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CHAPTER I 

Introduction 

1 .1 The Need for a Low Temperature Active Device 

For more than a decade the need for active 

devices which will function at low temperatures has 
( 1 ) 

been recognized • It is possible to distinguish 

three principal reasons for operating semiconductor 

devices at low temperatures. One is that the device 

itself can inherently operate only at these temperatures, 

as is the case for example with the cryosar or the 

indium antimonide far infrared detector. For these 

two cases the use of the device is limited to conditions 

where low temperature facilities exist for other reasons 

or where the economic cost of providing them is thought 

to be justified. by the advantages obtained.with the 

devices in question. 

The second reason for low temperature operation 

may be the desire to improve the efficiency or to 

optimize some desirable characteristic of a device 

which is otherwise capable of operating at room temperature. 
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As before, the economic cost of obtaining the higher 

efficiency is seldom considered justified in practice. 

Finally, there is the potentially most important 

case of the use of semiconductor devices in conjunction 

with systems which themselves have to operate at very 

low temperatures. J.n example of this would be a low 

noise amplifier required to take full advantage of the 

excellent resolution of semiconductor radiation detectors 
(2)

operating at cryogenic temperatures • 

For such a detector it may be convenient to 

place the amplifier in the same bath as the remainder 

of the system since it is often desirable to amplify 

the weak signal and match the impedance of the detector 

to a terminated cable as close to the point of generation 

as possible. The advantages to be gained by performing 

these operations in the low temperature bath are 

reduced thermal noise, improved frequency response, 

and reduced pickup of interfering signals. 

1. 2 The MOS FET as a Low Temperature Active Device 

The conventional bipolar transistor is not 

suitable as a l<.·W temperature active device since 1 ts 

operation depends on the flow of minority carriers. 

The minority carrier concentration is proportional to 
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the square of the intrinsic concentration, which has 

both a cubic and exponential temperature dependence, 

causing the bipolar transistor to be extremely temperature 

sensitive. 

The unipolar insulated-gate field-effect 

transistor or MOS FET has no injection of excess minority 

carriers and consequently the temperature dependence of 

its'characteristics is expected to be small. The majority 

carrier concentration is almost constant down to very 

low temperatures and even at cryogenic temperatures 

when the substrate becomes "frozen out" it is still 

possible to form a surface channel by enhancement-mode 
(3)

operation • 

It has previously been mentioned that the most 

important use of an active device at low temperatures 

would be in conjunction with other systems which them

selves must be operated at low temperatures. In this 

respect the MOS FET is a very versatile device in 

that it can be operated in either of two regions of 

its current-voltage characteristics. First, it may be 

used in the unsaturated mode as an analog switch or 

variable resistor. In the saturated mode of operation 

the MOS FET would find use as an amplifier in conjunction 

with a radiation detector. 
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1.• 3 Summary of Contents 

It is the purpose of this report to determine 

the suitability of the MOS FET for low temperature 

(4.2°K to 300°K) use in both of the afore mentioned 

regions of operation. In the case of the unsaturated 

mode of operation the channel conductance variation 

with temperature is analysed and shown to be a function 

of mobility and bulk Fermi level variaiions with 

temperature. Discrepancies observed below 77°K are 

postulated to be due to the formation of a charge sheet 

near the silicon, silicon-oxide interface by trapping 

phenomena. In the saturated mode of operation the 

transconductance and 1/f noise variations with temperature 

are studied. A noise model based on tunneling of the 

carriers to traps located at the silicon, silicon-oxide 

interface is used to explain the experimental results. 

The distribution of these traps over energy and space 

is shown to play an important role in the low temperature 

behaviour of MOS FETS. 

The experimentation was performed with the use 

of two individual low temperature facilities. For the 

region of 770 K to 3000 Ka commercial temperature 

~hamber ( Delta Design) was used. A liquid helium 
''flit 
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cryostat with a proportional temperature controller was 
0

constructed to achieve temperatures below 77 K. The 

two systems are desribed in an appendix. 



CH.APTER II 

MOS Transistor Theory 

2.1 Physical Structure 

The device shown in Fig. 2.1 i s desi gnated as 

an n-channel, depl e tion type field-effect transistor. 

The term ori ginates in that the modula tion of Ia, the 

the channel current, by an external field is called the 

fi eld-effect. The control electrode is called the 

gate, the two ohmic con t a cts are the source and drain, 

and the semiconductor bulk material upon which the channel 

be tween the drain and source is form e d is called the 

su bstrate. 

To construct such a device one first starts with 

a sub s trate of p-type ma teri al. Two sepa rate low 

r esistivity n-type re gions are diffused into the sub

stra te. Next, the oxide layer is grown on the surface 

to a thickness of approximately 1000 i. Metallic 

con tact to the source and drain are made through holes 

etched throu gh the insulating oxide layer. The ga te 

metal are a is overlaye d ·on the oxide completing the 

device. 

- 6
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FIG. 2. 1 n-CHANNEL MOS FET 

(a) CROSS-SECTIONAL VIEW 
(b) THE LINEAR STRUCTURE 
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This field-effect transistor has some interesting 

properties. The metal area of the gate in conjunction 

with the insulating oxide layer and the semiconductor 

channel form a capacitor which consequently gives the 

device a very high input impedance at low 'frequencies. 

The source and drain are fundamentally interchangeable, 

The most important feature of the field-effect transistor 

is, however, that there is no injection of excess 

minority carriers. The current is carried by majority 

carriers. 

2.2 Theory of Operation 

The following analysis is devided into two 

sections. The first gives a qualitative description of 

the internal workings of the MOS FET. The second con

centrates on a quantita tive discussion which, in due 

course, yields the characteristic equations describing 

the MOS FET. 

In the followin g qualita tive analysis extrinsic 

conditions which affect the conduction properties such 

as oxide trap s, silicon surface states and ionic centers 

within the oxide are lumped to gether in a single effective 

cha r ge term, Qss· Furthermore Qss is assumed to be 

constant and located at the silicon, silicon-oxide inter

face. 
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2.2.1 Qualitative Analysis 

There are three distinct conditions or regions 

which may be found at the semiconductor surface that 

are important to MOS FET operation. They are the .;; __,_; 

accumulation, depletion, and inversion regions and are 

controlled by the external bias on the gate electrode. 

Generally, for an oxide-passivated surface, surface 

states or energy states at the silicon, silicon-oxide 

interface act as ionized donors whose effect is the 

same as a positive applied gate voltage. In the 

follo wing discussion drain-to- s ource voltage is assumed 

to be so small as to be negligible. 

