pon the relative magnitude of the hole 
and electron capture cross-section. A measured C-V curve for the gate electrode 
of a MOS-gated diode yielded the value of surface potential at which the sur
face recombination current fora particular value of iJp (eq. (3.1b)) exhibited 
a maximum. Using this value of surface potential and eq. (I.A .5) we extracted 
a value for IX O'vs!Cins which fora number of samples ranged between 1 and 5. 
Even if IX were equal to 5 instead of unity, this would only mean a very minor 
correction to the measurements. The spread in the value of IX we attribute to 
experimental inaccuracies in the measurement of the surface potential. 

Even if we relax the assumption of equal values of capture cross-sections, it 
is still not possible to bring the rejected single-surface-level model into better 
agreement with the measurernents. lt can be shown with the aid of eqs (3.1 b), 
(3.3a) and (J.A.7) that at larger values of iJp (ilp » Pno if we assume we are 
dealing with n-type material) the maximum value of surface recombination 
current can be described by the expression 
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This expression shows that the slope of the log of this current versus the for
ward diode voltage V., F is independent of the relative magnitude of a ns and 
a ps *). This result means that the rejection of the single-level model in sec. 3.4 
is justified. This rejection was based among other things on the disagreement at 
higher values of forward diode voltage (large Llp) between the slopes of the 
plots of the log of measured and calculated maximum surface current versus 
the forward diode voltage. 

It has been demonstrated by Heiman and Warfield 3 - 6 ) that a mono-energetic 
oxide level can give rise to an apparent uniform distribution of defects at the 
silicon-oxide interface when the distribution of energy levels is studied by the 
C-V method. In chapter 2 the C-V metbod did indeed indicate a uniform 
distribution of levels near the centre of the energy gap of the silicon surface, 
and, as we have already seen, the surface recombination-generation currents 
appeared to be related to such a distribution. In appendix I.C we have shown 
that the recombination-generation rate due to a mono-energetic oxide level can 
be described by an expression which is the same as that for a single level at the 
silicon surface. This level corresponds to an effective density N, oxf2x0 defects 
per cm2 • The foregoing means that a single oxide level cannot be the cause of 
the measured surface currents since the same arguments apply to the model 
as to the already rejected case of a single level at the silicon surface. 

In appendix l.D it is shown that expressions which describe recombination 
at a distribution of defects uniform both in energy and position in the oxide 
near the Si02-Si interface only differ from those due to a uniform distribution 
of energy levels at the silicon to the extent that 'YJrs is replaced by 'YJ, ox/2x0 • 

This makes it impossible to determine on the basis of current measurements 
only, which of the two distributions is responsible for the surface current. But 
as we have seen in appendix I.D the effective electron and hole capture cross
sections decrease very rapidly with distance into the oxide so that in 
practice only those defects within about 10 A of the silicon surface wil! be 
important. 

Are the eentres responsible for the recombination-generation currents in any 
way related to the eentres belonging to the energy levels investigated in chapter 2 
by the C-V metbod ? The answer would appear to be yes. In both cases the 
number of eentres is similarly dependent on the crystal orientation ofthe silicon 
surface and the method of oxide growth and post heat treatments thereof. We 
have attempted to obtain a more direct and quantitative proof of the similarity 
of the energy levels of chapter 2 and the recombination- generation levels of 
the present chapter, by measuring the density of energy levels by the C-V 

*) Using eqs (I.B.I8) and (3 .3a) it can also beseen that at higher va lues of .dp (Llp » Pno) 
that the same condusion is also applicable to the model of uniform dis tribution of recom
bination-generation levels : this means that the good agreement between this model and 
the measurements is independent of the relative magnitudes of the capture cross-sections. 
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method on the same devices used for the current measurements *). The device 
ofthe geometry shown in fig. 3.10(a) and (b) was used. With the different sizes 
of gates G 1, G2 and G3 , it was possible to check for non-uniform recombination 
or generation under a gate electrode. An additional electrode G4 is present 
which does not overlap the edge of a p+ region. Results will now be presented 
which are typical fora uurober of devicesof a series. C-V curves for gates G~> 
G2 , G3 and G4 were measured at 60 Mcfs and these yielded a uniform distribu
tion of energy levels 'fits (0·8 ± 0·2). 1011 cm- 2 eV- 1 at the centre of the 
energy gap of the silicon surface of the n-type silicon bulk. The measured 
saturated maximum room-temperature (296 °K) value of the surface genera
tion current per cm2 for gates G 1, G2 and G3 , are shown in table 3-111. The 
fact that the currents are approximately alike indicates a reasonable uniformity 
of surface current under each gate electrode. Also shown in table 3-III are the 

a) 

b} 

Fig. 3.10. (a) Cross-section of MOS-gated diode with various gate configurations. Dimensions 
are in {LID. 

(b) Top view of the device; the peripheries of the p+ regions are shown dashed. 

*) One of the problems of comparing C-V and current measurements is that in order to 
achieve reasonable accuracy with the C-V method a relatively high density of energy levels 
is required (see sec. 2. 5). But on the other hand a high density of recombination-generation 
levels degrades the accuracy of the current measurements by causing undesirably high 
values of quasi-Fermi-level changes along the surface under the gate electrode. In an 
attempt to reach a compromise the slice containing the devices to be studied was given 
a 7-min heat treatment in wet N 2 only at 400 °C. This causes 3- 7 • 8 ) only a partial removal 
of interface-state levels. 
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TABLE 3-III 
The average measured maximum surface generation current for gates G 1 , G2, 
G3 of the device of fig. 3.10, and the corresponding values of (ans O'vs) 112 which 
were calculated using the measured (C-V method) value of 'Y/rs = (0 ·8 ± 0 ·2) . 
. 1011 cm- 2 eV- 1 and eqs (3.1b), (3.3a) and (I.B.22) 

gates Gt G2 G3 

maximum measured surface 
3·6.10- 8 3·8.10- 8 3·5.10- 8 

generation current (A/cm2
) 

calculated (<1", <1vs)112 (cm2
) (4·5± 1).10- 16 

(4·8±1·2). (4·4±1·1). 
10-16 10-16 

values of (a". O'p5)
112 which were calculated using the measured current values 

shown, and 'Y/u (0·8 ± 0·2). 1011 cm- 2 eV- 1 and eqs 3.1(b), (3.3a) and 
(LB.22). The values shown for (qns D'vs)112 are in good agreement with the 
results of Nicollian and Goetzberger 3 - 3). Hence we conetude that the density 
of energy levels near the centre of the energy gap measured by the C-V method 
is the same as that density which is needed to explain the surface recombination
generation currents. 

3.6. Summary 

(1) In this chapter we obtained very good agreement between theory and 
experiment for the behaviour of the surface recombination-generation current 
in MOS-gated diodes. The surface currents were studiedas a function of surface 
potential, injection level of minority carriers and of temperature both for extrac
tion and injection of minority carriers. Only samples were used with dilfusion 
lengths comparable to or greater than the width of the gate electrode. This was 
to ensure a uniformity of extraction or injection of minority carriers out of or 
into the surface region under the gate electrode. 

(2) The most satisfactory explanation of the measurements is based on a 
uniform distribution of recombination-generation levels near the centre of the 
energy gap at the silicon surface. 

(3) Energy levels near the centre of the energy gap of a silicon surface and 
measured by the C-V method of chapter 2 are identical with those responsible 
for the surface recombination-generation currents. 

(4) Other models which were considered and found to be unsuitable for ex
plaining the measurements were 
(a) a single recombination-generation level at the silicon surface, 
(b) a single recombination-generation level in the oxide, 
(c) a number of interface-state levels near the conduction- and valenee-band 

edges. 
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4. RECOMBINATION-GENERATION CURRENTS AT AN Si02-Si 
INTERFACE: INJECTION AND EXTRACTION OF MINORITY 

CARRIERS PERPENDICULAR TO INTERFACE 

4.1. Introduetion 

This chapter presents a study of surface recombination-generation currents 
with the gated-diode structure shown in figs 4.1 and 1.5. A somewhat similar 
type of structure was originally used by Thomas and Rediker 4 - 1) and adopted 
by Rosier 4 - 2 ) to study recombination-generation currents at an oxidized sili
con surface. The device of fig. 4.1 is essentially different from the lateral injec
tion--extraction types employed in chapter 3. In the device of figs 1.5 and 4.1 
the gate electrode does not overlap the edge of any p+ or n+ region, so that the 
device is free of any assumptions a bout the behaviour of surface currents which 
arise very near the edges of these p+ or n+ regions. Furthermore, as explained 
in chapter 1, and illustrated in fig. 1.5, minority carriers (holes) have only to 
diffuse across the n layer which is relatively thin (,::::; 4 11-m) compared with the 
ditrusion length Lv (,::::; 40 11-m) for holes. The holes are thus perpendicularly 
injected or extracted into or out of the surface space-charge layer while the 
majority carriers (electrons) eau flow easily along the n layer. This type of 
device should be less sensitive than the lateral injection-extraction types in 
chapter 3 for changes of quasi-Fermi potentials along the imrface under the 
gate electrode; as illustrated for the device shown in fig. 1.4(a) the minority 
carriers flow laterally inside and along the surface space-charge region under 
the gate electrode. It will be shown later that the foregoing ditTerenee together 
with the measurements of this chapter offers an explanation for the disagree
ment in the literature 4 - 3 .4) between theory and experiment for the behaviour 
of surface currents for devices like that in fig. 1.4(a). 

Fig. 4.1. Circular-type device for studying recombination-generation currents at the SiOr-Si 
interface under the 1<ate electrode. Dimensions are in [1-ffi. 
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This chapter also considers in more detail than hitherto 4 - 2) the limitations 
and advantages of the structure of fig. 4.1. Although the type of device illus
trated in figs 1.5 and 4.1 might at first sight seem ideal for investigating surface 
currents, we will show that certain fundamental limitations of the device render 
it unsuitable for a detailed study of various surface recombination-generation 
mechanisms. We can still check however the general outlines of the results of 
chapter 3. 

4.2. Theory 

The device illustrated in fig. 4.1 has already been considered qualitatively in 
chapter I. In this section we present expressions which enable the recombina
tion-generation current at the oxide-silicon interface under the gate electrode 
to be studied. 

We define L as the width of the quasi-neutral n layer. For simplicity we 

assume that L is constant and independent of changes in the width of the sur
face and the p+n space-charge region. This assumption is allowable for forward 
diode voltages since under this condition the width and relative changes 
with diode and gate electrode voltages of both space-charge regions will be 
smal!. In actdition to the foregoing we also use the assumptions (i) to (xi) of 
appendix I. We neglect the recombination of minority carriers due to bulk de
fects in the space-charge region induced under the gate electrode. This will be 
justified by the measurements to be presented. We neglect any lateral voltage 
drop along the n layer. In practice the measurements were contirred to applied 
diode voltages such that the lateral voltage drop was negligible. 

The equation which governs the steady-state hole flow across the quasi
neutral n layer of the device of fig. 4.1 is 

d 2Llp Llp 
- - - - = 0· 

df2 L 2 ' p 

t4.1) 

Llp is the excess hole density in the quasi-neutral bulk, Lv is the dilfusion length 
for holes in the n materiaL 

Salution of eq. (4.1) subject to the boundary conditions 

I = 0: 
dLlp 

Dv - - = s Llp = U., 
dl 

(4.2) 

where DP is the hole dilfusion constant and s and Us are the recombination-gener
ation velocity and rate at the Si02- Si interface under the gate electrode, and 

I = L: Llp = Pno {exp ({J VJ) - 1 }, (4.3) 

yields the extra component of the diode current which arises due to recombina-
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ti on or generation at interface eentres under the gate electrode when L/L" «: 1 *): 

(q Ag D"p.0 /L) {exp ({J V1)- 1} s 
~ = ; 

D"/L + s 
(4.4) 

V 1 is the applied diode voltage which is V 1 F fora forward voltage and -V1 R 

for a reverse diode bias, Pno is the equilibrium density of minority carriers in 
the n material, I. the interface current at surface under gate of area A9 • 

The value of Llp at I = 0 is 

Pno {exp ({J V1)- I} D"/L 
Llp = (4.5) 

D"JL + s 

and as cao be seen is a function of s. Expressions which describe u. (surface 
recombination rate) as a function of "Ps (surface band bending) fora particular 
distribution of recombination-generation levels at the Si02-Si interface are 
considered in appendix I. These expressions are equally valid for the geometry 
of fig. 4.1, and with the aid of eq. (3.3b) yield expressions fors. For example 
with the aid of eqs (3.3b), (4.5) and (I.A.3) it can be shown that s still reaches 

a maximum when n. = Ps· 

4.3. Results and discussion 

The results of this chapter we re o btained on devices of the type illustrated 
in fig.4.1. The crystal orientation of the silicon slices was <I I 1 ) anda P20 5-Si02 

glass was grown on top of the thermally grown oxide. No deliberate attempt 
was made to reduce the number of interface states. Aluminium electrades were 
employed for contacts. The thickness of the epitaxially grown 0 ·6-0 cm 
n Jayer in a completed device was 3 f.Lill as measured by a sectioning and 
staining technique 4 - 5 ) . The lifetime of holes in this layer was obtained from 
the pulse response of a MOS capacitor 4 - 6 •7 ) , and this yielded a ditfusion 
length L" for holes of about 40 f.Lm. This is much Jonger than 3 f.Lm so that 
expression (4.4) for Is vs Llp should apply. The samples were encapsuled in 
dry N2 gas and were measured in darkness in a dry N 2 ambient. 

