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ABSTRACT 

The maximum power level that can be controlled by power MOSFETs is 

limited by the maximum allowable power dissipation. Recent publications^^ 

indicate, that operation of power MOSFETs at cryogenic temperatures will 

significantly (by more than an order of magnitude) reduce losses and increase 

their switching speed and power handling capability. The losses of power 

MOSFETs are conduction losses and switching losses due to either mechanism 

are reduced at cryogenic temperatures. 
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CHAPTERI 

INTRODUCTION 

The advent of deep space exploration created the need for low 

temperature electronics. In order to find a viable system for deep space 

temperatures it is important that a number of available devices be tested down 

to the cryogenic temperature range to investigate their feasibility as components. 

Not only for that need, the expectation of better performance at cryogenic 

temperature drove scientists farther. It is found that Cryo technology caused 

improved performance of specific semiconductor devices, dielectric, and 

magnetic materials in most cases. Thermal dissipation is reduced drastically, 

therefore probability of all thermally induced failure is reduced. Cryo cooling of 

electronics helped to avoid thermal limitations of conventional power converters 

like '': 

• Thermal derating prevents full utilization of device capability. 

• High temperature compromises device reliability and operational life of 

components. 

• Increased likelihood of device failure from transient overloads causing safe 

operating area to be exceeded. 

• Prevents dense packing of components, thus forcing more reactive 

interconnects, increases snubbing requirements, and increased parasitic circuit 

elements. 



• Increases resistivity of conductors and semiconductors. 

Power MOSFETs have very interesting attributes: (a) a voltage controlled 

characteristic with low input gate power, (b) a stable positive temperature 

coefficient for the on-resistance, (c) a wide safe operating area, and (d) a high 

switching speed. When power MOSFETs were first introduced, these devices 

were expected to replace power bipolar transistors in many applications. Though 

for low voltages it occurred, but this displacement has not occurred for systems 

operating at high voltages due to the high on-resistance of high voltage power 

MOSFETs.^ Many experimental results showed that ideal specific on-resistance 

for silicon increases rapidly with the breakdown voltage. Higher on-resistance 

means higher power dissipation. The search for high voltage MOSFETs with low 

on-resistance has been going on for a long time in the scientific arena. It has 

been theoretically shown that replacement of silicon with silicon carbide would 

lead to a 200-fold reduction in the specific on-resistance,^ but the technological 

problems associated with it led scientists to look for other alternatives. Recently 

cryogenic operation of power MOSFETs has been discovered as an alternative 

to the conventional operating environment. 

In this research the main effort is given to investigate the change of on-

resistance of power MOSFETs at cryogenic temperatures. In addition it is 

important to note that Power MOSFETs do not operate well below T= 35°K ^l 

Therefore the investigations in this thesis are limited to (-319°F) LN^ (Liquid 

Nitrogen) temperatures. 



CHAPTER II 

CRYOGENIC SEMICONDUCTOR PHYSICS 

The dependence of semiconductor properties on temperature varies over 

a wide range. Most semiconductor parameters change by several orders of 

magnitude. Examples are energy gap and activation energies for impurities 

which depend on the type of binding and the short-range order in the material. 

As this thesis investigated MOSFET performance at cryogenic temperature, it is 

worthy to know about the dependence of semiconductor properties on 

temperature, which is briefly discussed in the next couple of paragraphs. 

2.1 Forbidden energy gap 

The forbidden energy gap EQ of most semiconductors increases with 

decreasing temperature. The variation of the energy gap affects the emission 

spectra of semiconductor lamps and lasers, etc. The temperature dependence of 

the activation energies of shallow donor and acceptor levels is not considered 

significant. 

Table 2.1 Forbidden Energy Gap in Electron-Volts of typical 
Semiconductors at 0°K and 300°K 

Material Ge Si GaAs Gap InSb InP 

EG(0) 

EG(300) 

0.744 

0.67 

1.153 

1.107 

1.53 

1.35 

2.4 

2.24 

1.41 

1.27 



Table 2.1 compares the forbidden energy gap for room temperature and near 

absolute zero for a number of materials.^ 

2.2 Excitation of Lattice Vibration 

The thermal vibrations of a crystalline lattice may be analyzed considering 

fundamental modes or fourier components of various frequencies v and wave 

vectors . The dependence of v upon may be regarded as the characteristic 

dispersion relation for phonons (vibrations are considered as quasi-particles 

known as phonons).This dispersion relation shows the allowed or possible 

modes of vibrations, while the actual excitation of these modes depends upon 

the temperature through the Bose-Einstein factor^ 

^u ii.T^—T ^ kT /hv if kJ«hv 
exp(/z V I kT) - 1 

Where 

k = Boltzmann's constant. 

h = Planck's constant. 

Only phonons with energies less than or comparable with T are excited 

to any appreciable extent. Thus, energetic phonons are absent at very low 

temperatures. Parameters that depend on the presence of energetic phonons 

are generally the most temperature dependent. 



Figure 2.1 gives the energy scale hv for the phonons and also the temperature 

scale corresponding to kJ = hv. (Notation used in fig 2.1: TA = transverse 

acoustics, LA = longitudinal acoustics, O = optic.) 
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Figure 2.1: Dispersion relation v- for phonons corresponding approximately 
to germanium, and for electrons.^ 

2.3 Free Garrier Densities 

The occupation of all electric levels, both free and localized, is determined 

in thermal equilibrium by the Fermi-Dirac distribution function 

/ ( ^ ) = 
1 

exp[(£-£;.)/Â:r] + l 

Where 

E = The level of energy. 



Ep = Fermi energy. 

From the above equation it is evident that the distribution is clearly 

dependent upon the temperature which is supported by Figure 2.2. The 

transition from f =1, (i.e., full occupation of levels by electrons) to f=0 (i.e., to 

almost empty levels) occurs within about 4kT. This clearly indicates a very rapid 

transition at cryogenic temperatures. 

f > F 

Figure 2.2 : The Fermi-Dirac distribution function' 

At cryogenic temperatures intrinsic excitation is quite negligible, free 

carriers are mainly dependent on shallow donor or acceptor levels for pure 

ordinary semiconductors. At low impurity densities in compensated n-type 

material containing Np donors and N^ acceptors ( when NA< NQ), the density of 

free electrons is given by^ 

n = "^^^ ^" NJoxpi-E, I kT) 



at temperatures which are sufficiently low for n^N^, and n«ND -N^. At higher 

temperatures and very slight compensation, if N^ «n«ND-NA, the relation is^ 

« = [^AN^ - N,)y'' exp(-£, /2kT) 

Where 

Ed = Donor activation energy. 