The energy band diagram of an n-channel, 

depletion type MOS FET under zero applied gate volta ge 

is shown in Fi g . 2.2. Electrons from within the p-type 

bulk a re attracted to and accumula ted at the surface 

because of the positive surface state charge. Accumula

tion results in a downward bending of the conduction 

and valence bands. The closer the conduction band is 

bent towards the Fermi level, which is set by the sub

stra te doping , the he avier the surfa ce concentration 

of electrons becomes. Figure 2.2 illustrates the charge 
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Distribution for the n-Ohannel 

MOS FET with Vg = 0 
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density distribution. The positive charge per unit 

surface area, Qss, must be exactly balanced out by the 

negative charge accumulated near the silicon surface. 

If a small positive bias is now applied to the gate, 

additional band bending and accumulation result. Again 

the total positive charge must equal the total negative 

charge so as to maintain charge neutralitJ; 

No bending of the bands exists if a negative 

voltage is applied to the gate such that it just counters 

the ef.fect of Qss• .A condition which is known as the 

flat-band case is thus set up. Further application of 

a negative gate voltage repels from the channel region 

the mobile electrons and causes the depletion region 

to extend to the surface. At this voltage conduction 

can no longer take place. 

Condu~tion between then-type drain and source 

occurs only while electrons provide the conducting path. 

The voltage at which the conduction tends to zero is 

called the pinch-off voltage • .At present it is 

sufficient to define the pinch-off voltage as that 

voltage at which the minority carrier density at the 

surface equals the majority carrier bulk density. This 

is shorm pictorially in Fig. 2.3. A more elaborate 

definition will be given in the following chapter. 
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The end of actual conduction is not an abrupt process 

in Which the channel is completely depleted of carriers 

but a gradual process. The minority carriers and majority 

carriers within the channel are decreasing and in

creasing continuously and at a finite rate for changes 

of gate voltage. 

2.2.2 Quantita t ive Analysis 

In order to bring out some of the important 

physical parameters which control the electrical 

cha racteristics of the surface channel in the MOS FET 

an analysis based on the theory developed by o. T. Sah 

is given next (4,5). 

Approximations made to develop the theory are 

as follows: 

a) The mobility of current carriers in the channel 

is inde~endent of the electric fields. 

b) The variation of the channel thickness is small 

along the length of the channel. 

c) 	 The thickness of the dielectric over the 

channel region is assumed to be much greater 

than the channel thickness. 

d) 	 Parasitic resistances ( such as at the source 

and drain are assumed to be so small as to 
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be negli gible. 

e) The channel is completely shielded from the 

drain, so no drain-to-channel feedba ck exists. 

f) Doping of the substrate is uniform and non

degenerate. 

g) The drain current consists only of channel 

current. Leakage currents a re neglected. 

·h) The gate dielectric is considered to be a 

perfect i nsulator. 

i) The 'effec·ts; of surface sta tes and interface states 

are lumped together in a single effective cha r ge 

te r m which is assumed to be constant for all 

condition s. 

j) . 	 The bulk cha r ge is dependent on the drain to 

source voltage. 

The follo wing "plan of attack" was used by Sah 

to de rive the de vice equa tions. By inte grating the 

channel current densi t y over a cross section of the 

channel the problem of obtaining the ex te r na l termina l 

cu rre nt was redu ce d to that of finding the tota l charge 

i n the channel. Sah then proce e ded by summing a ll the 

syste m cha r ge to ze ro and relating it to the ga te 

vo l t a ge by the u s e of Gauss' Law. The expre ssion , -' 1ms 

ac hieved, wa s in t egr a t ed over the len gth of the chann el 
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and over the dra in to source voltage to obta in the 

followin g device equa tion: 

2
Ia= unCo(Z/L)[(vg - fOso - ¢ms+ Qss/C 0 )Vd - Va /2 

3 2 
- - (4¢fvb/3){(1 + vd/2¢f) / _ 1]] 	 (2-1) 

where: ¢so= 	¢s0 (Vg) is the surface potential for zero 

drain to source bias. 

>Oms= 	 ¢m - X - !¢g - ¢f is the work function 

difference between the metal gate and the 

semiconductor ( see Fig. 2.2 ) • 

. is , 
' 

the effective bullc cha r ge voltage. 

A number of l ow-frequency small signal parameters 

may be obtained from Eq. (2-1 ). The drain conductance, 

which is defined by gd = (~Ia/dVa) \vg is given by 

gd = (unCoZ/L) 	[(vg - Va - ¢so - ¢ms+ Qss/Co) 

- vb /1 + ( v a/ 2¢ f ) J 	 (2-2) 

The condition of zero drain conductance may be 

used to define the pinch-off voltage for the gate when 

the dra in to source bias is zero. This is then the 

voltage which must be applied to the gate to induce or 

cut of the channel conductivity. From Eq. (2-2) 
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(2-3) 

The drain conductance written in terms of this 

pinch-off voltage is 

The condition of zero drain conductance at any 

drain voltage may be used to define the drain saturation 

volta~e, Vas• For drain voltages greater than this 

value the drain current is saturated to a constant value 

independent of the drain voltage and the drain conductance 

is zero. The drain saturation voltage may be obtained 

from Eq. (2-4) and is related to the gate pinch-off 

voltage by 

(2-5) 

The more explici·t form obtained from solving the 

qua dra tic equation is 

(2-6) 
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In terms of the drain saturation voltage the 

drain saturation current is 

Ias = (unCoZ/L)(Vds 
2/2 + V,bVas/1 + (Vdsf2¢f ) 

3 2 
-(4,0fVv3)[(1 + Vas/2,0f) / - 1]) (2-7) 

The transconductance is another useful small 

signal parameter which may be derived from Eq. (2-1) 

and ' is given by 

gm= (oia I ~vg)va 

= (unC 0 Z/L) [1 - (a¢so / avg )] Vd (2-8) 

Calculations carried out by Sah{ 5 )have shown that the 

effect from the term ( · d ¢so/ d Vg ) is rather small 

and the entire effect of the bulk charge is essentially 

contained in the drain ~oltage. The transconductance 

can therefore be approximated by 

and its maximum, which occurs at saturation, is 

(2-10) 


Sah has noted that the theory he has developed 

is not entirely valid over the complete extent of the 

current-voltage characteristics. Discrepancies between 
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the theoretical and experimental va lues are to be 

expected because the theory was developed on the basis 

of the gradua l channel approxima tion. Discrepancies 

will thus be found in the transition re gion of the 

current-voltage characteristics and also in the low 

current re gion near pinch-off (i.e. vg~Vp)• Here the 

inversion layer is not yet fully formed and the gate 

electric field termina tes on compara ble quantities of 

mobile charge ( in the channel area) and immobile 

charge in the depletion re gion beneath the channel ). 

The gate volta ge no longer controls the channel con

ductance in the manner stated by Eq. (2-1) because of 

this fact. 