*) When L IL" is not « I the part of the diode current f1owing in the n region is 

I = g_ 1JJD...EPno {ex V _ 1 }{(D"IL")sinh(L/L") + scosh(L/L")} 
L" p (/3 J) (D"/L") cosh (LIL") + s sinh (LIL" ) . 

The component of this current which is due to the SiOrSi interface under the gate elec
trode is 

I _ q A g Dp Pn!!_ { ex V I } [ {(D"~")!inh (LILp) + s cosh (LIL")} 
s - L" P ({3 J) - (D"IL") cosh (LIL") + s sinh (LIL") + 

- tanh (L/L")] 

and the departure of the hole concentration from its equilibrium value at l = 0 is 
Pno (exp ({3 VJ) - I} D"ILv 

.dp (/ = O) = (D"!L " ) cosh (LIL") +s sinh (Lii/ i ; 

/ 5 and .dp reduce to (4.4) and (4.5) when L/L" « I. 
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The measured room-temperature diode current as a function of the gate 
voltage V0 , with the forward diode voltage as parameter (VJ = VJF), is shown 
for a typical device in fig. 4.2. The change of the current with V9 is due to a 
change of the surface potential of the silicon surface under the gate electrode, 
which in turn leads to a change of the surface recombination velocity. The 
constant-current values at either side of a peak are practically equal particularly 
at higher values of applied diode voltage *). 

The measured generation current for the surface under the gate electrode as 
a function of the gate voltage for a reverse diode voltage of 0 ·4 V is shown in 
fig. 4.3. This was obtained by subtracting the device current for zero gate voltage 
from that measured for other values of gate voltage. 

1 
(A) 

Fig. 4.2. Measured room-temperature (296 °K) diode cur'rent versus the gate voltage with 
the diode forward voltage as parameter. 

*) This indicates that the current due to bulk recombination- generation eentres in the sur
face space-charge layer is negligible. 
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Fig. 4.3. Measured room-temperature (296 °K) generation current at an SiOr Si interface 
for areverse diode voltage of 400 mV. 

A noticeable aspect ofthe curves in figs 4.2 and 4.3 is the flatness ofthe current 
peaks particularly for the lower diode voltages: this contrasts with si mi lar 
curves in fig. 3.6 for the MOS gated diode. This flatness will be shown to be 
due to the following. When the gate voltage Vg changes from zero to negative 
values, the band bending at the silicon surface under the gate changes, and 
hence also the surface recombination velocity which initially increases, reaches 
a peak value and then decreases. According to eq. ( 4.4), when the surface recom
bination (or generation) velocity s appreciably exceeds DP/L, the diode current 
for the part of the diode under the gate electrode becomes constant and inde
pendent of s and is described by 

LIJ= q Ag DpPno {exp ({3 VJ)- 1 }. (4.6) 
L 

The current to the surface has now become independent of s and is simply 
determined by ditfusion of carriers through the n layer. 

The measured room-temperature (296 °K) peak value of the current (indi
cated by LIJ in fig. 4.2) is plotted (points) versus the forward diode voltage in 
fig. 4.4. The dashed curve is a plot of Lll of eq. (4.6) versus the diode forward 
voltage. This dashed curve was matched to the measured plot of LIJ at 20 mV 
forward diode voltage, and this yielded an L = 2 ·9. J0- 4 cm : this agrees very 
well with the L = 3.10- 4 cm as measured by a sectioning and staining tech
nique 4 - 5 ) . That the measured plot of LIJ (points) can in deed bedescribed by the 
function of eq. (4.6) is indicated by the very good agreement between the dashed 
curve and the measured points up to a forward voltage of about 320 mV. As 
we shall see, according to the model which explains the measurements, the 
surface recombination velocity s decreases with increasing forward voltage so 
that above some voltage (for the present sample 320 mV) the maximum value 
of s becomes camparabie to DP/L and the diode current will have a compo
nent dependent on s and described by eq. (4.4). 
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Fig. 4.4. The solid points represent the measured room-temperature (296 °K) maximum 
value of the surface recombination current versus the forward diode voltage. The dashed 
curve was calculated from eq. (4.6). The open circles represent the diode current for a large 
positive voltage on the gate electrode. 

Some other results will now be presented which further indicate that for 
diode voltages less than 320 mV, iJ l can indeed bedescribed by eq. (4.6) and 
is thus independent of s. Two plots of measured values of LJJjqAg versus 
LJp =Pno {exp(p VJF)-1} are shown in fig. 4.5. One curve was obtained 
by keeping the diode forward voltage V JF constant at a value Ie ss than 320 m V 
and varying the temperature and also Vg to find the maximum current, the other 
curve was obtained by keeping the temperature constant and varying the diode 
forward voltage. The fact that the two curves practically coincide indicates that 
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Fig. 4.5. Measured values of LJ!jqA 0 (see fig. 4.2) versus L'Jp = Pno {exp ({3 VJF)- I}. The 
open circles are for a forward diode voltage of 250 mY and a variabie temperature : the 
crosses are for a fixed temperature (296 °K) and variabie forward diode voltage. 

the measured 11! is indeed described for the range of temperature and voltages 
V J F studied by eq. ( 4.6). 

The diode current on the fianks of the curves of fig. 4.2 is dependent on the 
surface recombination velocity s and upon using these flanks and eq. (4.4), and 
assuming L = 2·9.10- 4 cm, Pno = 2·5.104, DP = 12 cm2 s-I, we could com
pute sas a function of V0 : the results are indicated by symbols in fig. 4.6. 

The drawn curves in fig. 4.6 are calculated ones basedon a uniform distribu
tion of energy levels in the energy gap at the silicon surf ace. These curves which 
are quite a good fit to the measured plots were obtained as follows. For the cal
culations L = 2·9.10- 4 cm was used and the electron and hole capture cross
sections of the states were assumed equal. This latter is justified by the results 
of sec. 3.5 and of refs 4-2, 4-8 and 4-9. A value of CJ5 'YJrs = 1·6.10- 5 eV- 1 

used for the calculations was estimated by projecting the flanksof the measured 
s versus v. plots to maxima and applying eq. (4.5) and either eq. (I.B.l6) 
or (I.B.l7) or (I.B.l8) of appendix I.B tothese estimated maximum values of s. 
For a5 = 5.10- 1 6 cm2 we obtain 'YJrs = 3.1010 cm- 2 eV- 1 • Each curve of s vs 
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Fig. 4.6. The symbols represent the measured (temperature 296 °K) surface recombination 
velocity versus the gate voltage with the diode forward voltage as parameter. The full-drawn 
curves are calculations based on a uniform dis tribution of energy levels in tbe energy gap of 
the silicon surface. 

V9 fora particular value of V JF was calculated as follows. Various values were 
chosen fors, then corresponding values were calculated for L1p with eq. (4.5), 
and hence using eqs (3.3b) and (I.B.6) with the aid of a computer values were 
obtained for 1/Js· The relative changes in gate voltage V9 corresponding to 
changes in 1/Js were calculated with the aid of eq. (3.4). The relative change of 
charge in interface-state levels was included in these calculations of V9 • The 
calculated curves of s vs V9 were moved along the V9 axis until the point for 
s = 103 cm s- 1 on the right-hand flank of the curves coincided with the cor
responding point on the measured curves: this eliminated differences between 
calculated and measured V9 values due to work-function ditierences and 
fixed-oxide-charge differences. This matching process between the two sets of 
plots is allowable because we are only interested in a comparison between theory 
and experiment as regards the relative changes of s versus V9 • 

In agreement with the results presented in chapter 3, the surface recombina
tion currents in the structure shown in fig. 4.1 can be satisfactorily explained 
in terms of a uniform distribution of defects in the energy gap at the silicon 
surface. For applied voltages greater than 200 mV, at least for the samples 
studied, there is an increasing disparity between theory and the measurements 
at least on the inversion side of the s vs V0 curve. Calculations of the spreading 
resistance of the n layer indicate that at least at 400 mV forward voltage the 
foregoing disparity is not due to a lateral voltage drop along the n layer. The 
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plot of the diode current, open circles *) in fig. 4.4, indicates that this current 
never quite obtains the expected functional behaviour {exp (fJ VJF)- 1} with 
applied voltage. The departure from the expected format lower applied voltages 
is most likely due to recombination in the space-charge region between the n 
and p+ regions. The disagreement for higher applied voltages particularly above 
350 mV, is most likely due to some other cause so that the disparity between 
theory and experiment for the surface recombination current may at least be 
partly due to a device defect and not necessarily to a characteristic of the sur
face recombination mechanism. 

One might wonder whether a model for surface current based on a single 
recombination- generation level would give a better fit to the measurements in 
fig. 4.6. Upon referring to similar plots of s versus V0 in fig. 3.9 we see that 
the flanks of the s versus V0 curves based on a single recombination-generation 
level are steeper than the conesponding flanks of curves based on a uniform 
distribution of recombination-generation levels. U pon referring now to fig. 4.6 
we see that increasing the slopes of the flanks of the calculated s versus V0 

curves will not result in a better agreement with the measurements. Herree we 
can conclude that a model for surface recombination currents based on a single 
recombination level would give a worse fit to the measurements in fig. 4.6 
than a model based on a uniform distribution of recombination levels. 

Contrary to the results of ref. 4--4 our measurements in fig. 4.6 of s versus V9 

on the depletion-accumulation side of the s maximum, do not exhibit an in
creasing change of slope as the applied diode voltage or injection is increased. 
The authors of ref. 4--4 attributed this increasing change of slope with injection 
to the influence of a statistica\ distribution of oxide charge on the surface 
potential at the silicon. But chapter 5 shows that the effects of ref. 4-4 can be 
due to an inherent defect of the lateral injection- extraction type of gated diode. 

The measured plots of fig. 4.6 exhibita continua! shift of the left-hand flanks 
of the s versus V0 curves towards lower values of V9 , for increasing values of 
diode voltage : this is in agreement with the assumption that s is due to 
Shockley-Read 4 - 10)-type defects. 

The device illustrated in fig. 4.1, although it possesses the advantages men
tioned in sec. 4.1 has a number of drawbacks. One has already become apparent 
namely when s » Dp/L the surface current is no Jonger dependent **) ons 
and it is not possible to measure the maximum of s, which elirninates a very 

*)A positive voltage was applied to the gate electrode to minimize the surface current under it. 
**)In fig. 14 of ref. 4--2 which is a plot of the measured maximum value of sas a function 

of the measured density of interface states s appears to saturate at higher values of state 
density. This is very likely caused by s being » Dp/L forthese densities. This supposition 
is supported by the fact that using this saturated maximum value and eq. (4.6) we obtained 
a value for L = 2.10- 4 cm, which agrees with the value quoled by Rosier 4 - 2 ) for the 
thickness of the n layer used by him. 
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convenient point for matching theory and experiment. To overcome this dif
ficulty either s or L has to be kept smal!. A practicallimit on L is about 2 fLm, 
which in turn places an up per limit on s of 5.104 cm s- 1 . Further decrease of 
L is limited by the allowable lateral voltage drop along the n layer under the 
gate electrode. 