P = statistical factor equal to one half in ordinary donors and acceptors, 

Nc = Effective density of states in the conduction band. 

Table 2.2 shows the activation energy for some acceptors and donors. 

Activation energy has unit of electron-volts. 

Table 2.2 : Activation energy for different materials 

Material 

Ge 

Si 

Donors 

P 0.0120 

As 0.0127 

P 0.044 

As 0.049 

Acceptors 

B 0.0104 

Al 0.0102 

B 0.046 

Al 0.057 

From the table, it can be concluded that usually these activation energies 

are large in comparison with kJ. As a result free carrier densities are very small 

in relatively pure materials. This tendency to "freeze out" the free carriers in pure 

material at cryogenic temperatures constitutes a very important limitation on 



some device applications. This considerations apply to all semiconductors in 

which the forbidden energy gap is large in comparison with /cT at cryogenic 

temperatures. 

2.4 Mobility 

In most semiconductor materials which are not strongly ionic, the mobility 

is determined principally by two processes, scattering by lattice vibrations and 

scattering by ionized impurities. Temperature dependence of lattice vibration can 

be equated as 

^, ac T~" where 1.5<a<2.5. 

The upward mode trend of mobility with falling temperature due to lattice 

vibration is counteracted by the onset of ionized impurity scattering which gives a 

temperature dependence of the form 

// , oc r 

The resultant mobility is the harmonic mean of the components due to the two 

mechanisms ̂  

u = 
Mi + Mi 



Figure 2.3 shows typical curve for dependence of mobility on temperatures. 
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Figure 2.3 : Mobility for electrons and holes in silicon ^ 

Figure 2.4 gives some typical mobility curves for various materials. The unit for 

mobility is cm^ /(v .sec). 

2.5 Doped Material 

For reasonably pure materials ionized impurity scattering is normally 

dominant at cryogenic temperatures. But when material is doped with high 

densities of impurities, situation changes due to interaction between neighboring 

impurity centers. The first effect of the onset of impurity interaction is the 

broadening of the discrete energy levels of isolated impurities into an impurity 

band, with the resulting reduction of the effective activation energy below the 

value appropriate to high purity material. 



\&r 

\d 

\cf 

\ & 

10 

p PbTe 1 V ^ ^ , 

/ 

n lnbt> >.b^Í5 
'f'~\ 

\ -

/Cx \ \ 

!(R25 / 
/ 

p SnTg A 

p PbTT'7 "~ 

/ 1000 \ \ \ 

\ 
\ 

2 
<; \ 

\ ^ 

Z>'.JS ^ 
- ^ : 

N 
•N S 

"7 
/ 

'nSi .0293 

\ 

p SnTe C 

ÎO lOO T*̂ K 

Figure 2.4 : Mobility versus temperature for various materials ̂  

10 



This reduces somewhat the tendency to freeze out of carriers at any 

given temperature, and also produces some conduction in the broadened 

impurity band. At a sufficient high densities of impurities, with the aid of 

broadened impurity band, conduction band is shifted downward (or valence band 

upward). At this stage localized levels and free bands almost can not be 

distinguished; the activation energy becomes zero and the carrier density ceases 

to be a function of temperature. Mobility is also affected to a large extent. If the 

free carriers are present in reasonably high densities, their own screening action 

reduces the range of action of ionized centers. As a result, one can observe 

relatively high mobility's down to very low temperatures, even in highly impure 

materials. 

2.6 Thermal Properties 

The ability of devices to dissipate heat under static conditions is 

determined by the thermal resistance between the device and the heat sink and 

this depends to a large extent on the thermal conductivity of the semiconductor 

material. In addition to this, the ability to withstand short, heavy overloads is 

determined by the thermal capacity of the material, i.e., by its specific heat. Both 

the thermal conductance and the specific heat of crystalline substance are 

strongly temperature dependent at cryogenic temperatures. The thermal 

conductivity is likely to be lower at cryogenic temperatures than at room 

11 



temperature, and this, coupled with the extremely low specific heat, is bound to 

aggravate the heat dissipation problem.^ 

The foregoing discussion leads to the conclusion that the properties of 

semiconductor materials at cryogenic temperatures are so strikingly different 

from the familiar properties at higher temperatures that it will not be surprising to 

find out totally new performance characteristics of power MOSFET at low 

temperatures. 
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CHAPTER III 

POWER MOSFETS 

The power MOSFET, evolved from MOS integrated circuit technology, is a 

unipolar device. Unlike the bipolar transistors, the power MOSFET does not 

need any base drive current. A control signal is applied to a metal gate 

electrode that is separated from the semiconductor surface by an intervening 

insulator. The control signal required is essentially a bias voltage with no 

significant steady-state current flow either in the on-state or the off-state. Current 

conduction occurs via transport of majority carriers in the dnft region without the 

presence of minority carrier injection. 

3.1. Basic Structure and Operation 

Formation of conductive layer at the surface of the semiconductor controls 

the operation of MOSFETs. Though lateral channels dominated for low power 

MOSFETs, a vertical channel structure proved advantageous for high power 

MOSFETs. Source and drain are located on opposite surfaces of the wafer to 

reduce field crowding at the gate. Therefore more area is available for the source 

region. Figure 3.1 shows the cross section of a DMOSFET structure (the word 

DMOSFET is used by B. Jayant Baliga^; because of the gate structure. Likewise 

\/MOSFET or UMSOFET; those have \/ or U shaped groove within which gate is 

located). 

13 
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Figure 3.1: Schematic diagram showing the active regions of a 
n-channel Power MOSFET® 

A close look at the structure of the active region of the above diagram reveals 

four distinct regions. 

A : The surface layer of the P-type 'body' regions where conducting channels 

can be formed by inversion. 

B: The surface layer of the n-type regions between the P-diffusions. 

C: The regions between the p-diffusions. 

D: The main 'drain drift' region in the N' epilayer. 

In this device, the p-base region and the K source regions are diffused 

through a common window defined by the edge of the polysilicon gate. The P-N 

junction between the P-base region and the N-drift region provides the forward 

14 



blocking capability. When a positive drain voltage is applied, it reverse biases the 

P-base/N-drift region junction. This junction supports the drain voltage by the 

extension of a depletion layer on both sides. Due to the higher doping level of 

the P-base region, the depletion layer extends primarily into the N-drift region. 