It is evident from Eq. (2-1) and Eq. (2-3) that 

if both the drain-to-source voltage and the gate voltag e 

are maintained cons t ant the drain current will vary with 

temperature due to the tempera ture dependence of both 

the channel current mobility, un, and the pinch-off 

voltage, VP~ These two important mechanisms which 

contribute to the temperature dependence of the MOS FET 

will be analysed in the following chapter. 
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2.·3 Low 1',requency Noise 

The circumstances in which 1/f noise has been 

observed, and the difficulties of explaining this 

prevalent type of ise spectrum by a specific mechanism 

have been discussed in many papers. One of the 

difficulties is that in general both majority and 

minority carrier free times are too short to account 

for very low frequency noise. .Additi nal "slow" events 

need to be involved. 

Orte explanation of the noise spectra of MOS 

tra.nsistors, based on an equivalent circuit for the 

semiconductor surface, has been given by A. Jordan and 
(6)N. Jordan • They concluded that fluctuations of 

the minority carrier concentration dominated the low 

frequency noise. The noise spectrum, they obtained, 

depends on t'. .e depletion layer capaci ta.nee and not the 

surface state density. Experiments have shown that 

the low frequency noise in MOS FETs has a 1/f spectrum 

down to very low frequencies and is directly proportional 
( 7)to the interface state density It ls for this 

reason that a second model has been chosen to explain 

the experimental results. 
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(B)In this model the low frequency noise voltage 

spectrum for a MOS transistor is calculated under the 

assumption that a time constant dispersion giving a 1/f

spectrum could be caused by tunneling of carriers from 

the channel to traps located at the silicon, silicon

ox1de interface and to traps located in the oxide near 

the interface. The model predicts that the 1/f-noise 

is directly dependent upon the interface state densitty, 

mainly the density at the Fermi level at the interface. 

Christensson et al 
 calculated the equivalent
[

gate noise voltage for a MOS FET by determining the 

change in gate voltage necessary to keep the output 

( i.e. the drain current ) noiseless when the channel 

was 	subjected to charge fluctuations. Their model is 

summarized as follows. 

The frequency spectrum of the mean-square 
2 

fluctuation <(AASnt) > in the number of trapped carriers 

in an elemental volume .A is given by 

( 2-11 ) 

where: B = bandwidth of the system. 

=decay 	time constant of the capture process 

considered. 
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Nt = density of the traps considered (cm. 
-3). 

1 - is thefpt = 
1 + exp(Et - Ft)/kT 

fraction of filled states under steady 

state conditions. 

Et= trap energy level. 

Ft= quasi Fermi level of the traps. 

The elemental volume AA shown in Fig. 2. 4 is 

AA= Z dy dx (2-12) 

where Z is the width of the channel. 

The mean-square carrier fluctuation 

<(A.Abnt)
2 
:>= <(oN)2 ) (2-13) 

in an elemental volume A of the oxide ( in the term 

oxide is included the silicon, silicon-oxide interface 

region ) at a distance y along the channel gives a mean

fluctuation in drain current, <(bid) 2), given by 

2
Ia 

) (2-14) 
Ln(y) 

where n(y) is the carrier density per unit length in 

the channel at point y, and bN is the carrier 

fluctuation in the elemental volume AA. 
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Fig. 2.4 The Elemental Volume Zdydx in 

then-Channel MOS FET 
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From simple MOS FET theory it can be shown 

that 

Ia = 
uZC 0 

L ( Vds - : d ) V d (2-15) 

and 

n(y) = 
zoo 

\ V ds - V( y) I (2-16) 
q 

The frequency spectrum of the mean square 

fluctuation .in drain current due to the fluctuations 

in the number of carriers trapped in an elemental volume 

A.A. at the pointy along the channel may be written, 

using Eqns. 2-11, 2-14, 2-15, and 2-16 as 

dx av (2-17)ft fpt 

The transconductance, gm, is given by 

uO Z 
0 (2-18)= 

L 

The f ··e quency spectrum of the gate voltage 

compensating the charge fluctuations in the elemental 
2

volume liA of the oxide is thus S ~vn = Sna/gm 
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2Vas - Va 
S~vn = Nt ft fpt • 

C 2 Z L 2Va0 

av dxJ
(2-19) 

~~ lvds - v\ 

The total input gate noise voltage spectrum, 
2Svn =vn, is obtained by integrating eq_uation (2-19) 

over the distance into the oxide over which traps are 

distributed and over voltage from zero to the applied 

drain voltage Va· Generally there are two types of 

trapdistributions: a distribution in energy of traps 

over the silicon bandgap and a distribution over space 

inside the oxide. Furthermore, ft changes along the 

channel under non-equilibrium conditions, and i may 

change with distance along the channel, with distance 

from the interface, and with the trap energy level. 

The general formula for the spectrum of the noise 

voltage is then · 

V 2 = 4Bg2 2Vas - Va 
n ---

C02 Z L 2Va 

"Y (E, V, x) dx d E d V 
ft(E,V)fpt(E,V) 2 2 I (2-20) 

1 +w ~ (E, V,x) Vas - VI 
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where : Ee - Ev= bandgap energy of silicon 

dt( E ) = distance over which t ra1)S of energy 

E are distributed. 

N( E,x ) = t rap distributi on over energy and 

over distance in the oxi de . 

The above mathematical expression fo r t he input gate 

noise voltage was evaluated as fol l ows. 

The time constan t dispersiciri was f ound for a 

tunneling model by u se of SHOCKLEY-READ--HALL sta tistics. 

To calculate the p robability of find ing an electron at 

a distance x from t he interface a square pote n t ial 

barrier was u sed . The lowe ring of the potenti a l barrier 

by the i mage forc e was neglected. The final result 

obtained was a broa d 1/f-sp ectrum which preva iled up to 

the fr equ ency r egion where thermal noi se an d other noise 

mechanisms were more i mportan t . 

To ca lculate the magnitud e of the nois e required 

an integr a tion over voltage along t he channe l. Fo r 

s mal l drain voltages 1 i.e. near equil ibri um , t his simply 

For larger 

drain voltages , when t he f ac tor ftfpt also changed along 

the channe l, the i ntegrati on was more complicated. 

Christensso~ et a l calcul a t ed and compared this 

*w. Shockley and w. Read, Pys. Rev. 87, 835 , 1952 . 
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factor for different trap levels an d distribution. 

They found the difference in noise contribution from a 

continuous di s tribution of traps and a discrete trap 

level very sma ll at small drain voltages. Such was 

the case because of the small change in the position 

of the Fermi level at the surface along the length of 

the channel. Effectively it was almost the same tra p 

level causing the noise along the entire channel. A 

continuous tra p distribution was found more effective 

in noise generation at larger drain voltages because 

the Fermi leve l position in the band gap varied along 

the channel length. The traps in an energy region of 

about 4kT about the Fermi level were found most effective 

in noise generation. 