The performance and interpretation of C-V measurements to measure inter
face-state densities in the structure in fig. 4.1 are complicated by the increasing 
importance of the lateral resistance of the n layer as the measuring freguency is 
increased. Por the device illustrated in fig. 4.1, an upper limit of 100 kc s- 1 

was obtained, above which it was not possible to regard the device as a series 
of lumped resistances and capacitances. lncreasing the thickness of the n layer 
brings one into conflict with requirements concerned with the measurements 
of s. Rosier 4 - 2 ) investigated the interface-state density for values of surface 
poten ti al in the depletion-inversion region, by the C-V method. The frequency 
response measured by him and which he attributed to interface states, was also 
very likely due to a lateral resistance effect, particularly for the range of surface 
potentials for which a relatively "light" inversion layer existed under the gate 
electrode. This casts some doubt on the values obtained by him for the density 
of interface defects, and herree on the value of the capture cross-section which 
he calculated. lt is likely that the apparent density measured by him was too 
large, so that the actual capture cross-section is larger than his calculated 
value. 
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5. MINORITY-CARRIER CURRENT FLOW ALONG A FIELD-INDUCED 
SURFACE SPACE-CHARGE REGION 

S.t. Introduetion 

In chapter 3 surface recombination-generation currents were studied with the 
aid of gated-diode structures of th.e type illustrated in fig. 5.1. One of the 
interesting aspects connected with this type of device is the manner in which 
minority carriers (holes) flow to the surfacespace-charge region under the gate 
electrode. This chapter considers among other things this current-flow problem, 
and it illustrates experimentally with the aid of special device geometries that 
minority carriers, as we have tacitly assumed up to now, flow laterally along 
the field-ind uced surfacespace-charge layer. The experiments also illustrate that 
the range of penetration of injected minority carriers under the gate electrode 
increases with the creation of a space-charge region under it. Even in the absence 
of an inversion layer the range of penetra ti on can be larger than when the sur
face under the gate electrode is neutra!. 

Implicit in the analysis of surface-current measurements for gated diodes in 
chapter 3 (similar to that in fig. 5.1) was the assumption that the minority
carrier quasi-Fermi potentiallevel was constant along the surfacespace-charge 
region under the gate electrode. In chapter 3 we took certain precantions to 
ensure the validity of the foregoing assumption. In genera!, however, this con
dition need not bevalid. In fact this chapter will show that the anomalous behav
iour of surface currents which we measured for certain gated diodes can be 
attributed to an appreciable change in minority-carrier quasi-Fermi potential 
along the surface (x direction in fig. 5.1) space-charge layer. 

Finally the latter part of this chapter illustrates that the foregoing experi
mental results are in good overall agreement with the results of a rather simpli
fied model for minority-carrier current flow in a field-induced surface space
charge region. The details of this model are considered in appendix 11. 

n-Si 

Fig. 5.1. Cross-section through a gated diode. 
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5.2. Results and discussions 

We shall now present some experimental results, connected with minority
carrier current flow under the gate electrode of a device similar to that shown 
in fig. 5.1. For simplicity we present only results for p+ n devices, because the 
results for n+ p samples were similar. We consicter the device illustrated in fig. 
5.2(a) and (b) and in particular the behaviour of the current between the outer 
p+ ring and the n bulk, as a function of the voltage applied either to the gate 
electrode G3 or to G4 or to both. The curves of fig. 5.3 were measured for a 
forward bias of 100 mV applied between the p+ ring and n bulk. The various 
curves correspond to the following set of conditions. 
(I) V93 varied with gate G4 either floating or shorted to the n bulk; 
(2) gates G 3 and G 4 in parallel and the voltage on them varied; 
(3) V04 varied and V93 constant at a value suftleient to invert the silicon sur-

face under gate G 3 ; 

(4) V94 varied with gate G 3 either floating or grounded. 
Curves similar to the preceding ones were also obtained for a reverse bias 
applied to the p+ n diode. 

a) 

b) 

Fig. 5.2. (a) Cross-sectien of MOS-gated diode with various gate widths. 
(b) Top view of the device. 
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Fig. 5.3. Current between the outer p+ ring and the n bulk (100 mV forward diode voltage) 
as a function of the voltage applied to the gate electrodes (G3 and G 4 in fig. 5.2). 

Comparison of curves 2 and 4 with I indicate that the diode current is only 
affected by a voltage applied to G4 when a space-charge, or inversion layer 
exists under G 3 : in other words, the effective range of the applied bias is in
creased by the creation of a space charge under G 3 • Comparison of curves 1 
and 2 indicates that this is true even before the surface under G 3 is inverted, 
because even to the right of the peak of curve 2 where the hole density is less 
than the electron density at the silicon surface, we already have a contribution 
to the diode current from the region under G4 • The foregoing results illustrate 
thus that the effective range of influence of a diode voltage under the gate elec
trode of a gated diode can be increased by the creation of a space-charge region 
under the gate. This result also implies that minority carriers will flow prefer
ably along the surface space-charge region than through the underlying quasi
neutral bulk. In the latter part of this section we wiJl offer an explanation for 
the foregoing e.tfects. For the present suffice it to point out that although the 
surface and bulk recombination-generation rate increases when a space charge 
is induced under a gate electrode, the increase in the number of minority car
riers (holes in the foregoing experiment) inthespace-charge region is larger than 
the increase in the recombination-generation rates. 

The foregoing results were also verified as follows. The curves shown in fig. 
5.4 were obtained with ap+n MOS-gated diode which had the part of the gate 
electrode overlapping the n bulk, both transparent and conducting. Curve I 
and 2 in fig. 5.4 are the photocurrents measured in the p+n diode when a light 
spot was focussed on the transparent gate electrode at distauces of 20 and 
70 fLID from the p+ region *). As the gate voltage was varied to deplete and 

*) The dirterenee in the steady photocurrent for accumulation at the silicon surface is due 
to the difference in the distance of the light spot from the p+ region in both cases. The 
nearer the light spot is to the p+ region the larger the number of minority carriers which 
can diffuse to the p+ region. 
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Fig. 5.4. C-V (500 kcfs) curve 3 fora device si mil ar to thàt of fig. 5.1, but which had a trans
parant gate electrode. Curves 1 and 2 represent the short-circuit photocurrent of the p+ n 
diode versus the gate voltage for a light spot over the gate electrode 20 and 70 [Lffi from 
the p+ n junction. 

invert the underlying surface, the photocurrent increased and saturated. Curve 
3 in fig. 5.4 is a C-V curve (500 kc/s) of the gate electrode which curve indicates 
the state of the surface (depleted, or inverted) under the gate electrode. These 
results indicate that the number of light-injected minority carriers which reach 
the p+ region increases with the creation of a space-charge region under the 
gate electrode. lt should be noted that this effect takes place even before the 
surface under the gate electrode becomes inverted. 

In chapters I and 3 we have already seen that the current which flows into 
the space-charge region under a gate electrode consists of a component due to 
recombination-generation eentres at the silicon surface, and a component due 
to bulk eentres in the space-charge region. We now illustrate experimentally 
that the current into the surface space-charge region under a gate electrode 
contains another component of current due to injection of minority carriers 
into the quasi-neutral bulk surrounding the space-charge region. This current 
component can dominate the other components at higher values of diode 
voltage. The solid curve in fig. 5.5 is a measured plot, versus forward diode 
voltage of the current flowing into a surface space-charge region when the 
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Fig. 5.5. Solid curve is a measured plot, versus forward diode voltage, of the current flowing 
into a surface space-charge region when the surface under the gate is inverted. The dashed 
curve is the calculated behaviour of the recombination current at bulk eentres in the space
charge region. 

surface under the gate electrode is lightly inverted. The dashed calculated *) 
curve indicates the magnitude and behaviour of the recombination current at 
bulk eentres in the surface space-charge region. Since the surface under the 
gate is inverted the current due to interface eentres will be negligible, and 
since the measured current cannot be explained by recombination at bulk 
eentres in the space-charge region, there must be another component of current 
flowing into the space-charge region. This latter current is, we believe, due to 

*) The dashed curve in fig. 5.5 for the field-induced space-charge region in the n material 
under the gate electrode was obtained as follows. It was assumed that the width of this 
space-charge region becomes constant when the hole density at the silicon surface is equal 
to the bulk doping level Nd· The width zd of the space-charge region for a forward diode 
voltage VJF can be obtained with the aid of eqs (II.A.4) and (II.A.l) of appendix IJ: 

{ 2eSI I ( Nd )}t 
zd= q Nd p In p-~~exp (/3 VJF) . 

The recombination current due to the bulk eentres was assumed to be due to a single 
recombination-generation level near the centre of the energy gap of the silicon: this is 
justifiable because we measured a temperature dependenee for the generation current due 
to bulk eentres inside the space-charge region, which was similar to that of ni. We also 
assumed the electron and hole Jifetimes to be equal to r. The recombination current due 
to the bulk eentres was then obtained by using zd above and numerically inlegrating the 
expression in eq. (II.A.8). The only unknown T was eliminated by matching the calcula
tions to the measurements at VJF = 50 mV. This is justifiable si nee we are only interested 
in the form of the current as a function of VJF· 
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the injection of carriers via the space-charge region, under the gate electrode 
into the surrounding quasi-neutral bulk. This supposition is supported by the 
fact that when this latter component becomes dominant at higher applied 
voltage the slope of the log of the measured curve versus the applied diode 
voltage becomes qfkT. 

For certain gated diodes we were unable to explain the measured behaviour 
of surface currents in terms of a uniform dis tribution of recombination-genera
tion levels near the centre of the energy gap at the silicon surface. This model 
very successfully fitted to the measurements in chapter 3. For devices of the 
same geometry and similarly biased, disagreement between theory and meas
urements increased with the magnitude of the currents flowing into the field
induced space-charge region under the gate electrode. The disagreement also 
increased with the forward diode voltage, and for devices otherwise similarly 
processed with the length (measured in x direction in fig. 5.1) of the gate elec
trode (gate lengths from 40 to 1200 [Lm were used). We will now present some 
measurements illustrating the type of disagreement we obtained between theory 
and measurement and subsequently a qualitative explanation will be offered. 
This explanation will later be supported with the aid of calculations based on 
a simplified model for minority-carrier current flow in a field-induced surface 
space-charge region. 

Plots of the measured diode current of a p+n MOS-gated diode versus the 
gate voltage for various values of applied forward junction voltage are shown 
in fig. 5.6. The plots are representative of samples with relatively large surface 
currents: (a. 'YJrs > 7.10- 6 eV- 1

) and they yielded the curves of s versus V0 in 
fig. 5.7. The solid curves in fig. 5.7 are calculated ones. They are based on a 
uniform distribution of recombination-generation levels near the centre of the 
energy gap at the silicon surface; they were matched to the measurement at the 
point shown and were calculated in the manner already explained in sec. 3.4.2. 
For diode voltages up toabout 100 mV the general behaviour of sis in reason
able agreement with the calculated curves. But the measured ( dashed) curves 
for large values of diode voltages do not agree with theory. The flanksof the 
curves for lower Vg values do not coincide, furthermore the gate voltage for 
which s reaches a maximum does not decrease with increasing diode voltage. 
An additional departure of the measurements from theory is indicated by the 
decreasing slope, with increasing forward diode voltage of the flanks of the 
s versus V0 curves. 

The disagreement between measurement and theory for samples with a rela~ 
tively large surface recombination rate is also illustrated in fig. 5.8. This shows 
a plot versus forward diode voltage, of the measured (points) and calculated 
(full curve) maximum recombination current basedon the model of the fore~ 
going paragraph. 

A disagreement, between measured and calculated curves, similar to the type 
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Fig. 5.6. Measured diode current of p+ n gated diode versus the gate voltage for various values 
of forward diode voltage. 
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Fig. 5.7. Illustration, for a gated diode, of disagreement between calculated and measured 
curves of surface recombination velocity s versus gate voltage V9 with forward diode voltage 
VJF as parameter. The dashed curves were extracted from the measured curves of fig. 5.6. 
The full-drawn curves arebasedon a uniform distribution ofrecombination-generation levels 
about the centre of the energy gap at the silicon surface. This model is considered in appen
dix I.B. 
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Fig. 5.8. Maximum recombination current for the surface under a gate electrode of a p+ n 
diode. Full-drawn curve is calculated on basis of uniform-distribution model of appendix I.B. 
The points are measurements obtained from fig. 5.6. 

just illustrated has also been reported in ref. 5-1. These authors attributed this 
to the infiuence of a statistica! distribution of fixed charge in the oxide 5 - 2). 