10 r-p 

10 :s . 

:o • 

10 ' 

ií X 
\ 

\ 

\ 

/ " " ^ 

\ 

Source I ChaTiTiBl 
I Dr-ain drift 

1 

regjíiTi 

íhyumct ak' i'' ^:íioí(src' [nîX 

•.míi t. ' í 

• I i 

Figure 3.2: Doping profile along the surface of the active region. 

The doping level and concentration of the N-drift region plays an important 

role. It is worthy to note that higher drain blocking voltage capability requires a 

lower drift region doping and large width. The doping level also greatly influences 

key properties of a MOSFET (like breakdown voltage, on-resistance, etc). In 

15 



Figure 3.2 the doping profile along the surface of active region of MOSFET is 

shown. Note that in the drain drift region the doping concentration may also vary 

in the direction normal to the surface.The gate bias modulates the conductivity of 

the channel region by the strong electric field created normal to the 

semiconductor surface through the oxide layer. The application of a positive 

drain voltage results in current flow between drain and source via the N-drift 

region and the channel. This current flow is controlled by the resistance of these 

regions. 

In order to switch the power MOSFET into the off-state, the gate bias 

voltage must be reduced to zero by externally shorting the gate electrode to the 

source electrode. The power MOSFET then switches rapidly from the on-state to 

the off-state without any delays arising from minority carrier storage and 

recombination as experienced in bipolar devices. The turn-off time is controlled 

by the removal of the charge on the gate electrode because this charge 

determines the conductivity of the channel. Turn-off times of under 100 

nanoseconds can be achieved with a moderate gate drive current flow arising 

from the discharge of the input gate capacitance of the device.^ 

3.2 Forward Conduction 

When a positive gate-source voltage (higher than the threshold level) is 

applied, a depletion region forms at the interface between the SiO^ and the 

silicon (Fig. 3.3 (a)). The positive charge induced on the upper metalization (the 

16 



gate side) by the applied voltage requires an equal negative charge on the lower 

plate, which is the silicon side of the gate oxide. The electric field from the 

positive charge repels the majority carrier holes from the interface region and 

thus exposes the negatively charged acceptors, thus creating a depletion region. 

Further increases in VQQ cause the depletion layer to grow in thickness to provide 

additional (Fig. 3.3(b)). As the voltage is increased, the electric field at the oxide-

silicon interface gets larger and begins to attract free electrons as well repelling 

free holes. The immediate source of the electrons is electron-hole generation via 

thermal ionization with the free holes being pushed into the semiconductor bulk 

ahead of the depletion region. The extra holes are neutralized by electrons that 

are attracted from the N* drain by the positive charge of the holes. As the bias 

voltage is increased to about 16\/, the density of free electrons at the interface 

will become equal to the free hole density in the bulk of the body region away 

from the depletion layer. The layer of free electrons at the interface will be highly 

conducting and will have all the properties of an inversion layer (Fig. 3.3(c)). This 

n-type layer is a conductive path or channel between the N"̂  drain and source 

regions, which permits the flow of current between source and drain. This ability 

to modify the conductivity type of the semiconductor immediately beneath the 

gate insulator by means of an applied voltage of electric field is termed the field 

effect. The field effect enhances the conductivity of the interface, thus the 

classification of this structure as enhancement MOSFET. 

17 
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FIG 3.3 : MOSFET Operation^ 

(a) Formation of the depletion layer and (b ,c)the inversion layer at the 
Si-SiOo interface as the gate-source voltage is increased. 
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3.3 MOSFET On-Resistance 

The current flow between source and drain is limited by the total 

resistance between the source and drain. This resistance is known as on-

resistance. The power dissipation in the power MOSFET during current 

conduction is given by^ 

P Q - ' D V D - ID f̂ on 

Where 

PD= Power dissipation, 

ID= On state current. 

Ron = On-resistance, 

The specific on-resistance of the power MOSFET is determined by the 

resistance components illustrated in Figure 3.4. 

Drain 

Figure 3.4 : Components of on-resistance of Power MOSFET 
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Thus it can be written for on-resistance^ 

Where 

RN+ = The N* source diffusion resistance, 

RcH = The channel resistance, 

RA = Accumulation layer resistance, 

Rj = Resistance from the drift region between the P-base regions, 

RD = Drift region resistance, 

Rs = Substrate resistance. 

Additional resistance can arise from a non-ideal contact between the 

source/drain metal and the N" semiconductor regions as well as from the leads 

used to connect the device to the package. This thesis is mainly aimed in 

decreasing conduction loss at cryogenic temperatures which is directly related to 

the change of on-resistance, so every component of on-resistance is explained 

next. 

3.3.1: Substrate Resistance 

It can be assumed that the current density is uniform within the substrate 

because of rapid current spreading at the drift region interface. The specific 

resistance contributed by the substrate is then given by^: 

•^SB.sp PsB ^ SB 

20 



Where 

P5.5 = substrate resistivity, 

tcR= Thickness of the substrate. 

So the higher the thickness of the substrate is, the higher is Rsesp "̂ he 

substrate must be thick in order to impart adequate strength to the wafers during 

fabrication. However in the case of high power MOSFETs the contribution of the 

substrate resistance is negligible. 

3.3.2: Source Resistance 

Source resistance can be better mathematically explained with the help of 

Figure 3.5. 

m 

SOURCE 
/ ^ ^ 

POINTA 

GATE 

N-
f 

y 

JFET-REGION 
RESISTANCE 

DRIFT-REGION 
RESISTANCE 

•^T 

N4- SUBSTRATE 

y / . / / / / / / / / / / / / / / / : / . / / / / : / / / 

DRAIN 

Fiqure 3.5 : Cross-section of Power MOSFET for analysis of 
specific on-resistance 
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In this Figure 2m is the cell diffusion window and LQ is the length of the 

gate electrode between the adjacent cells. The cell diffusion window (2m) is 

determined by the photolithographic design tolerances used for device 

fabrication. These tolerances also determines the length (1^+) of the N^ source 

region. If a linear cell is considered with a width Z perpendicular to the cross-

section shown in figure 3.5, the resistance per cm^due to the N* source region is 

given by 5. 

2 RN+,SP - ^ PsN+ U+ (U "*• 2m). 

Where 

PsN+~ The sheet resistance of the N* diffusion(in typical device it is 10 ohms/sq.). 

The resulting specific resistance of the N^emitter regions is negligible compared 

with all other resistances in the structure. 