Taking together the different calculations of 

Christensson et al the noise voltage caused by trapping 

phenomena at the carrier Fermi level at the interface 

may be written in the 1/f region as 

( 2-21 )0.25 

· Nt(E) 4kT 
where: Nt::::::: 

qat 

Nt(E) is the trap distribution (cm. - 2 ev- 1 ) 

~ 
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2  ~l(){. = - j2 m*W and mis the effective mass,
.ri 

Wis the height of the barrier and 11. is 

Planck's constant divided by 2rr. 

Equation 2-21 lends itself to a theoretical 

calculation and explanation of the observed temperature 

dependence of the 1/f noise voltage spectrum. Further 

insight ~s to the effects of such parameters as gate 

voltage, dra in voltage, and trap density on the quantity 

of noise may also be gained. The effects of tempera ture 

changes on the quantity of noise will be discussed in 

the following chapter. 



CHAPTER III 


Temperature Dependence of the MOS FET 


3.1 The Channel Conductance 

The mobility of the free carriers in the channel 

between the drain and source will vary as a function of 

temperature. The mobility of the conduction band 

electrons in the channel will be dependent upon the 

scattering processes, and, in particular, the mean 

number of collisions per unit time mad e by an electron. 

As the temperature decreases, the number of electron-

lattice collisions per unit time also decreases. This 

increases the average drift velocity of the electrons 

and hence increases their mobility. It may therefore 

be said that a decrease in temperature will increase 

the conductivity of the channel by this higher mobility 

and thus will increase the drain current. 

The second factor to be considered is the 

temperature dependence of the pinch-off voltage. 

Examination of Eq. (2-3) leads to the conclusion that 

the temperature dependence of the pinch-off voltage, V,p 

may be caused by the temperature dependence of the 

-28
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bulk Fermi level, the bulk charge and the surface state 

charge. The bulk charge variation is explicitly 

dependent upon the movement of the bulk Fermi level 

with temperature ( see Eq. (2-1) ). The temperature 

dependence of the surface state charge is not as evident. 

It is likely that a more thorough study of the surface 

state charge will lead to a restatement of approximation 

(i) in chapter 2. 2. 

Investigations of temperature effects ( T>77°K) 

in MOS transistors have been reported by F. Heiman and 
(9) (10)H. Miller and also by L, Vadasz and A. Grove • 

Vadasz and Grove were able to show that the role of 

surface states in determining the temperature dependence 

of their samples was negligible. On the otherhand the 

density of surface states in the samples used by Heiman 

and Miller was so large that the influence of the bulk 

depletion charge and the variation of the mobility 

with temperature was overshadowed by the temperature 

dependence of the surface states. 

The following study is made with the assumption 

that, in the range 77°K < T < 300°K, the mobility 

variation with temperature and the bulk Fermi level 

movement with temperature are the significant factors 
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contributing to the temperature dependence of the MOS 

FET. By combination of these two factors a solution 

for the unsaturated channel conductance as a function 

of temperature is developed and found to be in reasonable 

agreement with experimental observations. The role of 

surface state trapping phenomena is discussed in the 

succeeding section. 

The drain conductance written in terms of the 

pinch-off voltage was given in Eq. (2-4). At very small 

drain voltages, when the channel is virtually homogeneous 

( Vd = .01 volts), Eq. (2-4) reduces to the following 

( 3-1 ) gd = unco ~i (Vg - VP) \ Va = .01 

Equation (3-1) states that the drain conductance curve 

plotted as function of gate voltage is a straight line. 

The gate voltage at which gd =0 is the pinch-off 

voltage. It was previously mentioned that the theory 

is incorrect in the region where Vg-:::::: VP because the 

end of conduction is a gradual process and not an abrupt 

one. However, for the ease of comparison between 

theory and experiment, VP will be defined as that voltage 

to which the straight line portion of the gd vs. Vg 

curve extrapolates for gd =O. 
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The pinch-off voltage given by Eq. (2-3) may be 

written as 

- Co 

+ )4qNfl.Ks€o¢f (3-2)
Co 

where: = 2¢f is the surface potential at which¢so 
(5,11)

inversion is considered to take place • 

Qb = - /4qNaKsEo¢f is the depletion region 

charge per unit area. 

¢ms= ¢m - X - i,g - ¢f is the work function 

difference between the metal gate and the 

semiconductor. Note: the temperature 

dependence of the energy gap has been 

df (12)neg1ec t edin compari son t o that Of ~ • 

C/f = 	kT/q(ln Nafn1 ) is the bulk Fermi level. 

At cryogenic temperatures ¢f eventually 

comes to rest at or in the vicinity of 

the impurity level and the above equation 

no longer holds. 
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The entire temperature dependence o.f the pinch

off voltage can thus be given in terms of ¢f• 

(3-3) 

where: =K0 E0 / t 0 x is the capacitance per unit00 

area of the oxide. 

Figure 3.1 illustrates the temperature dependence of 

the above equation for an acceptor doping of 1016 cm.-3 

and an oxide thickness of 1000 R. 
According to this theory the pinch-off voltage 

decreases in magnitude, almost linearly, with 

temperature. Below 100°K contributions to VP from 

the temperature dependence of the bulk Fermi level 

become progressively less and less important and the 

pinch-off voltage becomes almost independent of 

temperature. One might at first expect th:.t deionization 

of the impurity dopant would contribute to Vp• However, 

the effect of the impurity deionization is negligible 

as ¢r eventually comes to rest at or in the vicinity of 

the impurity level. 

Later it will be shown that experimental 

measurements indicate the pinch-off voltage to be more 
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temperature dependent below 77°K then at room temperature. 

A similar observation has been made by H. Nathanson ( 13) 

for both n and p channel MOS FETs. This implies that 

a more thorough examination of the role played by surface 

states is required because no other term in Eq. (2-3) 

can account for the large temperature dependence of the 

pinch-off voltage at cryogenic temperatures. 

3.2 Surface States 

(14)Many experiments indicate that there are two 

classes of surface states. States of the first class are 

called slow surface states or layer states because they 

exchange charge very slowly, if at all, with the bulk 

material. The time constants of charge exchange range 

from a few seconds to months. These states are intimately 

associated with the surface chemistry and with the oxide 

layer on the silicon. They are strongly affected by the 

ambient and are thought to be the result of ions absorbed 

by the thin oxide covering the surface of the semi

conductor. The density of these states appears to 

depend on the adsorption equilibrium with the ambient, 

and is not a constant of the surface except in ultrahigh 

vacuum. These states are of great importance in device 
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technology because they largely determine the initial 

surface potential. With present day manufacturing tech

niques the surface potential due to layer states has 

been made very stable and is relatively temperature 

independent ( 15). 

States of the second class are called fast 

surface states or chargeable interface states because 

they exchange charge with the bulk material with time 

constants ranging from milliseconds to microseconds or 

less. These fast surface states are thought to exist 

at or near the interface between the semiconductor and 

the oxide. Their density is unaffected by the atmos

pheric ambient. Unlike the layer state the chargeable 

interface states do have a temperature dependence in 

that they are capable of trapping free carriers. 