Such a distribution would cause a corresponding statistica} variation in silicon
surface potential, this would mean that fora fixed diode voltage different parts 
of the silicon surface under a gate electrode exhibit a maximum in surface cur
rent for different valnes of gate voltage. The net effect of the foregoing would 
be to cause a certain broadening of curves of s versus V9 • However, to the 
extent that V, (sec. 2.2.4) is some indication of oxide charge, then the results 
of fig. 5.9 indicate that not oxide charge but rather the magnitude of the cur
rent fiowing into the surface space-charge region is associated with the dis
agreement. The full Iine in fig. 5.9 is a plot versus the diode forward voltage 
of the theoretically expected variation of Ll V9 max; this latter quantity was 
calculated by using eqs (3.1b), (I.B.15) and (3.4); it denotes the difference 
between the gate voltage for which the surface current is a maximum for a 
forward diode voltage of 50 m V, and other larger diode voltages. Measurements 
of Ll V0 max for three samples arealso plotted in fig. 5.9: these samples differed 
as regards their values of V, and magnitudes of recombination currents, but 
they had the same oxide thickness and bulk doping level. The dashes and open 
circles are for samples with V1 voltages of -2·6 and -18 V, and with three 
and four times smaller interface recombination currents than the sample repre
sented by the squares which sample had a V1 voltage of -19 V. The fust two 
samples (dashes, open circles) show reasonable agreement with the solid theo
reticalline. The last sample (squares in fig. 5.9) with the largest surface current 
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Fig. 5.9. Fullline is the theoretically expected change of AVg max with applied forward diode 
voltage. The points are measurements for three different devices. 

shows the largest departure from theory; while its V1 voltage differed only 
slightly from that of one of the other two samples. There is also another reason 
why the statistical distribution of oxide-charge model cannot explain the dif
ference between the measured and calculated curves of figs 5.7 and 5.8. The 
original proponants 5 -

2
) of the statistical-distribution model point out that it 

is of maximum applicability when the silicon surface is depleted: the influence of 
the statistical distribution of oxide charge decreases with an increase in the 
surface concentration of either electrans or holes. Por the foregoing reason the 
statistical-distribution model should have little influence on the flanks of the 
measured curves of surface recombination velocity s versus gate voltage Vg. 
The flanks, however, of the measured curves in fig. 5.7 particularly at higher 
values of forward diode voltage are considerably flatter than the flanks of the 
calculated curves. This is not to be expected on the basis of the statistical
distribution model. There is yet another indication for doubting the applicabil
ity of this model. As already pointed out, the statistical-distribution model is 
of maximum applicability for a depleted silicon surface, consequently for a 
fixed diode voltage and equal values of electron and hole capture cross-sections 
for surface states, the model should have maximum influence when the surface 
recombination current is a maximum; the sum of the surface concentrations of 
electrons and holes is then a minimum. This sum increases with the forward 
diode voltage so that the influence of the statistical-distribution model should 
decrease with the increasing diode voltage; since the opposite is the case for the 
disagreement between the sets of curves in figs 5.7 and 5.8 we conclude that the 
disagreement in these figures is not due to a statistica! distribution of oxide 
charge. 
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In the device shown in fig. 1.5, holes have only to diffuse across the relatively 
thin n layer while electrous - majority carriers - can easily flow along the 
n layer. The symbols in fig. 4.6 are plots of the surface recombination velocity 
s versus gate voltage V9 : these were extracted from measurements with the 
device of fig. 1.5. Even though the sample had a relatively large surface recom
bination rate it is free of the ancmalies of the measured curves in fig. 5.7. To 
the left of the peaks of the curves in fig. 4.6 the measured points for different 
diode voltages, !ie on curves which are nearly parallel to each other, and to the 
right of the peaks the measured points Jie on curves which are coïncident. The 
foregoing indicates that the anomalous behaviour of the measured curves in 
fig. 5. 7 is more likely due to a characteristic of the device geometry rather than 
to a characteristic of the surface recombination mechanism, or a statistica! dis
tribution of oxide charge. In fact the foregoing indicates that the disagreement 
between the measured and calculated curves of fig. 5.7 is very likely due to a 
non-negligible quasi-Fermi-potential change along the field-induced space
charge region under the gate electrode of the device, which yielded the measured 
curves. Tllls possibility in fact forms the subject of the next two paragraphs. 

A quantitative explanation of the disagreement between the measured and 
calculated curves in figs 5.7 and 5.8 involves a solution of the relatively difficult 
problem of two-dimensional current flow under the gate electrode. We wiJl 
suffice with a qualitative explanation wruch is based on an appreciable change 
in the minority-carrier quasi-Fermi potential along the field-induced space
charge region under the ga te electrode. We also make use of the form of the 
curves sketched in fig. 5.10. These illustrate according to the theory of appen
dix I.B the surface recombination velocity s versus the gate voltag:: with the 
forward diode voltage V JF as parameter: to be emphasized in this plot is the 
relative independenee of the s versus V9 maximum for smaller values of V 1 F 

(VJF~> V1F2) and the shift of this maximum towards the right for larger and 
increasing values of VJF (V1 F3 , V1 F 4 ). The surface current under a gate elec
trode is of course equal to the integration over the silicon surface of the prod-

"" /Î\ ~FI 'Ji I ~F4\ 
ii.JFJ 

V9 < 0 (V) - 0 

ln(s) 

Fig. 5.10. Sketch of surface recombination velocity s versus gate voltage V9 with forward 
diode voltage v , F as parameter ( VJFl < VJF2 < v,F3 < VJF4). 
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uct of s and Lip. Armed with the foregoing facts we proceed to the explana
tion of the disagreement between the measured and calculated curves in figs 5. 7 
and 5.8. 

For smallervalues of VJF *) (e.g. VJF 1 and VJF2 of fig. 5.10) a changing 
minority-carrier quasi-Fermi-potential level under a gate electrode will only 
result in a reduction of the effective surface current. For larger values of V JF 

(e.g. VJn and VJF4 of fig. 5.10) an appreciable variation of quasi-Fermi 
potential along the surface space-charge region wil! cause both a reduction in 
the effective surface current (compared to its value for a constant quasi-Fermi 
potential) and a distartion of the s versus V0 curves. The surface current will 
now no Jonger reach a maximum at the same gate voltage for the whole gate 
area. For the part of the interface nearest to the p+ regions s will have passed 
through its maximum before remoter parts of the interface. As the parts of the 
surface adjacent to the p+ region become more heavily inverted the conductivity 
will increase and the drop in the hole quasi-Fermi-potential level along this 
region will decrease, so that the remoter parts of the surface will gradually 
co meunder the influence of the total applied diode voltage. The foregoing effect 
will cause a flatterring or decrease in slope of the measured s versus V9 curves 
particularly on the right-hand side of the peaks of the curves as for instanee 
in fig. 5.7. This flatterring will be coupled with a shift of the peak of the s vs V0 

curves towards the left for the curves of the p+ n diode as occurs in fig. 5.7. 
There is another reason in addition to the foregoing one, why the distartion 

of the s vs V9 curves should be largest for higher V J F values. It has been shown 
experimentally in a foregoing paragraph (fig. 5.5) that an injection current 
flows via the field-induced surfacespace-charge layer to the surrounding quasi
neutral bulk: this current increases more rapidly with V JF than, and eventually 
dominates, the other components of the current flowing into the surface spacc
charge region. This means that the hole quasi-Fermi-potential-level drop along 
the space-charge region will be relatively larger at higher V J F values. This con
clusion, as we show in the following paragraph, is also supported by calcula
tions based on a simple model for current flow along the surface space-charge 
region under a gate electrode. 

Some of the more important points of the foregoing paragraphs will now be 
supported with the aid of a numerical example fora p + n-gated diode of the type 
illustrated in fig. 5.1. The calculations are based on a very simple model for 
minority-carrier current flow along the surface space-charge region (ABCDA 
in fig. 5.1 ). The details of this model are considered in appendix II. Even though 
the model is an extremely simplified picture of the actual current-flow problem, 
we fee! that it is sufficiently accurate to indicate general trends. The calculations 

*) In order for VJF to have little effect on the surface potential and hence the gate vo ltage 
for which s is a maximum, according to eqs (3. lb) and (1.8.15), VJF/2 must be very small 
compared to (2 {J)- 1 In (n no!Pno) (for n material). 
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which we shall present are concerned with an es ti mate of the rate of change with 
distance of the minority-carrier quasi-Fermi level along the surface (x direction 
in fig. 5.1) under the gate electrode for various val u es of applied forward diode 
voltage. The calculation is carried out as follows. We assume the quasi-Fermi 
potentials to be constant and separated by an amount equal to the applied 
diode voltage, everywhere inside the region ABCDA in fig. 5.1. Subject to this 
condition the components of the minority-carrier current, which flows in the 
surface space-charge layer, are now calculated. The next step is to use these 
current components (currents per unit area of gate surface) which we assume 
are independent*) of x (fig. 5.1) and calculate the change of the quasi-Fermi 
potential along the surface caused by these currents. We define as A the dis
tanee (measured in x direction in fig. 5.1) between the edge AD and the point 
at which the difference between the electron and hole quasi-Fermi potentials 
has been reduced to zero by the current flow along the space-charge region. 
We assume that the gate electrode is langer than A. We will present calculations 
for A for various values of applied forward voltage. The gate is adjusted for 
each value of diode voltage so that the surface recombination is a maximum: 
the surfacepotentialis thus described by eq. (I.B.l5). The following constauts 
are used: bulk hole and electron lifetime T = 4 · 5.10- 6 s; this is representative 
of a relatively long diJfusion length of 73 [LID; electron and hole capture cross
section for surface-state eentres 5.10- 16 cm2 ; a relatively small density 'Yfrs = 
2 ·6.109 cm- 2 eV- 1 of surface recombination-generation eentres with energy 
levels distributed about the centre of the energy gap at the silicon surface. 
Thermal-equilibrium electron and hole bulk concentrations nno = 1·7.1015 

cm- 3 and Pno = 1·5.105 cm- 3 • The minority-carrier surface recombination 
current inside the surface space-charge region was calculated by using the fore
going constauts and eqs (3.lb) and (3.3a) and (I.B.l6). The minority-carrier 
current flow along the surface space-charge region (ABCDA in fig. 5.1) con
sisted of two other components due to bulk eentres (a) inside the space-charge 
region itself and (b) in the quasi-neutral bulk surrounding the surface space
charge region; the ioclusion of this latter component was justified by the 
experimental results of one of the paragraphs at the beginning of this section. 
The two foregoing components of current were calculated with the aid of the 
appropriate expressions in appendix II. Table 5-I shows the values calculated 
for A with the aid of eq. (II.A.ll), versus forward diode voltage V JF· In 
order to illustrate the importance of the minority-carrier current which flows 
along the surface space-charge region and into the quasi-neutral bulk surround
ing this region, we also calculated A with this latter component omitted. 
Table 5-I also shows the values of the various current components (per cm2 of 
surface area) corresponding to various values of VJF. Also shownis the change 

*) This assumptions also implies that the carrier concentrations are also independent of x . 
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with V JF of the total number of holes per cm2 of gate surf ace, inside the space
charge region (ABCDA in fig. 5.1). 