3.3.3: Channel Resistance 

The contribution from the channel depends upon the ratio(LcH /Z), the gate 

oxide thickness (toJ, and the gate drive voltage (\/Q). The contribution from the 

channel can be minimized by making the channel length (LCH) small and keeping 

its width (Z) large. This requires a high cell density and good control over the P-

base and N"̂  emitter diffusion profiles to keep the channel short without causing 

reach-through breakdown. To calculate the contribution from the channel. 

11 



consider the DMOS cell structure shown in Figure 3.5. The channel resistance 

per unit volume for the linear cell structure is given by 5. 

R CH.sp 

Zc//(^G +2m) 

MUC„AVG-VT) 

Where 

C„ = 
^O^SiO, 

Capacitance density of the gate/oxide/channel capacitor. 

So= The permittivity of free space, 

£si02= The relative permittivity of SiO^ dielectric, 

tox = Thickness of oxide, 

\/Q = Gate voltage, 

\/j= Threshold voltage for the MOSFET, 

|Lins = Surface mobility of electrons. 

3.3.4: Accumulation Layer Resistance 

The resistance of the accumulation layer (RJ is dependent upon the 

charge in the accumulation layer and the mobility for free carriers at the 

accumulated surface. For the linear cell geometry, the accumulation layer 

2 :«.5 resistance per cm is: 

RA= 
_K(L^-2X,)(L^+2m) 

2M„ACox(Va-Vr) 

23 



Where 

K = constant. 

[i^= Mobility of electrons in accumulation region, 

\-Q ,m is shown in Figure 3.5. 

Here, the current flowing through the channel is assumed to flow from the edge 

of the P-base region to the center of the polysilicon gate (point A of Fig 3.5) via 

the accumulation layer. 

3.3.5: JFET Region Resistance 

The resistance of the drift region between the p-base diffusions is referred 

to as the JFET resistance because the current flow resembles that in a junction 

field effect transistor with the P-base regions acting as the gate regions. This 

resistance contribution can be calculated easily if the effect of the voltage drop 

along the vertical direction on the depletion region is neglected. Under the 

assumption that the current is flowing uniformly down from the accumulation 

layer into the JFET region, the resistance of the JFET region becomes that of a 

semiconductor region with a cross-section: 

-^JFET ~ ^^ ~ -X. 

Where 

Z = Width of the cell orthogonal to cross-section. 

The JFET contribution to the specific resistance is then given by: 

24 



R 
p^(L^+2m)(X,+W,) 

(L^-2X,-2W,) 

In the case of high voltage power MOSFETs, the drift region doping must be 

small to obtain the desired breakdown voltage. The depletion layer extension 

(Wo) can then be a significant fraction of the gate length (LQ) leading to a large 

JFET resistance contribution. 

3.3.6: Drift Region Resistance 

Many models for the drift region resistance are available. One such 

model"* that allows a reasonably accurate estimation of the drift region spreading 

resistance, is based on the current flow a cross-section (Figure 3.5) of (a = LQ-

2Xp) at a 45 degree angle. The cross-section for the current flow then increases 

with depth through the drift region. At a depth x below the P-base region, the 

cross-section for current flow is y = (a+x)Z, where Z is the width orthogonal to the 

cross-section. So the drift region spreading resistance is given by: 

R^ = ] ^^ dx . 
o(a + x)Z 

Using this equation, the specific resistance contribution for the drift region is 

obtained as: 

^^^PoiLa+2m)Ja+l 

a 

Where a, t, m, {.Q all are shown in Figure 3.5. It is important to note that the 

above expression will be no more valid if 45° current spreading does lead to 
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overlap in current flow paths. The drift region resistance must then be modeled 

as the sum of a region where the cross-section increases with depth and a 

second region with uniform cross-section equal to the cell width. This leads to a 

drift region specific resistance given by: 

p^(L^+2m) 
= Ln 

Lr- +2m \ 'G 

KL^-2X,-2Wj 
+ p^(t-m-Xp-W,). 

3.3.7: Contact Resistance 

It is important to include the effect of a finite resistance when analyzing 

the D-type Power MOSFET resistance. This is particularly important because the 

area of the contact to the source region is a small fraction of the total cell area. 

This tends to amplify the contact resistance contribution. This does not occur on 

the drain side because the contact covers the entire back surface of the device. 

Thus, the drain contact resistance contribution to the specific resistance is given 

by: 

f^CD, sp = Pc 

Where p̂  is the specific contact resistivity. 

In the case of the source region, the contact area depends upon the area 

where the source metal and the source N̂  region overlap. This overlap is defined 

by the edges of the contact window and the mask used to pattern the N* 
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diffusion. If the resulting contact area is A^ , the contribution to the specific 

resistance by the source is given by: 

A 

^CS,sp - — Pc-

In the above paragraphs, the on-resistance elements are elaborately explained. 

In an ideal case the resistances of the N̂  emitter, N* substrate, n-channel region, 

accumulation region, and JFET region are negligible. 

The specific on-resistance of the power MOSFET will then be determined 

by the drift region alone. In addition, if it is assumed that the current flows 

uniformly through the drift region without current spreading effects, the 

resistance of the drift region is referred to as the ideal specific on-resistance for 

the power MOSFET. 

3.4 Parasitic Transistor 

Power MOSFETs contains a parasitic N*-P-N- N"̂  vertical structure. As a 

result a parasitic BJT exists in MOSFET. The body region of the MOSFET 

serves as the base of the BJT, the source as the BJT emitter, and the drain as 

the BJT collector. The beta of this parasitic BJT may be significantly greater than 

unity because the length of the body region where the channel of the MOSFET is 

formed is kept as short as possible to help the minimize the on-state resistance 

This parasitic transistor influences greatly in the operation of a MOSFET. 

Parasitic elements are shown in Figure 3.6. 
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Figure 3.6 : Cross-section of Power MOSFET showing 
parasitic components. 

In the normal mode of operation the parasitic transistor must be kept 

inactive. This can be accomplished by shorting the N̂  emitter region to the P-

base region by the source metalization. However, the resistance of the P-base 

region between the shorts can become large and any lateral current flow in P-

base, due to capacitive currents arising at high applied [d\//dt] to the drain, can 

lead to forward biasing of the N7P junction which activates the parasitic bipolar 

transistor and leads to the initiation of minority carrier transport. This can slow 

down the the switching of the power MOSFET. Again if the base of the BJT were 

allowed to float, two potential problems would arise. First, the breakdown voltage 

is locally reduced to \/CEO, a drop that might be as large as 50% of rated 
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breakdown voltage. This drop in breakdown voltage can destroy the MOSFET. 