For the subsequent theory trapping is defined 

as the capture of a carrier followed by its subsequent 

release_back into the band from which it came, and not 

by the capture of the opposite carrier amounting to 

recombination. Schematically this process is represented 

in Fig. 3.2 by a center with allowed transitions only to 

one of the bands, the complementary transition being so 

much less likely that it may be neglected. 
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The number of trapped carriers at any one time 

is governed by Fermi-Dirac statistics. Taking into 

account the effects of spin degeneracy the probability 

of a trap site at energy Et being occupied is given 

by ( 16) 

f (Et) =-------- 	 (3-4) 
Et - Ef 

1 + g exp( ) 
kT 

where: g =	i for acceptor-type traps and g = 2 for 

donor-type traps. 

At equilibrium, the surface potential adjusts itself in 

such a way that the surface traps are filled in 

accordance with Eq. (3-4) and over-all charge neutrality 

exists. 

Taking into account the effects of surface state 

trapping phenomena the pinch-off voltage, previously 

given by Eq. (2~3), can now be written as 

The slow surface states are represented by Qss/C
0 

and 

are temperature independent. QtfC
0 

represents the fast 

surface states and is given by 
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(3-6) 

where: nt(E) = f(E) Nt(E) is the fraction of available 

trap sites occupied by electrons under 

steady state conditions. 

The complexity of Eq. (3-6) can be reduced if 

it assumed that all traps below· the Fermi level are 

completely filled and all traps above are completely 

empty (9). The total charge trapped in the interface 

states is then represented by an energy integral of 

Nt{E) up to the Fermi level. 

. Et 
Qt/ C0 = - q/C0 s Nt{E) dE (3-7) 

Ev 

Equation (3-7) states that Qt/0 0 will be dependent on 

both the position of tl~ Fermi level with respect to 

Nt(E) and to the density of chargeable interface states 

in the energy region under consideration as is 

illustrated in Fig. 3.3. 

It is necessary to digress for a moment upon 

the definition of the pinch-off voltage before an 

explanation of Fig. 3-3 can be given. When it was 

assumed that no trapping of the channel carriers 

occured the pinch-off voltage was defined as the gate 

voltageat which the beginning of conduction was possible. 
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However, with the trapping of minority carriers now 

being a possibility the gate voltage must be large enough 

to allow the traps to be filled in accordance with 

Eq. (3-7) before conduction between drain and sou~ce can 

occur. This additional gate potential which is required 

is represented by Qt/C
0 

• The pinch-off voltage may be 

determined in the same manner as before, although, 

empirically it may be more convienient to define or 

determine the pinch-off voltage at a specific drain 

current level. 

Returning to Fig. 3.3 the effects of trapping 

phenomena upon the pinch-off voltage should now be evident. 

At room temperature the density of trapped electrons in 

the interface states is small and the contribution of 

Qt/C0 to the pinch-off voltage is insignificant. When 

the temperature is decreased the Fermi level at the surface 

moves closer to the conduction band in order to maintain 

the pinch-off condition. As it does so more and more 

electrons are trapped in the interface states and .. 
eventually the term Q-t/0

0 
becomes significant. 

Equation (3-5) may be regrouped as follows 

(3-8) 
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where: 	 Qss = the total positive charge 

Qb +Qt= the total negative charge 

Equation (3-8) states that an increase in Qt ( achieved 

by decreasing the temperature ) has the same effect on 

the pinch-off voltage as does an increase in Qb ( achieved 

by a heavier doping of the substrate ). Take for example 
, 

an n channel MOS FET, which at room temperature, has the 

physical characteristics found at point "A" on Fig. 3.4. 

Qt/q may approach and possibly exceed the value of Qb/q 

thereby shifting point "A" to the right along the curve 

of constant Qss/q as the temperature is decreased. The 

rate of movement along this curve with temperature is 

entirely determined by Eq. (3-7). 

Nathanson ( 13) and Heiman and Miller (9) have 

carried out the integration of Eq. (3-7) assuming the 

interface state density, Nt(E), to be constant with 

energy across the bandgap. The temperature dependence 

of the pinch-off-voltage strictly due to trapping 

phenomena is 

art q N. J"'.S =~ t-	 (3-9)
Co dT 

where: VP 'is.defined 	 at a specific current. 
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= 	 the change in surface potential required 

to maintain a constant drain current 

level for a temperature change of dT. 

In the temperature region above 77°K Heiman and 

Miller have calculated a required interface state density 
2 1of 2 x 1013 cm. - ev. - for a pinch-off voltage temperature 

dependence of -40mV/°K to -60mV/°K. Nathanson, by the 

use of degenerate statistics, has calculated an interface 
15 -2 -1state density of 3)(10 cm. ev. for a temperature 

dependence of -360mv/°K at 3°K. Interface state densities 

exceeding 1013 cm.-2 ev.-1 have been found near the 

conduction band edge by P. Gray and D. Brown <11). The 

large values obtained for Nt could be reduced considerably 

through the use of more exacting calculations. However, 

the preceding simplified model will suffice to explain 

the observed experimental results. 

3.3 The Transconductance 

The forward transconductance is the key dynamic 

characteristic of MOS FETs. It serves as a basic design 

parameter in audio and radio frequency circuits and is a 

widely accepted device figure of merit. 
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The following equations were obtained for the 

transconductance in Chapter 2.2.2. 

= vd ( 3-11 ) 

The maximum which occurs at saturation is given by 

(3-12) 

The temperature dependent terms, namely Un and 

VP, have already been discussed in Chapter 3.2. 

Qualitatively the magnitude of the transconductance, 

for fixed values of Va and Vg, is expected to vary 

directly with un as the temperature is increased or 

decreased. In addition, for fixed Va, the transconductance 

versus gate voltage characteristics will shift with the 

pinch-off voltage as the temperature is varied. 