TABLE 5-1 

Calculations for ap+n-gated diode (fig. 5.1), in which the surface band bending 
was adjusted for each value of forward diode voltage V JF to obtain a maximum 
surface recombination rate; A is the distance along the surface under the gate 
electrode over which quasi-Fermi-potentiallevels are still separated from each 
other. The surface current per cm2 is i5 • The current (per cm2 of gate area) due 
to bulk eentres (a) inside the surface space-charge region is ib sp' (b) in the 
quasi-neutral bulk under the surface space-charge region is ib nb· The total 
number of holes per cm2 of gate area inside the surface space-charge region is 
zd 

J p(O,z) dz 
0 

VJF (mV) 50 100 200 300 400 

is (A) 3-4.10- 9 1·5.10- 8 1·8.10- 7 1 ·8.10- 6 11 ·6.10- 5 

ib SP (A) 1·9.10- 9 6·8.10- 9 5·8.10- 81 5·10- 7 4·6.10- 6 

ib nb (A) 2·3.10- 9 1·8.10- 8 8 ·8.10- 7 4·2.10- 5 2.10- 3 

zd 

J p(O,z) dz 9.104 2·5.10 5 1 ·9.106 1·6.107 1·5.108 

0 

A ([Lm) 
due to is --1- ib sp 113 130 153 178 206 

A (fLm) 
due to is + ib sp + ib nb 94 96 71 40 21 

The foregoing table indicates a number of interesting points which wil! now 
be considered. The dilfusion Jength Lv of holes in the n bulk is 73 fLID. In the 
absence of a space-charge region under the gate electrode, the range of infiuence 
of the diode voltage should be less than or equal to 73 fLID. However, table 5-1 
indicates that due to the preserree of a space charge under the gate electrode the 
range of infiuence can be greater than Lv. This result is in agreement with the 
experimental results of the first paragraph of this section. We explain the fore
going as follows. Although the surface and bulk currents under the gate elec
trode increase with the creation of a space-charge region under it, the increase 
in the number of minority carriers in the space-charge region is more than able 
to support the increased current flow along this space-charge region. In fact, 
as we see in table 5-1, if we exclude the current ib nb which is injected via the 
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surface space-charge region into the surrounding quasi-neutral bulk, A can 
actually increase with VJF. However, as we have seen experimentally the 
injection current to the quasi-neutral bulk forms part of the minority-carrier 
current which flows under the gate electrode: when we include this component 
in our calculation of A we find that A decreases with increasing VJF. This 
decrease in A can be explained as follows. At low values of VJF the injection 
current ib nb into the quasi-neutral bulk region is camparabie to the other two 
components i. and ib w The current component ib nb however increases expo
nentially with the applied diode voltage (see eq. (II.A.7)) but the other two 

•a 
components is and ib sp increase less rapidly with V JF· The number (j p(O,z) dz) 

0 

of minority carriers which must support the flow of current inside the surface 
space-charge region, does not increase with V1 F in this region with the same 
ra te as the current ib nb: this causes the rate of change with distance of the 
minority-carrier quasi-Fermi potential to increase with V1 F, which of course 
means that A decreases with increasing V JF when ib nb is dominant. 

5.3. Summary 

A number of general conclusions can be drawn about gated-diode structures 
of the type illustrated in fig. 5.1. These conclusions are based on the work of 
the foregoing section which includes experimental results and numerical cal
culations. The calculations are based on a very simple model for estimating 
the rate of change with di stance (x direction in fig. 5.1) of the minority-carrier 
quasi-Fermi level along the field-induced surface space-charge region under a 
gate electrode. 

(a) Minority carriers (holes for device of fig. 5.1) flow along the field-induced 
surface space-charge region under the gate electrode; the current flow consists 
of three components: 

(i) one due to recombination or generation at eentres along the Si02-Si inter
face; 

(ii) one due to recombination or generation at bulk eentres inside the surface 
space-charge region; 

(iii) one due to extraction or injection out of or into the quasi-neutral bulk 
surrounding the surface space-charge region; this current component in
creases more rapidly with forward diode voltage than the other two and 
it eventually dominates them. 

(b) There is a limit to the amount of the region under a gate electrode which 
can be influenced by an applied diode voltage, and this limit can be independ
ent of the size of the gate electrode. 
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(c) The effective distance A, under a gate electrode, over which minority 
carriers are disturbed from their thermal-equilibrium value by an applied diode 
voltage, can be 1arger when a space-charge region exists under the gate elec
trode, than when the region is neutra!. The magnitude of the effect is a function 
of the surface potential. 

(d) The distance A decreases with the applied forward diode voltage: this 
effect is noticeable at higher voltages due to the current component (a) (iii) 
on the foregoing page. 

(e) The distance A also decreases with an increase in the number of inter
face and bulk rec;ombination- generation centres. 

Experiments on the forward currents of gated diodes are given. There is a 
departure between the measured current results, and the theory based upon 
uniform injection under the gate electrode. This disagreement is shown to be 
due to a variabie minority-carrier quasi-Fermi level along the field-induced 
surface space charge under the gate electrode. 
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APPENDIX I. THE THEORY OF SURFACE RECOMBINATION
GENERATION 

This appendix contains expressions which describe the dependenee u pon sur
face potential of recombination and generation rates at a thermally oxidized 
silicon surface. We consicter the recombination-generation for steady-state dis
turbances of the electron and hole concentrations from their thermal-equilib
rium concentrations, without specifying the manner of causing this disturb
ance, or any resultant current-ftow mechanism. Various types of distributions 
of recombination-generation levels are considered as well as the relative occu
pancy of the levels by holes and electrons. The inf!uence of the silicon-surface 
space charge under these non-equilibrium steady-state conditions is also con
sidered. 

The following is a list of the subject matter of each section of this appe.tdix: 
l.A. Single recombination- generation level at the silicon surface. 
LB. Uniform distribution of recombination-generation levels in the energy 

gap of the silicon at its surface. 
I.C. Single recombination-generation level in the oxide. 
LD. Distribution of oxide defects uniform in energy and position. 
I.E. Silicon-surface space charge. 
Each of the cases is subject to the following assumptions: 

(i) The recombination- generation mechanism is governed by Shockley
Read statistics 3 - 5 ). 

(ii) Any current flow occurring in the surface space-charge layer is so small 
that quasi-Fermi potentials for the electroos and holes can be assumed 
to be constant in the surface space-charge layer. 

(iii) For simplicity n-type silicon is considered. Analogous expressions exist 
for p-type silicon. 

(iv) The quasi-Fermi level potential <PFn for electroos is equal to its thermal
equilibrium value cpF; in accordance with assumption (ix). 

(v) The variation with surface potential of the electron and hole concentra
tions is governed by Boltzmann statistics. 

(vi) The sign convention for surface potential 1/)s is illustrated in fig. 3. l(b ). 
(vii) The capture cross-sections O" ns and O" vs' of the defects for electrons and 

holes are independent of the silicon-surface potential 1/)s and also of the 
energy of any levels corresponding to these defects. 

(viii) The thermal velocity of free holes and electrous are assumed to be alike 
and equal to I 07 cm s- 1 • 

(ix) The excess minority-carrier density a t the edge of the surfacespace-charge 
region is assumed to be very much less than the bulk doping level. 

(x) The silicon is uniformly doped. 
(xi) Non-equilibrium but steady-state conditions are considered. 



-78-

We assume that the excess hole density at the edge of the surface-charge 
layer just inside the neutral bulk is Llp. Because of assumptions (ii) and (v) 
the electron and hole densities at the silicon surface are 

(i) 

and 
Ps = (Pno + Llp) exp (-(31p.). (i i) 

I.A. Single-level surface defect 

By extending eq. (4.4) of ref. 3-5 to the case of surface defects with a 
single energy level in the energy gap at the silicon surface (see fig. 3.1) we obtain 
for the recombination ra te at such defects: 

N,. vans ct ps (p. n.- n/) 
u.= , 

O'ns<ns +nis)+ CfpsCPs +Pis) 
(I. A .I) 

where N 15 is the density of defects per unit area, nIs = n1 exp {(3 (<Pis- </>,.)} 
and P 1s = n1 exp {(3 (<fors- </>is)}. The quantities </> 1• and </>,. denote the poten
tial of the centre of the energy gap and the trap level at the silicon surface; see 
for illustration fig. 3.l(b). 

Inserting for Ps and n. from eqs (i) and (i i) in (I.A.l) we obtain: 

N,. va •• O'ps Llp nno 
u. = --- - - --- - --

C!ns (n. + nis) + Cfps CPs + Pis) 
(I.A.2) 

The surface recombination velocity s is 

u. 
s---. 

Jp 
(I.A.3) 

It can be shown by ditferentiating (I.A.2) with respect to 1fJ5 and equating 
to zero that both u. and s are maximum when 

which gives 

where 

l CPno + L1p) a 
1fJs =-In --- - -

2(3 nno 

Upon insertion for 1fJs from (I.A.5) in (I.A.3) we get 

N,. v Cf ps nno 
Smax = -2-{--(p--+--A)-}1-/2_+ _ ___ · 

n.o nO LJP a nis + IXPl s 

(I.A.4) 

(J.A.5) 

(I.A.6) 

(I.A.7) 

For the case of extraction of minority carriers from the surfacespace-charge 
layer Llp is negative and U. and s now describe the generation rate of hole- elec-
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tron pairs at surface defects. When LJp ~ -Pno then eq. (I.A.7) becomes simply 

(I.A.8) 

Occupancy of defects 

By extending eq. (4.2) of ref. 3-5 to the case of a single defect level at a 
silicon surface we can write for the fraction of the surface defects which are 
occupied by electrous under steady-state non-equilibrium conditions: 

(J ns ns + (J ps ni exp {/3 ( <Pts- <Pts)} 
frsn =-----------------------------------------------------

<1 ns ns + a ps Ps + a ns nt exp {/3 ( <Pts- <fors)} + a ps ni exp {/3 ( <Prs - <Pis)} 
(I.A.9) 

The fraction of surface defects occupied by holes is 

frsp = 1 - frsn• (I.A.IO) 

I.B. Uniform distribution of defect levels 

This section considers expressions for the recombination-generation rate, 
and the trap occupancy for recombination-generation eentres at the silicon 
surface and of density 'YJ 1s per unit area per eV. 

The net recombination rate due to defect levels in the potential interval 
d( <Prs- <Pis) is by extension of eq. (I.A.2) 

dV. 
<Ins [n. + ni exp {/3 (<Pis- <fors)}]+ <fps [ps + nl exp {/3 (<Prs- <Pts)}] 

(I.B. I) 

The net recombination rate due to all the levels between the conduction- and 
valenee-band edges is 

<l>vs- <Pts 

Us = J dUs. (I.B.2) 

The integral of (I.B.2) can be analytically integrated but two cases must be 
distinguished, namely 

(I.B.3) 
and 

(I.B.4) 

Case (I.B.3): After integration if we insert the integration limits and then make 
the simplifying assumption that 
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4 2}1 / 2 - aps a,.s ni , (l.B.5) 

we obtain for Us: 

Llp aps n,.o 'YJrs v 1 + (1- m) 112 

Us = In ; 
f3 [ns + ct psJ (1- m) 112 1 - (1 - m) 112 

(I.B.6) 

4 ct n12 

m=. ; 
(ns + ct Ps) 2 

(l.B.7) 

When Llp « Pno eq. (I.B.6) becomes simply 

Llp a [)S n,.0 'YJrs v n, 
Us = In-. 

{3 [n,-ctps] ctps 
(I.B.8) 

When Llp » p,.0 eq. (l.B.6) becomes simply 

1/ 2 Ps) ! ct - . 
ni 

(I.B.9) 

Case (I.B.4): This case corresponds to extraction of holes out of the space
charge region. After integration of (l.B.2) and if we insert the integration limits 
and make the following simplifying assumptions, namely 

(I.B.lO) 

(I.B.11) 

we obtain for Us: 

a"svn,.0 LlprJ,s2 ~n 1 ~ 
U,= f3[ns + ctps] (m-])112 (2-tan-1 (m-J)l/2~· (I.B.l2) 

If m » 1 then eq. (I.B.l2) can be further simplified to yield a constant (inde-
pendent of 1p,) maximum value for U" namely 

(aps a,..) 112 v n,.o Llp 'Y/rs n 
Us max = - • 

{3 n1 2 
(I.B.l3) 

Maximum value of Us 

(a) Influence of defect level: by differentiating eq. (I.B.l) with respect to 
(tf>rs -t/> 1.) and equating to zero, it can be shown that dUs exhibits a maximum 
when 
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1 
4>rs -1>is =-In a: 

2{3 
IX = (] ps/ 11 ns· (I.B.l4) 

Physically this means that the levels Iocated at the positions given by eg . (I.B.l4) 
are the most effective in the recombination-generation processes (for a = l 
the energy levels at the centre of the energy gap are the most active). The 
inftuence of other levels with the same a value decreases exponentially as we 
move away from the trap position given by eq. (I.B.l4). This means that trap 
levels situated outside this level are only important in the recombination-gener
ation processes if they are large in number. When this is not the case it does 
not mean we can neglect the inftuence of such remote levels. They can still be 
important in determining charge neutrality and as such wil! inftuence the shape 
of the surface-current versus gate-voltage curve for gated diodes. 