Second, the base-emitter potential may get large enough for the BJT to turn on 

and possibly go into saturation, a condition termed 'latchup'. This situation is 

dangerous because there will be significant power dissipation and worse yet, the 

BJT cannot be turned off once latchup has occurred. This would require the 

external interruption of the flow of drain current. 

3.5 Integrated Body Diode 

An integral body diode exists between source and drain, as shown in 

Figures 3.6 and 3.7. 

INTEGRAL £ 
DIODE ^ 

SOURCE 

-H GATE 

DRAIN 

Figure 3.7 : Power MOSFET with its integral diode. 

The reverse conducting diode is formed across the P-base/N-drift layer junction 

with its anode current flowing via the source contact to the P-base region. 

Some power switching circuits require reverse current flow through the 

active power switching devices. Even though the power switching devices do not 
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have to exhibit any reverse blocking capability, in some applications they must 

be capable of reverse conduction. When using bipolar transistors, it is necessary 

to use an anti-parallel diode across the transistor to conduct the reverse current. 

This diode must exhibit good reverse recovery characteristics with a small 

reverse recovery charge to keep the power dissipation low and a reverse 

waveform which does not contain an abrupt change in current. Any abrupt 

current changes create very high transient voltages which can damage the 

power. 
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CHAPTER IV 

TEST DEVICE, DO AND DONT'S 

4.1 Test Devices 

The main purpose of this research is to study of the behavior of power 

MOSFETs at cryogenic temperatures. The studies are concentrated mainly on 

two MOSFET types made by International Rectifier (IR), namely the IRF740 and 

the IRFBE20. Both are N-channel enhancement power MOSFET transistors. 

The ratings of the IRF740 are ̂ : 

Vds (V) 

400 

Rds(on) (Q) 

0.55 

Id Contin.(A) 25° C 

10.0 

Pd_max (W) 

125 

After initial measurements with the IRF740, a high voltage transistor (IRFBE20) 

with corresponding high Rds(on) was chosen. The ratings of the IRFBE20 are 2. 

Vds (V) 

800 

Rds(on) (Q) 

6.5 

Id Contin.(A) 25° C 

1.8 

Pd_max (W) 

54 

Other models used are IRF740, IRF330, IRF450 etc. IRF740 is used as the 

simulation model, as other models we used in the experiment are not available in 

the software model library. The later models are used for the reference of various 
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curves from the databook. A Spice model of IRF840 from International Rectifier 

website is shown in appendix-F, which might be used for Spice simulation. 

The IRF MOSFETs are contained in a TO-220AB package. 

Characteristics common to this TO-220AB package MOSFETs are: 

• lead Temperature = 300°C for 10 seconds max. 

• Tj = 55°C to +150°C operating. 

Figure 4.1 shows IR's standard packages for the test devices used. 

2.07 10.54 
^ r í 

1S.H4 

l4.oe 4,06 

1.40-fi - ,93 

2.54 

4.69 
"*n^1.32 

.55 
2.92 

Figure 4.1 TO-220AB package HEXFETs^' 

It is known that the MOSFETs ability to carry current is essentially limited only by 

junction heating, both for the 'switched' and 'linear' modes of operation. The 

major criterion on which the continuous rating of a MOSFET is based is heat 

removal. A better cooling system will allow a higher current, provided the peak 

junction temperature remains below the maximum value. A more efficient heat 

removal medium will allow higher internal power dissipation, hence the higher 

permissible current. The current rating of the device, supplied by the 
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manufacturer is only true for case temperature 25°C. For higher case 

temperature the current carrying ability decreases. Again when the system is 

brought at a cryogenic environment current carrying ability increases 

tremendously. Therefore the continuously usable current of MOSFET can be 

equated as"^: 

T -T 
j I Jmax c 

-* r> — 
£> 1 D D 

»' ^DS(on)^ih(JC) 

where 

Lmax=Maximum junction temperature. 

RDS(on)= Limiting value if the on resistance at rated Tjmâ . 

Rth(jc)=Maximum value of internal junction-to-case thermal resistance. 

Tc= Case temperature. 

4.2 HEXFET 

It is noteworthy that the MOSFETs used in our experiments are generally 

called HEXFETs, because of their hexagonal device geometry. At the core is a 

radically new hexagonal cellular structure, shown in Figure 4.2. It is this 

hexagonal geometry, along with advanced MOS processing, that gives the 

HEXFET an on-state resistance, Rosíon). of one-third of that possible with the best 

previous MOSFET technology, in a given die size. "* 
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Figure 4.2: Basic HEXFET Structure^ 

The HEXFETs are designed and manufactured in a way which practically 

eliminates the possibility of turn on of the parasitic bipolar transistor. The most 

important design feature in this respect is a low resistance P body region. By 

keeping the lateral current path in the body region as short and as wide as 

possible, its resistance is kept to a minimum. The doping level of this region is 

also kept high to further reduce resistance of the material through which lateral 

current may flow. These HEXFETs, which have been used in our experiments, 

possess an inherently high capability to withstand avalanching and high values 

of diode-recovery dV/dt.'' The die design of a third generation HEXFET III is 

shown in Figure 4.3. In this figure, the top metalized area is for gate contact and 

the lower one is for source. 
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Figure 4.3: HEXFET Die Structure' 

4.2.1 Hexfet Basic Characteristics 

The IRFBE20 is used as an example to show the basic characteristics of 

a HEXFET. Figure 4.4(a) shows typical output characteristics at room 

temperature. Figure 4.4(b) shows the same characteristics but at a higher 

temperature. Notable changes of drain current are shown for the same V̂ s & V gs-
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Figure 4.4: Characteristics of IRFBE20 
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Figure 4.4(continued) 
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Figure 4.4(c) shows the transconductance. Figure 4.4(d) shows variation of the 

on-resistance with temperature normalized to the value of room temperature. 

4.3 Power Hexfet Do And Don'ts 

Power HEXFETs offer many advantages over conventional bipolar 

transistors, in both linear and switching applications. These advantages include 

very fast switching, absence of second breakdown, wide safe operating area, 

and extremely high gain. When properly applied, Power HEXFETs can make 

circuits more compact with better performance provided it's subtleties are 

properly understood. The potential pitfalls can be easily overcome, at minimal 

cost and potentially great reward. 