3.4 1/f Noise 

In Chapter 2.3 it was shown that the origin of 

low frequency noise in MOS FETs is the capture and 

emission of carriers by traps located 2~ the silicon, 

silicon oxide interface and in the oxide. The fundamental 
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expression developed for the noise voltage is repeated 

below. 
2 

vn 

B 
Nt= 

4q2 

C 2zL
0 

0.25 1'

2 Cl(."" 
(3-13) 

where: Nt(E) 4kT 
Nt = 

qdt 

The noise is strongly dependent upon the trap 

distribution over energy and over spac~. For a 

continuous trap distribution the trap energy range 

effective in noise generation also changes with 

temperature as:.it..is proportional to kT. The temperature 

dependence may therefore show "anomalies" as both the 

trap distribution and the effective energy range may 

vary in different proportions. A detailed prediction 

of the magnitude of the noise voltage at different 

operating points is thus very difficult to make. The 

largest noise voltage is obtained at a temperature such 

that the Fermi level resides in energy regions where 

the trap density is high and the effective energy range, 

4kT, is large. 
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CH.APTER IV 


Experimental Results 


4.1 General Considerations 

Before undertaking a detailed examination of 

particular characteristics such as transconductance and 

1/f noise the current-voltage characteristics of the 

RCA 3N128 n channel MOS FET were analysed. The 

characteristics are shown for room temperature in 

Fig. 4.1a, for the temperature of liquid nitrogen in 

Fig. 4.1b, and for the temperature of liquid helium in 

Fig. 4.1c. It is concluded from Fig. 4.1c that the MOS 

FET was incapable of functioning normally at the 

temperature of liquid helium. 

c. Rogers and A. Jonscher (3) have also observed 

behaviour similar to that shown in Fig. 4.1c for MOS 

FETs. These characteristics occur if the gate does not 

overlap both the source and drain regions. Only the 

area directly beneath the gate may be inverted by an 

applied potential while the remaining area remains 

"frozen out". The induced channel under the gate is 

-46
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then isolated from the drain and source regions by 

very high resistance regions and a conducting channel 

may not even be formed from drain to source. A hi gh 

drain voltage is then required before current will flow. 

Rogers and Jonscher found that if the gate overlapped 

both the drain and source it was always possible to form 

a surface channel by enhancement-mode operation even 

though the subs t r a te was initially "frozen out". 

4.2 The Channel Conductance 

4.2.1 Introduction 

Conductance measurements were taken for several 

RCA 3N128 n channel MOS FETs to obtain the experimental 

temperature dependence. Using the circuit of Fig. 4.2, 

measurements of drain current Id were taken versus the 

gate voltage Vg at various temperatures and at a constant 

drain voltage of .01 volts. 

Fixed temperatures were obtained by use of a 

Delta Desi gn Te mperature Chamber or a vari a ble tempera ture 

liquid helium cryostat. Both systems are described in 

·Appe ndix A. Above 77°K the temperature was me a sured 

with a copper-con:stantan thermocouple. Below 77°K a 

calibra ted Allen-Bradley 1/10 watt 270 ohm resistor was 

used {iS) 
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4.2.2 Experimental Results and Discussion 

In Fig. 4.3 the channel conductance is represented 

as a function of the applied gate voltage. The drain 

voltage used was 0.01 volts to ensure that the measure

ments were taken in a region were the mobility was 

independent of the drain to source voltage. 

From Fig . 4.3 it is seen that once conduction 

has begun there is always a certain region over which 

the increase in conductance has a linear dependence on 

the gate voltage. In this region the mobility is there~ 

fore independent of gate voltage. Figure 4.4 is a plot 

of the conductivity mobility obtained from the slope 

of the gd versus Vg curves ( see Eq. (3-1) ). Results 

obtained by F. Fang and A. Fowler ( 19) for the temperature 

dependence of the effective mobility at a gate voltage 

of 1 volt above . the pinch-off condition are similar in 

behaviour. 

The pinch-off voltage was obtained by extrapolation 

of the linear portion of the conductance curves to the 

gd =0 axis. v 
p 

is plotted as a function of temperature 
0in Fig. 4.5. Above 77 K ,the behaviour of the pinch-off

I 

voltage with temperature is in agreement with the 
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theoretical predictions of Chapter 3.1. However, below 

77 0 K the pinch-off voltage exhibits a much stronger 

temperature dependence then the theory predicted. 
( 1 3)

Similar results have been obtained by Nathanson 

and Roger( 20). Both suggest this large temperature 

dependence below 77°K is caused by trapping phenomena. 

Nathanson, however, argues that the interpretation of 

these low temperature results in terms of an arbitrary 

density, fixed-energy interface state model, as done in 

Chapter 3.4, is inconsistent quantitatively with 

experimental results. His argument is based on the fact 

that no evidence is found for the effects of these states 

on d.c. conductance measurements. G. Abowitz et al( 21 ), 

on the otherhand, have used d.c. channel .conductance 

measurements to quantitatively evaluate the interface 

state density. 

Fang and Fowler( 19) suggest the pinch-off voltage 

does not change appreciably in this temperature range. 

The results of their Hall measurements demonstrate the 

apparent shift in pinch-off voltage is caused primarily 

by what seems to be a sharp decrease in mobility. It 

is thus apparent that more work must be carried out 

before any general conclusions can be made and verified. 



55 


4.3 The Forward Transconductance 

Forward transconductance measurements were taken 

with the circuit setup of Fig. 4.6. A small signal 

frequency of 0.01 V rm s at 1 kHz~ .was used to plot the 

characteristics. The transconductance versus gate voltage 

characteristics at room temperature and the temperature 

of liquid nitrogen are shown in Fig. 4.7. Figure 4.8 

portrays the dependence of the transconductance on 

temperature at a constant drain to source voltage of 3 

vol ts. 

The gradual shift of the curves from left to 

right is caused by the temperature dependence of the 

pinch-off voltage. The increase in the transconductance 

with decreasing temperature is caused by the increase in 

the mobility. This mobility, because of the drain to 

source and gate voltages used, is field dependent and 

therefore cannot be compared with the mobility evaluated 

in Chapter 4.2. 
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4.4 1/f Noise 

4.4.1 Introduction 

Measurements were performed on several RCA 3N128 

n channel MOS FETs to obtain the,,dependence of 1/f noise 

on temperature and operating point. The measurements 

were restricted to the low frequency region for the 

following reasons. 

(a) 	The equivalent input noise voltage, en' is 

sufficient to characterize the noise performance 

of the device in the low frequency region. 

(b) 	The upper frequency limit was restricted by the 

capacitance of the leads required to place the 

device in the temperature chamber. 

A block diagram of the equipment used to perform 

the noise measurements is given in Fig. 4.9. A more 

detailed diagram of the transistor test jig is shown in 

Fig. 4.10. Preliminary measurements carried out on the 

noise measuring equipment are included in Appendix B 

along with the method of noise measurement. For all 

measurements taken the background noise was sufficiently 

below the equivalent input noise voltage of the device. 

'# 
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4.4.2 Experimental Results 

It was previously stated in Chapter 3.4 that 

en is a function of d.c. operating point, frequency, and 

temperature. en was measured for a variety o! d.c. 

operating conditions as shown in Fig. 4.11. This allowed 

the selection of an operating point which assured a 

reasonable voltage gain from the device for the following 

noise measurements. 

The noise spectra for a RCA 3N128 n channel MOS 

FET at two distinct temperatures, namely 77°K and 296°K, 

are shown in Fig. 4.12. The noise spectrum at room 

temperature shows a breaking point at about 20kHz. Below 

20kHz. it roughly follows a 1/f curve. At a temperature 

of 77°K the noise voltage has increased and the complete 

spectrum exhibits a 1/f dependence. 