(b) Influence of surface potential: by differentiating eq. (LB. I) with respect 

to "Ps and equating to zero we find that dUs and hence Us exhibit a maximum 
as a function of 1p, when 

l IX (p,.0 + Llp) 
VJs = 2{3ln 

n,.o 
(I.B.l5) 

If we insert for "Ps from eq. (I.B.J5) into eq. (I.B.6) we obtain the maximum 
value for Us, namely 

_ 11os nno 1 12 Llp 112 'Y/rs V I (Pno + Llp) 112 + (Llp) 1 12 

Us max - n (J.B.l6) 
2 f3 all2 (Pno + l1p)1;2 _ (Llp)1;2 

When Llp«Pno eq. (I.B.I6) can be simplilled to give 

a os nno Llp 'Y!rs v 
Us max = (J.B.l7) fJ I / 2 a n1 

When Llp » Pno eq. (I.B.I6) eau be simplified to give 

11ps (nno Llp) 112 'YJrs v 2 (n,. 0 Llp)ll2 

U = In-----s max {3 112 
a n1 

(I.B.I8) 

Trap occupancy 

The total number of electrous n and holesp in traps for an arbitrary value 

of "Ps is 

<Pvs - C'bts 

n = J !tsn 'Y/rs d(4>rs -4>ts), (I.B.I9) 
<l>cs - cl> i s 

P = 'Y/rs (4>vs - 4>cs) - 11. (I.B.20) 
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If we substitute in (I.Bo19) for ftsn from (I.Ao9), the integration for n can be 
analytically performed, however again two cases must be distinguished namely 
cases (I.B.3) and (IOB.4)o 

Case (I.Bo3): After performance of the integration and insertion of the inte
gration limits if the following simplifying assumptions are made, namely 

(jps n; » (jns n; exp {-(3 (</>us- <Pes)} + ((jns ns + (jpsPs) exp {-(3 (</>vs- </>es)/2} 

and (I.Bo2l) 

(j ns n; » (j ps n; exp {-(3 ( </>us - </>es) } + ((j ns ns + (jps Ps) exp {-(3 ( </>us - <Pcs)/2 }, 

we obtain 

'YJrs ns- ct. Ps 1 + (I - m)112 (</>us- </>es 1 ) 
n = In + 'Y/ts + -In ct. , 

2 (3 (1 - m) 112 ns + ct. Ps 1 - (1 - m)112 2 2 (3 

(I.B.22) 

where ct. and m are defined in (I.Bo7)0 
If Llp « Pno eqo (I.Bo22) can be simplified to 

'YJ rs I ns ( <Pus - </>es 1 I ) 
n = - n-+ 'Y/rs + - n Cl. 0 

2 (3 CI.Ps 2 2 (3 
(I.Bo23) 

If Llp » Pno eqo (I.B.22) becomes 

'YJrs (ns - ct. Ps) I ( 1 ns 112 Ps) (<Pus - <Pes 1 l ) 
n = - (3 n -----;:-;z - + ct. - + 'YJrs + - (3 n ct. o 

ns + ct. Ps ct. n1 n1 2 2 

(I.Bo24) 

Case (I.B.4): This case corresponds to extraction of holes out of the space
charge regiono After integration of (I.B.19) and insertion of the integration 
!i mits if we then make the following assumptions: 

2 (jps n; exp {(3 (<Pus - </>cs)/2} + (ans ns + (jpsPs) » {4 aps (jns n? + 

(I.B.25) 

(jns ns + (jvs Ps » 2 (jps n; exp {-(3 (</>us- </>cs)/2}, 

we obtain 

(I.B.26) 

( </>us- </>es 1 ) 
+'YJrs + - !n et. , 

2 2(3 

where 
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I.C. Mono-energetic oxide level 

We consicter here expressions descrihing the recombination-generation rate 
at a mono-energetic oxide defect. The expressions to be presented are based 
largely on the work of ref. 3-6. The expressions are subject to the assumptions 
(i) to (xi) as well as to the following ones. 

(a) Free carriers at the silicon surface reach oxide traps by a tunnelling mech
anism, which results in an exponential decrease with distance into the 
oxide of the effective capture cross-section of an oxide trap as viewed by 
a carrier at the silicon surface. 

(b) We ignore the infiuence offixed oxide charge, charge in the oxide traps and 
any work-function differences, on the electric field in the oxide. In general 
the electric field is determined by the integration over the total charge in 
the oxide, which is also a function of the occupancy of the traps. The fore
going assumption does not invalidate the expressions to be derived later 
in this section. 

(c) The distribution of oxide defects is uniform in the oxide. 

The expressions to be presented are applicable to the situation sketched in 
fig. I.C. 

We can write for the net recombination rate at a mono-energetic oxide-trap 
level 

dax - 2 f (J' nZ (J' pZ N, ox V (p. ns - ni ) 
US= dZ; 

O'nz (ns + n1z) + O'pz (p. + P1z) 
0 

(I.C. I) 

1Pc,ox 

r/Jv,ox 

+Z Z=D 

Fig. I.C. Band bending at a silicon surface in a direction perpendicular to the Si0 2 -Si 
interface. 



-84-

dox is the oxide thickness, 
Nr ox is density of oxide defectsjcm 3 , 

V thermal velocity of free hoJes and electrans in the silicon, 

Ps = (Pno + Llp) exp ({J '1/)5), 11s = 11"o exp (-{J 1p5), (I.C.2) 

11JZ =11texp {fJ(<Pts-<Pro J__ EoxZ)}, P12 = 11;exp {-fJ(<Pts-<Pro + EoxZ)}, 
(I.C.3) 

<Pro is the potential of the oxide level at the silicon-oxide interface as shown in 
fig. l.C, 

G 11 z = a.0 exp (-2 x0 Z) and apz = aP0 exp (-2 x 0 Z) (I.C.4) 

are the effective electron and hole capture cross-sections of oxide defects situated 
at the position Zin the oxide ; their values at Z = 0 are denoted by a110 ,apo· 
The factor 2x0 is a decay constant associated with the tunnelling of free holes 
and electroos at the silicon surface into oxide defects 3 - 6). 

In eq. (I.C.!) the quantities G 11 z, apz and 11 12 and p 1 z are functions of the 
distance Z into the oxide. At 10 A into the oxide the effective capture cross
sections will, if we u se the same value of 2x0 as in ref. 3-6, namely 108 cm- 1 , 

be 2.104 times Ie ss than at the silicon surface: this means that the recombina
tion-generation current due to oxide levels beyond I 0 A can for all practical 
purposes be neglected. The variation of 11 12 and p 1 z with Z is determined by 
the factor exp (± (3 E0 ,): even if Eox is as large as 105 V /cm, p 1 z and 11 1 z will 
only have changed by a factor of 1·2 over 10 A. Thus we can assume 11 12 

and p 1 z to be essentially constant between Z = 0 and Z = 10 A. If we note 
that exp (-2 x 0 Z) « I when 2x0 = 108 cm- 1 and Z = 10 A then evalua
tion of eq. (I.C. I) between the limits Z = 0 and Z = 10 A yields 

Vs= 

Nr ox 

a no [11s + 11; exp {(3 (<Pts - <Pro) }] -! a pO [Ps + 11; exp {-{J ( <Pts- <Pro)}] 2xo 
(I.C.5) 

A comparison of eq. (I.C.5) with eq. (I.A.1) shows that a mono-energetic oxide 
level is equivalent to a single recombination-generation level at a silicon surface 
with a defect density of Nr 0 , /2 x 0 per unit area. 

Trap occupancy 

The number of electroos which under steady-state conditions are present in 
defects located at a distance Z into the oxide, is given by eq. (l.A.9) if a"" 
a ps and <Pts- <Prs in this equation are replaced respectively by a 11 z, a pZ and 
<Pts- <Prs + Eox Z. The total number of electroos trapped in oxide defects 
under steady-state conditions is obtained by integrating the modified form of 
(I.A.9) across the oxide. 

The problem of occupancy of oxide defects is in practice quite complicated. 



-85-

The further oxide defects are from the Si0 2-Si interface, the Jonger the time 
needed befare they are in equilibrium with free carriers at the silicon surface. 
The time dependenee of the charging of oxide defects, which is considered in 
ref. 3-6, can cause hysteresis effects in C-V and diode-current versus gate
voltage plots. The samples which we studied in chapter 3 had such small 
amounts of defects needed to explain the surface currents that the change of 
charge on the deftcts, even if they are located in the oxide, could be ignored 
compared to changes in the silicon-surface space charge. Furthermore the plots 
of diode current versus gate voltage for the samples of chapter 3 exhibited 
negligible hysteresis. This indicates that even if oxide traps are responsible for 
the surface currents the charging of these traps can be ignored. 

I.D. Distribution of oxide defects uniform in energy and space 

The recombination-generation rate Us due to defects uniform both in energy 
and space in the oxide, and of density 1], ox per unit energy per unit volume, 
can be derived as fellows. Sectien J.C showed that a uniform distribution 
(density N, ox per unit volume) of oxide defects conesponding to one energy 
level in the oxide, can be represented from the point of view of recombina
tion-generation by an effective density, N, oxf2x0 per unit area, of defects 
located at the silicon surface and also corresponding to a single energy level. 
This means that Us for a single oxide level can be extended to the case of a 
uniform distribution of oxide energy levels in the same way as we extended in 
sec. I.B the case of a single surface level to a uniform distribution of surface 
levels. In fact it can easily be shown that the expressions for Us in sec. J.B are 
applicable to oxide defects uniform both in energy and position: 1Jrs in the 
expressions for Us in I.B must be replaced by the effective density 1)1 oxf2)(_0 

per unit area per unit energy. 
The steady-state number of electrans in the oxide defects as a function of 

silicon-surface band bending can be obtained by integrating with respect to 
position and energy eq. (I.A.9), which is modified as described inthelast para
graph of l.C. The same remarks made in this paragraph in conneetion with the 
occupancy of a mono-energetic oxide level also apply to the present distribu
tion of oxide defects. 

l.E. Silicon-surface space charge 

Equation (2.6) relates the silicon-surface space charge to the surface poten
tial 1p5 , when thermal-equilibrium conditions exist at the silicon surface. We 
will now present expressions which relate the space charge and '~Ps under steady
state non-equilibrium conditions. 

Salution of Poisson's equation 2 - 7 ) subject to the assumptions (ii), (v) and 
(xi) of this appendix 1, yields Qsi ', the silicon-surface space charge for non
equilibrium conditions: 
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Qst' = ± 2Ldqn; [}, exp {f3(c/>Fp-</>F)} {exp(-{37p.)-l} + 

+ ~ exp {-{3 (</>Fn- </>F)} {exp ({31p5 ) -1} + f31J!s (À + i) J12 

(+) if f31J!s < 0; (-) if f31J!s > 0. 

(I.E. I) 

For n-type silicon we can write for the departure Llp of the hole density from 
its thermal-equilibrium value at the edge of the surface space-charge region 
near the neutral bulk: 

(I.E.2) 

Equation (I.E.2) gives 

À exp {{3 ( <!>Fp- </> F)} = Llpfnt + À. (I.E.3) 

Upon letting <!>Fn = <I>F in eq. (I.E.!) and using eq. (I.E.3) we obtain 

[ 
Llp ]1/2 

Qst' = ± 2 Ld q nl Qst 2 + (2 Ld q nt)2 -;;: {exp (-f3 VJs) - l} ; 

(I.E.4) 
( + ) if {3 "Ps < 0; (-) if f31J!s > 0. 

When Llp is known Q5 / can be calculated for any particular value of "Ps by 
using the curves of fig. 2.2(a) and (b). 