4.3.1 Handling and Testing of Power HEXFETs 

Power HEXFETs are power devices, hence have much greater input 

capacitance. Therefore a probability of being damaged by static charge when 

handling, testing or installing into a circuit exists. In order to avoid possible 

problems, the following procedures are followed through out the experiment. 

•HEXFETs should be left in their anti-static shipping bags, or placed in metal 

containers, until required for testing or connection into circuit. 

•Test stations should use electrically conductive floor. 

• The soldering iron should be grounded. 



4.3.2 Gate-Source Voltage Spikes 

If the impedance of the drive source is high (in our experiment it is low), 

then any positive-going change of the voltage applied across the drain and 

source terminals (for example, caused by the switching of another device in the 

circuit) will be reflected as a positive-going voltage transient across the source 

and the drain terminals, in the approximate ratio of ̂ : 

1 

1+ ' 
C.. 

Where 

Cgs= Capacitance between gate and source. 

Cdg = Capacitance between gate and drain. 

The above ratio is typically about 1 to 6. That means that a change of 

drain-to-source voltage of 300 V, for example, could produce a voltage transient 

approaching 50V between the gate and source terminal. This excessive voltage 

will punch through the gate-source oxide layer and result in permanent damage. 

4.3.3 Drain-Source Voltage Spikes 

Overvoltage transients can be produced when the device is switched 

OFF, even if the DC voltage supply for the drain circuit is well below the VQS 

rating of the HEXFET. The faster the HEXFET is switched, the higher the 

potential overvoltage will be. As parasitic inductance is always present in 
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practical circuits, so there is always danger of inducing overvoltage transients 

when switching off. 

4.3.4 Peak Current Rating 

Power MOSFETs have specified current rating, which should not be 

exceeded in order to guarantee safe operation of the circuits and obviously for 

long-term reliability. In case of the current, the 1^^ (Max. drain current) rating is 

simply a 'ceiling'; below this ceiling, the designer is free to move, provided the 

thermal limit is not overrun. But it is sometimes overlooked that peak transient 

currents can be obtained in a practical circuit that are well in excess of the 

expected normal operating current. A technique that ensures that the peak 

current does not exceed the capability of the HEXFET, is to use a current 

sensing control that switches OFF the HEXFET whenever the current 

instantaneously reaches a preset limit.^ Some drive circuits (like Semikron driver 

circuits) use de-saturation monitoring for short circuit protection. 

4.3.5 Rms Current Rating 

All HEXFETs have a maximum continuos direct current rating 1̂ . The 

HEXFET structure is such that the internal bonding wires, bonding pads, and 

source metalization can carry this rated current continuously. So in the circuit 

caution must be followed so that the total continuous RMS current handled by 

the HEXFET should not exceed the 1̂  rating. 

40 



4.3.6 Thermal Limit 

Like all power devices, the power HEXFET is thermally limited. Care must 

be taken in the circuit, that the junction temperature does not exceed the rated 

Tj(max) under the 'worst case' condition of maximum power dissipation and 

maximum ambient temperature. In fact the current carrying capability of a 

HEXFET is determined by the junction heating.^ This can be equated as^°: 

'D-

T - T 
T I J m a x C 

^D ~ ^l p n 
^DS(on)^ih(JC) 

Where 

RDS(on) = Limiting value of the on-resistance at rated Tgr̂ ax). at the appropiate 

value of l[ 

Rth(jc) = Maximum value of internal junction-to-case thermal resistance, 

Tc = Case temperature. 

To determine the absolute value of the peak junction temperature, it is, of 

course, necessary to know the case temperature T^ under steady state operating 

conditions. Because of thermal inertia, the heat sink responds only to average 

power dissipation (except at extremely low frequencies which generally will not 

be of practical interest). T^ is therefore given bŷ  

' C ~ T A "•• (RthC-S "*" f^thS-A) "^AV 

Where 

TA = Ambient temperature, 

Rthc-s= Case-to-sink thermal resistance, 
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Rths-A = Sink-to-ambient thermal resistance, 

PAV = Average power dissipation. 

4.3.7 Safe Operating Area 

MOSFET data sheets usually show the safe operating area (SOA). These 

curves depict drain current and voltage values up to rated IDM and VDS, 

respectively. Figure 4.5 shows a typical SOA curve for the IRF330. These SOA 

curves for HEXFETs are based upon a case temperature of 25°C, and an 

internal power dissipation that increases the junction temperature to 150°C at the 

end of the power pulse. From these curves SOA curves for the respective 

experiment temperature can be derived. SOA curves can be calculated directly 

from the single pulse transient thermal impedance data. 
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Figure 4.5 : Safe Operating Area for IRF330 HEXFET 10 
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A power DMOSFET cell exhibits a definite relationship between 

breakdown voltage and on-resistance. Rds(on) limits the performance at low 

drain-source voltages,^^ which is evident in Figure 4.3. 

To understand the circuitry used in the experiment properly and to avoid 

the fitfalls of the power MOSFETs, those above stated do's and don'ts need to 

be followed. 
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CHAPTER V 

EXPERIMENTAL TECHNIQUE 

The experimental setup can be best described by the next block diagram 

(Fig5.1). 

Chamber and 
MOSFET 

Power 

Supply 

LOAD 

Figure 5.1: Block Diagram of Experimental System. 

5.1 Electrical Setup (Forward Conduction Test) 

In the setup the driver circuitry provided the necessary driving voltage to 

the MOSFET. The MOSFET is kept in a cryogenic chamber to maintain the lower 

temperature as the tests demanded, whereas the driver circuit remains at room 

temperature. The load is selected in such a way that the current through the 

MOSFET does not exceed the rated current level. For the measurement of the 

on-resistance and forward conduction a power supply of 800 Volt and 1 A is 

used. For the measurement of the breakdown voltage a power supply of 3 kV 

and 40 mA is used. 
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5.1.1 Driver Network 

The driver circuitry is build around the Texas Instruments SG-3525 pulse 

width modulating voltage regulator shown in Fig 5.2. 

Figure 5.2 : Photograph of Driver Network. 

It converts a DC voltage level to a waveform of variable duty cycle (0 to 

100%) with an amplitude of 5 Volts. It is mentioned earlier that the current 

carrying capability of the MOSFET depends upon on junction heating. For most 

cases the MOSFET can carry any waveform of current under any 'duty cycle' as 

long as the peak junction temperature is kept within the rated limit (150°C). Most 

MOSFETs are able to carry a peak current that is 4 times higher than the 

continuos 1̂  rating at T=25°C. Truly IQM (maximum drain current) is the upper limit 

45 



of the drain current that can be used in circuit provided the Tmax(maximum 

junction temp) rating is not violated. 