The temperature dependence of the noise voltage 

at several frequencies, namely 102, 103, and 105 Hz., is 

sho,m in Fig. 4.13. It is seen, that as the temperature 

is decreased, the noise at all frequencies continues 

to increase until a temperature of 200°K is obtained. 

Below this temperature the noise for the higher frequencies 

decreases while for the lower frequencies it continues 
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to increase. Below 100°K the noise voltage at the lower 

frequencies also be gins to decrease. 

4.3.3 	 Discussion of Experimental Results 

a) The Dependence of en on Drain to Source Voltage 

In Fig. 4.11 it is seen that the noise voltage 

increases with increasing drain to source voltage. One 

reason for this is a decrease in the channel length, L, 

is caused by the widening of the depleted region at the 

drain contact. The decrease in channel length increases 

the equivalent input noise voltage ( see Eq. (3-12) ). 

This incre a se may also be caused by the movement of the 

electron 'Quasi Fermi level, in the vicinity of the drain 

contact, into a re gion of increasin g interface state 

density. 

b) The Dependence of en on Gate Voltage 

The magnitude of the noise voltage varies with 

the gate voltage because it determines the position of 

the Fermi level at the interface and therefore the trap 

levels most effective in noise generation. For a 

continuous tra p distribution over energy the magnitude 

of the noise voltage follows the trap density at the 

Fermi level determined by the ga te voltage. For discrete 
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trap levels the ma gnitude of the noise voltage is mainly 

determined by the electron density at the interface and 

by the relative position of trap level and Fermi level 

and thus by the ga te voltage. 

c) The Dependence of en on Temperature 

Many of the statements in (b) of this section 

also apply for case (c). A chan ge in temperature 

corresponds to a change in the position of the Fermi 

level at the interface if the same dra in current is to 

be mainta ined. In calculating such a change one must 

remember that the mobility also changes with tempera ture. 

For a continuous trap distribution the trap energy range 

effective in noise genera tion al s o changes with tempe r ature 

because it is proportional to kT. The temperature 

dependence may therefore show anomalies depending on the 

trap distribution. 



CHAPTER V 


Conclusions and Discussion 


The RCA 3N128 n channel MOS FET was found capable 

· . of opera ting at temperatures below that of liq_uid 

nitrogen. The "freeze out" of the parasitic resistance 

regions at the drain and source electrodes prevented 

operation of the device .down to the temperature of liq_uid 

helium. To alleviate the problem of "freeze out" it 

would be necessary to manufacture a device in which the 

gate electrode extended over the entire length of the 

channel. Unfortunately, with present day manufacturing 

techniq_ues, it is almost impossible to do so without 

the risk of of obtaining considerable gate overlap of 

the drain and source regions ( such results are not 

desirable because the upper freq_uency limit of the device 

is lowered by gate overlap). With the advent of ion 

implantation( 22 ) precision control of the drain and 

source placement is possible. Devices capable of 

operating at the temperature of liq_uid helium can thus 

be manufactured without rislc of degrading other desirable 

characteristics. 
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Small si gnal measurements on the device found 

the temperature dependence of the parameters gd and gm 

attributable to the pinch-off voltage and channel carrier 

mobility temperature dependence. Two distinct regions of 

interest were examined. In the first region, T "> 77°K, 

dVp/dT was practically constant for all of the examined 

MOS FETs. This behaviour was accounted for by the 

generally excepted theory which predicts that as the 

temperature is lowered dVp/dT is consistent with the 

almost linear movement of the surface Fermi level towards 

the conduction band edge. In the second re gion, T < 77°K, 

marked devi ations from linearity were noted in dVp/dT. 

To expla in this behaviour it was necessa ry to postulate a 

model in which trapping of electrons by the interfa ce 

states formed a ne gative charge sheet near the silicon, 

silicon oxide boundary. The transition from the first 

region to the second occured when the trapped charge 

density, Qt/q per unit area exceeded the depletion re gion 

charge, Ql/q per unit area ( similar results occur if 

Qt/q appro a ches Qss/q per unit area). Differences of 

opinion still exist as to whether or not the temperature 

de pendence of the pinch-off voltage can be explained in 

thi s manner. It has even been su ggested tha t this second 
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region of behaviout does not exist and that only a sharp 

decrease in mobility occurs. 

The tunneling model, like other mo~e.ls including 

trapping: p~oce~ses gives rise to a hyiteresis in the 
. (8)

capacitanGe voltage curve • Attempts to measure this 

hysteresis (see Appendix C) proved unsuccessf~l since 

repeatable results could not be obtained. A MOS FET with 

larger gate to source capacitance would be required in 

order to obtain more useful results. 

The detailed behaviour of the low frequency 

noise was found to be very complex. The theory, after 

Christensson et al(B), pointed out that the origin of 

the low frequency noise'in MOS FETs may be the capture 

and emission of carriers by traps located at the silicon, 

silicon-oxide interface and in the oxide. The trap 

distribution can give rise to peculiar performance of 

the noise voltage with gate volta ge, drain voltage, and 

te mpe,r ature. Without a knowled ge of the actua.l trap 

distribution over energy and space a detailed prediction 

of the noise voltage at different operating voltages and 

temperature would be very difficult t ·o make. 
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This investigation has found the RCA 3N128 n-

channel MOS FET capable of operating to temperatures 

below that of liquid nitrogen. The only detrimental 

feature would be the increase of the low frequency 

input noise voltage ( noise measurements on p channel 

MOS FETs have shown a decrease in the low frequency 

noise as the temperature is lowered(S)). It has also 

been shown that further studies are required in order 

to completely understand the interesting low temperature 

behaviour of the pinch-off voltage. 
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APPENDIX A 


Low Tempera tu r e Facilities 


( 1 ) De 1 t a De s i rrn Te rn ne r a t -._n~e Ch a mb e r ~- .. 

For all experimentation performed in · the 

te mperature r ange . above 77°K a Delta Design MK2300 
• ' 

·tempera tu r e cham ber wa s us·ea. The cool E~nt used was 

liquid nitro gen. A sketch of the temperature chamber 

i s shown in Fig. 1. 

The calibra tion of the te mpera ture set dial 

was checked by use of a copper-con s t an t an therm ocouple 

to detect any nonJ.in eari ties. The results a re shcrwn 

in Fig. 2. 

( 2 ) Liquid Helium Cryosta t 

The con s truction of a liquid helium cryosta t 

wa s a joint V(;n t u r e be t ween t he Depar t ment of Electr ica l 

Engin ee r in i ( Dr. Chi sholm ) and the depa rtment of 

Ene3;in e e r i ng Physi c s ( Dr. Shewchun ) for the purpose 

of ma t eri a ls r esea rch . 