Similarly, upon letting <!>Fp = </>F in eq. (I.E.l) and using 

(I.E.5) 

we obtain 

(+) for f3 '1jJs< O; (- ) for f3 1J!s > 0. 
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APPENDIXII. CHANGE WITH DISTANCE OF MINORITY-CARRIER 
QUASI-FERMI LEVEL ALONG A SURFACE SPACE-CHARGE REGION 

For definiteness we consider a p+ n-gated diode such as illustrated in fig. 5.1; 
we wil! derive expressions which relate the average separation per cross-section 
between the electron and hole quasi-Fermi potentiallevels inside ABCDA of 
fig. 5.1 to the distance x from the edge AD. A non-linear second-order differen
tial equation descrihing the relationship wil! fi.rst be derived , but because of its 
complexity a simpler approach is also considered. Although this latter approach 
is subject to quite a number of simplifying assumptions we fee! that it is still 
sufficiently accurate to indicate general trends as regards the dependenee of the 
minority-carrier quasi-Fermi potential on various device parameters. 

The expressions to be presented are subject to a number of simplifying 
assumptions. The forward diode voltage is limited to values such that the excess 
injected-minority-carrier concentration along the edge DCB is much less than 
the doping level of the homogeneously doped n bulk. For the foregoing reason 
the quasi-Fermi level for electrons inside and outside the surface space-charge 
region ABCDA (fig. 5.1) is assumed equal to its thermal-equilibrium value. We 
limit the surface potential under the gate electrode, along the edge AK in fig. 
5.1, to val u es such that the number of holes inside the space-charge region is 
negligible compared to the number of exposed ionized donor a toros. This allows 
the u se of the depletion approximation 5 - 3 •4 ) so that potential "P and di stance z 
inside ABCDA are simply related as follows : 

The x component of the current inside ABCDA is 

dtj>Fp 
10 , = -q !J-0 p(x,z) - - , 

dx 

(II.A.l) 

(II.A.2) 

where fl-o is the hole mobility, p(x,z) the hole density at point (x ,z) and 4>Fo 
the hole quasi-Fermi potential. Integrating across the space-charge layer be
tween z = 0 and z = zd (see fig. 5.1) we obtain the total current l(x ), per unit 
gate width, which flows in the x direction through a cross-section of the region 
ABCDA; the cross-section is parallel to the edge AD and distant x from it: 

zdd.l. 

J 'I'Fp 
l(x ) = - q fl-o - - p(x,z) dz. 

dx 
0 

(II.A.3) 

We assume that the separation V J between the quasi-Fermi potential at the 
point x is approximately independent of z so that we can represent it by some 
average value VJ(x ). This assumption implies that current flow in the z direc
tion is sufficiently small as to cause only a small change in 4>Fo from z = 0 
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to z = zd. This assumption is justified by the work of refs 5-5 and 5-6 where 
the range of its validity is extensively considered. Because the quasi-Fermi level 
for electroos has been assumed equal to its thermal-equilibrium value and 
noting that 

p(x,z) = Pno exp ({3 V;(x)) exp (-f31p) 

we obtain from eq. (II.A.3): 

d VJ(x) fzd 
/(x)= -q flvPno exp ({J VJ(x)) -- exp (-{J 1p) dz. 

dx 
0 

We can also write 
d/(x) . , . , 
~ =-(15 + lb ); 

(ILA.4) 

(II.A.5) 

(ILA.6) 

i: is the net recombination current per unit area along the edge AB in fig. 5.1; 
this current is in general a function of x and can be obtained by using eqs (3.1 b ), 
(3.3a) and (LB.6) if we consider for instanee a uniform distri bution of recombi
nation- generation levels at the centre of the energy gap at the silicon surface; 
ib' is the current per unit area which is caused by bulk recombination-genera
tion eentres under the surface AB. In general it consists of two components: 
i0' nb• due to the quasi-neutral bulk surrounding the region A BCDA and ib' sp• 

due to the space-charge region ABCDA itself. The former component is 5 - 7 > 

. , q DpPno 
zv nb = - - {exp ({3 VJ(x)) - I} . 

LP 
(II.A.7) 

For the case of a single recombination-generation level, the latter component 
can be obtained by integrating (numerically) across the space-charge region 
(z = 0 to z = zd) the expression (4.4) of ref. 5-8: for a single level at mid
gap and with electron and hole lifetime equal to r we get 

exp (/3 V;(x)) - I Jzd dz 
ib'sp = q Pno · 

r 2n; + nn0 exp(f31p) + Pnoexp(f3 V;(x))exp( -f31p) 
0 

(II.A.8) 

By differentiating eq. (II.A.5) with respect to x and using eq. (fl .A.6) we 
obtain 

d 2 Vix) (dVix)) 2 exp(- f3 Vix)) ., . , - - + f3 -- - (zs + lb) = 0, 
dx2 dx B 

(II.A.9) 

where 
Zd 

B-q Pno flv J exp (-f31p) dz 
0 

can be evaluated with the aid of eq . (II.A.l ). 
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Because of the complexity of eq. (II.A.9) we now consider a simpler approach 
for estimating the change of the minority-carrier quasi-Fermi potential. We 
initially assume the quasi-Fermi potentials to be constant and separated by an 
amount equal to the applied diode voltage, everywhere inside the region 
ABCDA in fig. 5.1. Subject to this condition we calculate the surface and bulk 
currents which are similar to components i/, ib' 'P' and ib' nb just considered, 
except that these new currents which we label i., ib sp and ib nb respectively are 
now assumed to be independent of x . We now relax our initia! assumption of 
constant quasi-Fermi levels, and calculate the distance A from the edge AD of 
the point at which the separation V J(x) between the quasi-Fermi poten ti als has 
been reduced to zero by the foregoing current components i., ib sp and ib nb· 

For this calculation however we still retain the assumption that the electron 
and hole concentrations inside A BCDA in fig. 5.1 are independent of x and 
correspond to those values for which the quasi-Fermi potentiallevels are sepa
rated by an amount equal to the applied diode voltage V1 (0). In practice of 
course both i., ib sp ib nb and the carrier concentrations will be functions of x. 
However, the simp Ie approach used here is sufficient to indicate general tre:1ds; 
in any case it gives an idea of the range of validity of the assumption of constant 
quasi-Fermi potentia[ levels inside a field-induced surface space-charge region. 
Subject to the preceding simplifying assumptions we obtain 

( x) d VAx)Jzd 
!(x) = A (is + ib) I - A = -q flv ~ p(O,z) dz. 

' 0 

Salution of (II.A.I 0) subject to the conditions 

we obtain 

where 

V1 (x) = VJ(O) 

V1 (x) = 0 

applied diode voltage at x = 0, 

at x= A, 

A~ [2q ~" V,(O) j'p(O,z) dzr. 
Is+ lb 

p(O,z) = Pno exp {/3 VJ(O)} exp (- (J 1p), 

(ll.A.JO) 

(IJ .A. ll) 
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List of syrnbols 

Ag area of metal electrode on oxide 

c = 4 n/f(ns + Ps)2 

c. 
CO< 
Cst 

Cs; min 

dO< 
Dp 
EO< 
ftsn,Jzsp 

h 

LIJss ma. 

equivalent small-signal series capacitance of MOS sandwich 
equivalent capacitance of oxide per cm2 

silicon-surface space-charge capacitance per cm2 

high-frequency silicon-space-charge inversion capacitance per cm2 

oxide-layer thickness (cm) 
hole dilfusion constant (cm2 /s) 
electric field in the oxide 
fraction of surface traps corresponding to a single energy level 
occupied by electrans and holes 
distance from metal-oxide interface of effective oxide-sheet charge 
(see fig. 2.1) 
surface current per cm2 

bulk current per cm2 of surface 
bulk current in field-induced surfacespace-charge region per cm2 

of surface 
quasi-neutral bulk current per cm2 of surface 
total diode current (A) 
total surface current (A) 
part of gated diode current due to silicon surface under gate elec
trode 
maximum value of LIJ •• 

k Boltzmann's constant 
I distance into epitaxial n layer from edge of surface space-charge 

layer under gate electrode (see fig. 4.1) 
Ld (s5J 2 q n1 {3)1 12 , Debye length (cm) 
L width of epitaxial n layer (cm) (see fig. 4.1) 

m - 4 n/ /(ns + ap.)2 

n total number of electroos trapped in surface-state levels per cm2 

of surface 
n1 intrinsic electron density per cm3 

n. silicon-surface concentration of electrans per cm3 

n1s n 1 exp {(3 ( </>1s- </>,5 )} per cm 3 

n1 z - n1 exp {(3 (</>;s- </>, 0 + E0 , Z)} per cm3 (see fig. I.C) 
n. steady-state non-equilibrium concentration of electrans at the edge 

of a surface space-charge region in n material per cm3 

n.0 thermal-equilibrium electron concentration in n material per cm3 

N, s concentration of interface defects which correspond to a single 
energy level at the silicon surface per cm2 
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N, ox concentration of oxide defects which correspond to a single energy 
level in the oxide per cm3 

Ps silicon-surface concentration of holes per cm 3 

Pts = n1 exp {{3 (</>rs- </>;s)} per cm 3 

Ptz = nt exp {-{3 (4>ts- 4>ro + Eox Z)} per cm 3 (see fig. I.C) 
Pn steady-state non-equilibrium concentration of holes at the edge of 

a surface space-charge region in n material per cm3 

Pno thermal-equilibrium hole concentration in n material per cm3 

Llp steady-state departure of the hole concentration from its thermal
equilibrium value at the edge of a surface space-charge region per 
cm3 

q electronic charge 
Qox equivalent density per cm 2 of fixed charge in the oxide (see fig. 2.1) 
Q,. equivalent density per cm2 of charge in surface states (see fig. 2.1) 
Q51 thermal-equilibrium silicon-surface space charge per cm2 

Q51 ' steady-state non-equilibrium silicon-surfacespace charge per cm2 

Qer total effective charge in MOS sandwich corresponding to the 
charge in ionized surface-state levels, and eentres in the oxide and 
a work-function difference between the metal and the silicon 

r radius (cm) (see fig. 4.1) 
r 0 radius (cm) of n+ region in fig. 4.1 
rL radius (cm) of outer edge of gate electrode of device in fig. 4.1 
R. equivalent series resistance of a MOS sandwich 
s surface recombination-generation velocity (cm s- 1) 

Smax maximum value of s 
T absolute temperatuure 
u. surface recombination-generation rate per cm2 

Us max 
-
V 

maximum value of Us 
average thermal velocity assumed equal for holes and electrans 
(cm s- 1) 

V0 voltage on metal electrode on oxide 
1Vg 1 - V02 : voltage difference needed on metal electrode on oxide to charge 

interface states (see fig. 2.6) 
V J applied diode voltage 
VJF applied forward diode voltage 
V JR applied reverse diode voltage 
VR value of Vg needed to bring the Fermi level to the centre of the 

energy gap at a silicon surface 
V1 part of VR needed across the oxide of a MOS sandwich to cancel 

the infiuence of fixed oxide charge and surface state charge and 
any work-function difference between the metal electrode and 
intrinsic silicon 
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difference, for a gated diode, between the gate voltage for which 
the surface current is a maximum for a forward diode voltage of 
50 mV, and other larger diode voltages 
distance in fig. 1.4(a) from the edge AD along a field-induced 
surface space-charge region 
distance in fig. 1.4(a) from the edge DC 
depth of field-induced surface space-charge region 
distance into oxide from Si02-Si interface (see fig. I.C) 

bulk doping level divided by n1 

density per cm 2 per eV of a uniform distri bution of recombina
tion-generation eentres at a silicon surface 
density per cm3 per eV of a uniform distribution of recombina
tion-generation eentres in the oxide 
thermal-equilibrium bulk hole concentratien divided by n1 

thermal-equilibrium bulk electron concentratien divided by n1 

distanèe from the edge AD (fig. 1.4(a)) of the point at which the 
electron and hole quasi-Fermi levels are no longer separated from 
each other 
dielectric constant of silicon (I ·06.10- 12 Fjcm) 
dielectric constant of silicon dioxide (3 ·8.1 o- 13 Fjcm) 
specific resistivity of silicon 
capture cross-section of surface states for holes and electrans 
value of avs and ans when they are equal (cm2) 

effective hole and electron capture cross-sections of oxide defects 
at the silicon-silicon-dioxide interface (cm2 ) 

value of avo and a no when they are equal 
effective hole and electron capture cross-sections of oxide defects 
distant Z into oxide from the Si02-Si interface (cm2 ) 

bulk electron and hole lifetime assumed equal 
quasi-Fermi potential for electrans and holes (V) 
Fermi potential for roetal electrode on oxide (V) 
work function of metal electrode on oxide (V) 
potentials in the bulk of the conduction- and valenee-band edge 
and the centre of the energy gap (V) 
values of </>c, </>v, </>1 at the silicon surface (V) 
potential of a trap level at the silicon surface (V) 
potential of an oxide trap level at the Si02-Si interface (V) 
potential of an oxide trap level at a distance Z into the oxide from 
the Si02- Si interface (V) 
electron affinity of silicon (V) 
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lp, potential of silicon surface (V) 
lp 1 defined by equation I /]lp 11- I = exp (1/J lp1 1)/C2 : the silicon 

surface becomes inverted when lps > lp; (p-Si) and when 
lp5 < lp; (n-Si) 
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Summary 

This thesis is predominantly concerned with a study of the electrical nature 
of surface states. These are caused by defects at and near an oxide-silicon inter
face. 