A Telcom TC-4221 driver circuit is used to boost the output of the SG-

3525 to 15 volts, which is necessary for driving the MOSFET device under 

investigation. Figure 5.3 shows this circuitry. Gate voltage limitation is carefully 

followed in providing the driving voltage. The silicon oxide layer between the gate 

and the source regions can be easily perforated if the gate-to-source voltage 

exceeds 20V, even if the current is limited to a very low value. 
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Figure 5.3 : Equivalent Electrical System. 

5.1.2 Body Diode 

When the power MOSFET is used in place of the bipolar transistor as the 

power switching device, the possibility of utilizing the reverse conducting diode 

inherent in the structure becomes attractive because it eliminates the complexity 
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and cost of adding the external diode. (It is noteworthy that the use of this 

advantage is only limited to high power operation where the power MOSFETs 

forward drop exceeds the junction knee voltage.) 

Figure 5.4 shows the high power circuit used to test the power MOSFETs. 

The diode D2 in parallel to the MOSFET is in fact the body diode of the 

transistor. This body diode is basically a normal p-n junction, which is formed 

across the P-base/N-drift layer junction with its anode current flowing via the 

source contact to the P-base region. Its electrical characteristics, therefore are 

basically those of a conventional silicon rectifier. The peak current rating of the 

integral body diode is the same as the peak current rating of the MOSFET. 

Another important practical consideration is the reverse recovery characteristics 

of the integral body diode. That is, as the diode is switched off, the current 

through it reverses for a short period. The MOSFET's body diode exhibits a 

minority carrier dominated reverse recovery. The main objective of using a 

MOSFET as a switch is to get faster switching speed. But the switching speed of 

the integral reverse rectifier is relatively slow. The switching speed of the circuit 

utilizing the reverse rectifier of the MOSFET (such as DC to DC choppers 

inverter for regulated power supplies, electric motor controllers, etc.) may 

therefore be limited by the integral body diode. The MOSFET's body diode is 

utilized in DC to AC inverters with inductive loads.^^ A circuit designer needs to 

take the changed behavior of the body diode into account. 
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Figure 5.4 : Schematic of Electrical Setup for fon/vard conduction. 

5.1.3 Free-Wheeling Diode 

In Figure 5.4, the diode D1 in parallel with the load resistor is a free-

wheeling diode, which helps to quench the voltage spikes caused by the change 

in current through the parasitic inductance of the load. When the device is 

switched off without the free wheeling diode D1, damaging over-voltage 

transients in excess of twice the DC supply voltage are produced, which can 

easily exceed the voltage rating of the MOSFET. The free-wheeling diode 

quenches that overshoot. Figure 5.5 shows the transient voltage spike that is 

caused by the parasitic inductance without a free-wheeling diode, when device is 

switched off. 
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Figure 5.5 : Overvoltage transient at Switch-off without 
Free_wheeling diode. (Figure from oscilloscope) 

The top curve shows the gate voltage whereas the lower trace shows the voltage 

Vds (drain-source) exhibiting a ringing overshoot with a peak of more than twice 

the supply voltage. Figure 5.6 shows the gate voltage and the corresponding 

voltage Vds with a free wheeling diode in the circuit. 
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Figure 5.6 : Overvoltage transient is quenched at Switch-off 
with free-wheeling diode. (Figure from oscilloscope) 
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Due to the inherent high speed turn-on and turn-off capability, the 

MOSFET is an almost ideal switch. Its high current gain capability makes it a 

preferred power switch for many circuit designs. For using these advantages in a 

circuit, some intricacies in the switching mechanism must be clearly understood. 

The ratio of parameters (specifically the drain circuit inductance and gate circuit 

resistance) used in the circuit determines the geometry of the switching waves, 

but the actual switching time depends upon specific values. To have faster 

switching, the inductance should be lowered, which again reduces the overall 

energy loss. The turn-off energy is always greater than the turn-on energy. One 

can decrease turn-on losses by increasing drain circuit inductance, but this 

increases the turn-off losses by a greater amount. The turn-on time and turn-on 

energy can be decreased by applying increased drive voltage. 

5.2 Electrical Setup (Breakdown Voltage Test) 

The breakdown voltage is measured in this setup (Figure 5.7). 
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Figure 5.7 : Circuit setup for Breakdown Voltage test 
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In this test, the device is 'reverse biased' by applying a voltage between the 

drain and source, with gate and source grounded. Figure 5.7 shows the 

configuration of the circuit. In this reverse mode the DC voltage across drain and 

source is being increased slowly with small step voltage. The voltage across the 

current limiting resistors remain stagnant for a wide range. At a certain voltage 

level even a small change of voltage causes the multimeter to show rapid 

change of voltage across drain and source of the MOSFET (i.e., current starts 

flowing through the circuit). This is the voltage level which determines the 

'Breakdown Voltage'. 

The breakdown voltage is measured at different temperatures. To achieve 

temperatures above room temperature a 'Heat blower' is used to increase 

MOSFET body temperature up to 150° F. For very low temperatures the 

MOSFET is kept in liquid nitrogen in cryogenic chamber during the time of 

operation. 

5.3 Mechanical Setup 

A cryogenic chamber was constructed to contain the liquid nitrogen and 

to minimize LN^ evaporation due to ambient environmental heat. Figure 5.8 

shows the diagram of the cryogenic chamber. The LN^ itself was contained in 

two stacked styro-foam cups which were located inside a 0.5 liter Pyrex 

container. The Pyrex container was embedded in loose-fill glass fiber inside the 

double walled, foam rubber insulated box. 
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Figure 5.8 : Cryogenic Chamber Configuration 

Conduction coefficients for the cryogenic chamber are: 

Pyrex 1.4 w/(m.k). 

Glass fiber 0.038 w/(m.k), 

Foam Rubber 0.029 w/(m.k). 

The effectiveness of the insulation was such that the heat influx from the 

ambient environment was equivalent to 0.33 watts. As the back side of power 

MOSFET is mettalic, the time constant for the test device to achieve the LN^ 

temperature from room temperature is very low. 

A type T Thermocouple thermometer is used to measure the temperature 

of the system. This thermometer indicates to the precision of 1/10 th degree. 