-72 
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Fig. 1 Temperature FacilJ ties 77°K <. T <300°K 
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Fig. 2 Calibration Check of the Delta Design 

Temperature Chamber 
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.A -qualitative de scrip ti on of the proportional 

te mperatl'.re controlle r fabricated for the a bove system 

i s gi ven be 1ow. 

( a) General Description 

The system i s a closed loop controller whi ch 

utilizes a pricision a.c . brid ge circuit for measure

ment of the difference in resi stance between the rheosta t 

t empera ture setting and the actua l te mpera tu re of the 

c ryosta t as indicated by the calibrated tempera ture 

sensor. This difference ·in resistance ( i.e. te mpe r a ture 

of t he chamber ) i s amplified by a na rrow band low noise 

amplifi er , pha se de t ecte d and amplified aga j_n to drive 

a heater . 

Fully automa tic control can be provided by the 

system. A sine;le " Set Te mperature " control dial is set 

t o the resistan ce which corresponds to the required 

t en,prra ture. The proportiona l control feature of the 

i nstrume nt provides precision tempera tu re re gulation 

nnd p~events l arge ther~Rl oscill a tions. 

~ol i d state circuitry in modular desi gn, Fi g . 3, 

is u sed throughout. The se con s ist of an oscillator, 

http:temperatl'.re
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Fi g . 3 Block Diagram of the Proportional 

Te mper~ture Controller 
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bridge , low noise 3:mplifier,' phase detector and heater 

drive. A meter is provided to indicate the operating 

mode such as " Heating", or "Cooling". 

( b ) Detailed Description 

The first circuit t o be discussed is the phase 

shift oscilla tor shown in Fig. 4 . _ The circuit oscillates 
' ' 

at the fr equency where the phase shift throu gh the :2.- C 

network ( R1 , o,, R2 , and c2 ) is zero, as long as the 

positive feedback i s equa l -to or greater than , the nega tive 

feedback. An AGC is used to hold the ga in at the precise 

va lue required. :B'or the componen t va lues sho,m the 

frequ ency of o sc illation ls 1 kHz. and the output voltage 

is 8 volts pe ak to peak . 

The phase dete ctor shom1 in :B' i g . 5 is unique 

in t hat it i s transformerless . The inpu t switch Q1 and 

alterna t ely switches the amplifier from an invertingQ2 

confi guration to a noninverting confi guration. The 

push-pull dri ve signal for this switch is obtained by 

applying the controlling oscillator signal to the 

analo gue to digital converter. The out- of-bal ance 

s ignal from the bridge, being either in pha se or 180 ° 

out of phase with t he controlling oscillator , gives 
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one of two outputs fro m the pha se detector as shown in 

Fi g . 6. 

The a.c. bridge circuit is shovm in Fig. 7. 

One a rm consists of a 1/10 wa tt carbon resistor mounted 

in the cryosta t. Its va lue is chosen such tha t its 

resistanc e is in the range O to 10 Kohms when at the 

destred opera ting tempera ture . The desired tempera ture 

is set by the dec a de rheosta t. A constant voltage source 

fro m the o s cillator is u s ed to drive the bridge. To 

ninimize hea ting of the s en s or the power level is kept 

below 1 microwa tt. 

The low noise amplif ie r con s:lsts of t wo s ection s. 

The first is simply a hi gh ga in lo w noise stage. The 

second con t a ins R t win T network in the feed ba ck loop 

to give a pa ssband ~f 20 Hz. at the 3 db. points. A 

~altage ga i n of 105 at 1kH z . is obta ina ble. - The 

equivalent i nput noise voltage is less than 1 micro 

volt . Se e Fi g . 8. 

The si gnal outpu t f r om the phase de t ector is 

int egrated be fo re being fed i n to the h ea t er amp l i fi e r 

ci r cuit shown in Fi g . 9. By fee.ding thi s po sitive or 

ne gati ve s i gnal into t he MOS FE~ i n the inpu t stage, 

pro por t i onal control of the hea ter a bout t he s e t d.c. 
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level can be obta ined. 

The perfo rmance capabilitie s of the complete 

system ( i.e . the te mpera ture controller and the liquid 

helium cryo s t a t) were not thoroughly tested because 

the cryostat was still undergoing· mo difica tion s . The 

complete system is shown in Fi g . 10. 



.APPENDIX B 


Pr~limina ry Hea~uremepts on the 


Noise Measurin g Eguium ep! 


A block diagram of the n6ise measuring equipment 

was shorm in Fi g . 4.8. The preliminary measurements 

made to ensure the background noise was ne gligible 

compared with the noise of the device were 

( a ) 	 Equivalent input noise voltage of the Keithley 

preamplifier as a function of frequenby at 

R = 0, 1 , and 1 0 kohrn . .' See Fi g . 1 • 
8 

( b ) 	 Frequency respons e of the Keithley amplifier. 

See Fig . 2. 

The equivalent noise bandwidths of t he Quantech wave 

analyze r we re t aken as the va lues of the 3 db. signal 

power bandwidths. 

The 	 procedure for measuring the noise e was as 
n 

follo ws. The desired bias voltages were a pplied to the 

device with the drain current being monitored to ensure 

no drift occured in the op e r a ting conditions. To 

me a sure the voltag e ga in~ Gvj of the MOS FET amplifier, 
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a small signal voltage ( 100 microvolts ) at the frequency 

of interest was applied at the input across the 600 ohm 

resistor, and the output voltage was measured on the wave 

analyzer . The knomJ injected voltage was determined by 

disconnec tin g the Keithley pre amplifier and connecting it 

across the same 600 ohm resistor. The ratio of the 

two output voltages on the wave analyzer then gave Gv• 

The si gnal generator was then disconn ec ted and the 600 ohm 

resistor short circuited. The output noise voltage , vn, 

in a small frequency baridwidth chosen by the amplifier 

was then measure d on the wave analyzer meter. The 

equivalent input inpu t ga t e noise voltage was then given 

by 

where: Gp - voltag~ gain of the Keithley pre amplifier. 

Bn = equival en t noise bandwidth of the Quante ch 

wave analyzer. 
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APPENDIX C 
.. 

Measurement of Hysteresis in the MOS 


FET Gate to Source Cauacitance 


To plot the capacitance voltage curve of the 

MOS FET the device was connected as shown in Fig. 1. 

G 

To Capa.ci tance Bridge 

Fig. 1 

The sought after hysteresis is exhibited in 

F.ig. 2. These results, however, were not always 

repeatable. A device with larger gate to source 

capacitance would have ~rovided more useful .results. 

Note~ 	 Low--temperature hysteresis effects caused by 

surface-state trapping in MOS capacitors and 

gate controlled diodes have been reported by 

A. Goetzberger and J. Irvin. * 

* 	 A. Goetzberger and J. Irvin '!Low Temperature 

Hysteresls Effects in MOS Capacitors Caused by 

Surface-State Trapping", E.D., Vol. 15, No. 12 Dec. 68 
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