Chapter 1 presents some idea of the importance and need for such a study: 
it also contains a qualitative introduetion to the various measuring techniques 
applied in the succeeding chapters. 

Chapter 2 includes a convenient so-called C-V method. We developed this 
technique to study the energy distribution and the density of surface states 
at an SiOrSi interface. This methad is used to study metal-oxide- silicon sand
wiches: it requires the formation (by a d.c. voltage) of a space-charge region at 
the silicon surface. Thermal equilibrium exists in this region except for very 
small disturbances caused by an a.c. measuring signa!. Results are presented 
wh.ich illustrate the presence of large numbers of interface-state levels at an 
Si02- Si interface, their remaval by eertaio heat treatments, and their depend
enee on the crystal orientation of the silicon surface. Of the three orientations 
<I ll ), <I 10) and < 100) the latter had the smallest number of interface states. 

The presence of interface states and their distribution being established, 
chapters 3 and 4 consider the steady-state behaviour of a silicon surface strongly 
disturbed by an applied d.c. voltage from its thermal-equilibrium condition. 
Under these circumstances recombination or generation currents occur at the 
Si02- Si interface. The physical nature of these currents is studied with the aid 
of so-called gated-diode structures. The currents are shown to be related to 
interface-state levels at and near the centre of the energy gap of the silicon. 
The energy distribution of these levels is practically uniform. The physical 
model which uses the foregoing surface states leads to extremely good agree
ment between theory and measurement as regards the surface currents. The 
validity of the model is emphasized by the consistency of th.e results for two 
fundamentally different types of measuring devices. 

In the analysis of surface-cmrent measurements equal values were assumed 
for the electron and hole capture cross-section of the interface states. This was 
justified by experiment. The value 5.10- 16 cm2 was measured for the capture 
cross-section. Measurements of surface currents on carefully processed slices 
with <100) crystal orientation yielded a value as low as 2.109 cm- 2 eV- 1 for 
the density of surface states. It is also demonstrated that the measurements 
cannot be explained in terros of a single recombination- generation level either 
at the silicon surface, or in the oxide. It is shown, however, that practically the 
expressions, which describe recombination- generation currents due to a uni
form distribution (spatially and energetically) of oxide eentres are the same as 
those which are based on a uniform distribution of levels located at the 
silicon surface. However, even if oxide eentres are responsible for the meas-
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ured surface currents, we show that only those within 10 A of the Si02-Si 
interface will be active in causing surface currents. 

Chapter 5 considers in more detail than hitherto the minority current flow 
in the surface space-charge layer of a gated diode. This study shows the follow
ing. The range of influence of a diode voltage under a gate electrode can depend 
on the value of the applied gate voltage, especially when the length of the gate 
electrode is larger than the minority-carrier dilfusion length in the bulk 
material under the gate electrode. The minority-carrier current along a surface 
space-charge region consists of three components. These are caused by recombi
ation-generation eentres at the Si02-Si surface and by bulk recombination-gen
eration eentres in the surfacespace-charge region, and in the quasi-neutral bulk 
surrounding this space-charge layer. At higher values of forward diode voltage 
this latter component completely dominates the other two. Finally, with the 
aid of experiments, and a very simple quantitative model we explain discrepan
cies between theory and measurements as regards the behaviour of surface 
recombination-generation currents. These discrepancies occurred in some of 
our gated diodes. Some discrepancies have already been mentioned, but incor
rectly explained by other workers. Our explanation is based on non-constant 
quasi-Fermi level potentials along the surface space-charge region under the 
gate electrode. 
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Samenvatting 

Dit proefschrift houdt zich hoofdzakelijk bezig met de bestudering van de 
elektrische eigenschappen van oppervlaktetoestanden. Deze worden veroor
zaakt door defecten op en nabij een oxyde-siliciumgrenslaag. Deze defecten 
veroorzaken niveaus in de verboden zone van het silicium. 

Hoofdstuk l geeft een idee van het belang en de noodzaak van een dergelijke 
studie; het bevat ook een kwalitatieve inleiding van de diverse meettechnieken 
welke toegepast worden in de volgende hoofdstukken. 

Hoofdstuk 2 omvat een geschikte zogenaamde C- V methode. Deze meet
methode ontwikkelden wij om de verdeling naar oppervlak en energie van 
oppervlaktetoestanden aan een Si02-Si grensvlak te bestuderen. Deze methode 
wordt gebruikt om metaaloxyde-silicium "sandwiches" te bestuderen, het ver
eist de vorming (door een gelijkspanning) van een ruimteladingsgebied aan het 
siliciumoppervlak. Er bestaat thermisch evenwicht in dit gebied, met uitzon
dering van kleine verstoringen die worden veroorzaakt door een klein a.c. 
meetsignaal. Resultaten worden gepresenteerd die de aanwezigheid van een 
groot aantal oppervlaktetoestanden aan een Si02-Si grenslaag aantonen, be
nevens hun verwijdering bij bepaalde warmtebehandelingen, en de afhankelijk
heid van de kristaloriëntatie van het siliciumoppervlak. Van de drie oriëntaties 
< 111 ), (I I 0), < 100) heeft de laatstgenoemde het kleinste aantal oppervlakte
toestanden. 

Na de aanwezigheid van oppervlaktetoestanden te hebben vastgesteld, en hun 
verdeling per eenheid van oppervlak en energie, houden de hoofdstukken 3 en 4 
zich bezig met het stationaire gedrag van een siliciumoppervlak dat door een 
aangelegde gelijkspanning sterk afwijkt van de thermische evenwichtstoestand. 
Onder deze omstandigheden komen generatie-recombinatiestromen voor aan 
het Si02- Si grensvlak. Het physische gedrag van deze stromen wordt bestu
deerd met behulp vanzogenaamde "gated diodes". Aangetoond wordt het ver
band tussen deze stromen en die oppervlaktetoestanden, waarvan de niveaus 
rond het midden van de verboden zone liggen. De energieverdeling van deze 
niveaus is vrijwel homogeen. Een physisch model dat gebruikt maakt van voor
noemde oppervlaktetoestanden leidt tot buitengewoon goede overeenstemming 
tussen theorie en meting wat deze stromen betreft. De geldigheid van het model 
wordt benadrukt door de consistentievan de resultaten voor tweeverschillende 
typen van "devices " . 

Bij de analyse van de gemeten oppervlaktestromen is verondersteld dat de 
invangsdoorsnede voor elektronen en gaten dezelfde waarde heeft. Uit de experi
menten blijkt dat dit gerechtvaardigd is. De gevonden waarde voor de invangs
doorsnede was 5.10- 16 cm2 • Metingen van oppervlaktestromen aan zorgvuldig 
behandelde plakken met <I 00) kristaloriëntatie leverden voor de oppervlakte
toestandsdichtheid de lage waarde van 2.109 cm- 2 eV- 1 op. Tevens wordt 
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aangetoond dat de metingen niet kunnen worden verklaard door een model 
waarin slechts één enkel niveau aan zowel het siliciumoppervlak als in het 
oxyde is aangenomen. Wij laten echter zien dat in de praktijk de uitdrukkingen 
voor de generatie-recombinatiestromen gebaseerd op een homogene verdeling 
(naar ruimte en energie) van centra in het oxyde, hetzelfde zijn als de uitdruk
kingen gebaseerd op een homogene verdeling van centra aan het siliciumopper
vlak. Zelfs wa.meer oxydecentra verantwoordelijk zijn voor de gemeten opper
vlaktestromen, kunnen wij aantonen dat slechts die oxydecentra die zich binnen 
10 A van de Si02-Si grenslaag bevinden, actief zijn als generatie-recombi
natiecentra. 

Hoofdstuk 5 beschouwt meer gedetailleerd dan voorheen de stroom van 
minderheden in de ruimteladingslaag aan het oppervlak van een "gated diode". 
Deze studie toont het volgende aan. De invloedssfeer van de junctiespanning 
onder de "gate" elektrode kan afhankelijk zijn van de waarde van de "gate" 
spanning, vooral wanneer de lengte van de "gate" elektrode groter is dan de 
diffusieweglengte van de minderheden in het bulkmateriaal onder de "gate" 
elektrode. De laterale stroom van minderheden in het ruimteladingsgebied be
staat uit 3 componenten. Deze worden veroorzaakt door respectievelijk genera
tie-recombinatiecentra aan het siliciumoppervlak, bulkcentra in het ruimte
ladingsgebied, en centra in de quasineutrale bulk die de ruimteladingslaag om
geeft. Bij hogere waarden van de voorwaartsspanning van de junctie, is deze 
laatste component overheersend. 

Tenslotte verklaren wij met behulp van experimenten en een eenvoudig quan
titatief model discrepanties tussen theorie en metingen wat betreft het gedrag 
van oppervlaktestromen. Deze discrepanties kwamen voor bij enkele van onze 
"gated diodes". Enkele discrepanties werden eerder door anderen vermeld doch 
niet juist verklaard. Onze verklaring is gebaseerd op het niet-constant zijn van 
de quasi-Fermi-niveaus in het ruimteladingsgebied aan het oppervlak onder de 
"gate" elektrode. 
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The common practice of determining the sign and the amount of oxide charge 
from the relative positions of calculated and measured C-V curves can give rise 
to wrong conclusions. 
Chapter 2 of this thesis. 

JI 

The applied voltage needed across a MOS sandwich to achieve an intrinsic 
silicon surface is a more reliable reference quantity than the so-called flat-band 
voltage. 
Chapter 2 of this thesis. 

IJl 

Measurement of a C-V curve by an insufficiently high frequency can lead one 
to draw erroneous conclusions about interface states. 
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IV 
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their model for interface states. 
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V 

The anomalous behaviour in a gated-diode structure of surface-recombi nation 
current versus gate voltage is due to non-constant quasi-Fermi potentials 
and not to a statistica) distribution of oxide charge. 
Chapter 5 of this thesis. 
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VI 

A Dadington pair of transistors with an auxiliary d.c. current souree does not 
yield a noise performance superior to that of the best transistor. 

A. J . Broderson, E. R. Chene t te and R . C. Jaeger, FAN 13.6; 
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VII 

The analysis of O ' Hearn and Chang of the frequency dependenee of the capac
itance of abrupt p-n junctions is based on a number of erroneous assumptions. 
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The MOS-bucket-brigade technique offers more promise than the charge
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The dislocation theory proposed by Luque et al. to explain burst noise in planar 
transistors is not only unlikely but highly unrealistic. 

A. Luque, J. Mulet, A. Rodriguez and S. Segovia, Electronics 
Letters, 19 March, J 970. 

x 
Helfrich and also Penz incorrectly attribute the origin of space charges in a 
thin layer of nematic liquid crystal subjected to an electric field, to an aniso
tropy of the conductivity of the liquid. 
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XI 

Kaczér et al. incorrectly assume when calculating the energy of a stabie domain 
structure that in the demagnetized state the area of the domains is equal to 
the area with magnetization opposite to that of the domains. 

J . Kaczér and R. Gempelle, Czech. J. Phys. B 11, 510-523, 1961. 

XII 

Interruption of the voltage across a laser rather than the current through it, 
offers a more reliable metbod for measuring the lifetime of the lower laser level 
of a C02-gas laser. 

R . J . Carbone and W. J . Wit t ema n, Trans. IEEE QE-5, 442-447, 
1969. 
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Without W. B. Yeats the Irish literary revival might never have taken place. 
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The geographicallocation of Ireland is one of the main causes of its economical 
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