The time constant for this kind probe is 3.5 seconds. Figure 5.9 shows a 

photograph of the overall setup used in experiment. For measuring the switching 

performance of the power MOSFETs, a Tektronix 222PS digital storage 
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oscilloscope was used. This scope has a RS232 interface, thus allowing us to 

download waveforms from the scope to the computer. 

Figure 5.9: Photograph of Test Setup. 

It is possible, to obtain the drain-source resistance, Rds(on) from the 

saturation voltage captured on the oscilloscope when the device is turned on. 

However, Rds(on) can be measured more accurately with a digital voltmeter if 

the device is permanently in saturation (100% duty cycle). The values for 

Rds(on) that have been obtained during dynamic switching and with 100% duty 

cycle are in close agreement. 
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CHAPTER VI 

RESULTS AND DISCUSSION 

The main effort in the experiment is given to observe the behavior of the 

MOSFET on-resistance with respect to temperature. But other changes of the 

characteristics are also explained in this chapter. A notable advantageous 

change of on-resistance is found, while other disadvantageous parameter 

changes are also revealed. 

6.1 Switching Waveforms 

In Figure 6.1, switching waveforms are shown. The top curve shows the 

switching of Vds with respect to driving gate pulse. This waveform is taken at 

room temperature (75°F). 

"lektronix 
Press P1 •Fop' hetp 

^ / R a t M I / HODO 
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Figure 6.1: Switching of IRF-BE20 MOSFET in Room Temp 
(Figure from oscilloscope) 

54 



In Figure 6.2, the same waveform is taken at LN^ temp(-319°F). Note that there 

are no significant changes of the risetime compared with the measurements of 

room temperature. This is most likely due to bandwidth limitation of the 

oscilloscope. 

Figure 6.2 : Switching of IRF-BE20 MOSFET at LN^ temp(-319°F) 
(Figure from oscilloscope) 

The waveforms in Figure 6.3 depict the saturation voltage drop across the 

transistor at room temperature(77° F) and at LN^ temperature (-319° F). 

Corresponding data is available in Appendix A. With a Y-channel setting of 

2V/div, the curves in Figure 6.3 saturate at 18V during the period of the duty 

cycle when the device is off. It was verified by the measurements at 100% duty 

cycle, that the signal limitation in the scope did not affect the voltage traces 

below the cut-off level. The flat line across the bottom of Figure 6.3 is the zero 

reference line. The top trace is for room temperature. At room temperature, the 
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saturation voltage drop is approximately 2.2V, but when we cool the MOSFET in 

LN2, the voltage drops to 0.3V (middle curve in the graph). This shows a large 

reduction of Rds(on). 

20 

15 
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å 

-5 
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Figure 6.3 : Vds Switching Waveform at 77° F and -319° F (For IRFBE20). 
(From 222PS Oscilloscope) 

PSPICE simulation gives the similar trend but not the same quantitative 

result. Figure 6.4 shows the switching waveform of a simulation in SPICE. The 

zoomed view of the switching waveform in Figure 6.4 clearly shows how 

Rds(on) changes with temperature. But it is worthwhile to mention that in Figure 

6.4 the voltage drop change is quite lesser than the experimental result, shown 

in Figure 6.3. This is mainly because of inaccurate spice modeling of Rds(on). 

(The model for the IRF740 MOSFET was used for the simulation. The SPICE 
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circuit file and the schematic is shown in Appendix E. Appendix F shows SPICE 

model for IRF840, downloaded from the internet.) 

Scrupulous investigation reveals that at lower temperature threshold 

voltage of MOSFET becomes elevated. As a result MOSFET switches at higher 

voltage than it does at room temperature. 
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Figure 6.4 : Zoomed Vds Switching Waveform 
(Simulation Result) 

6.2 On-Resistance 

In Figure 6.5, the value of Rds(on) as a factor of the temperature is 

shown. Corresponding data is available in Appendix B. The temperature has a 

range from LN^temp to 150° F. Note the large increase of Rds(on) of more than 

a factor of 20 over the temperature range. 
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The decrease of Rds(on) at cryogenic temperature can be explained in 

terms of increase of the electron mobility. The mechanism responsible for this 

increase in mobility at lower temperatures is the reduced scattering of electrons 

by lattice vibrations.̂  At around room temperature the electron mobility can be 

described by equation 6.1.^ 

300 , , , 
//„ = 1360(—)^^^ (6.1) 

Where 

//„= Mobility of electron in cmWs 

T= Temperature in Kelvin. 
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-% - v' ' * 

•150 ^ 

Temperature (F) 
5 0 " 150 

i w.-̂  

.•*'^^' M'-J-*'î-#fr^«t 
1 y 

Flgure 6.5 : Rds(on) with respect to Temperature. 
(For IRFBE20-ND) 

From Equation 6.1, it is evident that the mobility decreases as the 

temperature increases. Decreased mobility leads to increased Rds(on). Change 
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of the Rds(on) is shown in Figure 6.5. Our experimental data are curve fitted 

using a 'MATLAB' program (shown in Appendix G). From the program a equation 

can be formulated showing the variation of on-resistance with temperature: 

Rds(on)=Rds^^o,,(on) (—-) 3,0448 

300' 
(6.2) 

Figure 6.6 shows the on-resistance with respect to drain current at room 

temperature and LN^ (-319° F)temperature. Note that Rds(on) increases with 

higher drain current in room temperature while it is almost constant at LN^ 

temperature. This is because of superior heat removal capability of the cryo 

system. 
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Figure 6.6: Rds(on) versus Drain current 

59 



6.3 Threshold Voltage 

Figure 6.7 shows the change of threshold voltage with respect to 

temperature. 

o « T ID(M1) Vgs 

Figure 6.7 :Transfer Characteristics of a Power MOSFET 

(Simulation result) 

Zooming the knee voltage portion gives a clearer view, which is shown in Figure 

6.8. 

90<<.76rin r 

I D ( M 1 ) 

Figure 6.8 : Change of threshold voltage (Simulation Result) 
Curve Vgs versus Id 
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At -319°F, the threshold voltage is almost 0.2 volt higher than at room 

temperature. The threshold voltage can be equated as^ 

VT = + 24^, 

Where 

f^=Dielectric constant of the semiconductor, 

q= Electron charge, 

NA= The acceptor concentration , 

^g= Bulk potential, 

Cox= Gate/oxide/channel Capacitance density . 

Differentiating with respect to temperature gives: 

í/F^ dV^ 

dT dT 

1 ISsqN^ 

C 4 .̂ 
+ 2 

This expression is valid even in the presence of a work function difference and 

oxide charge because these parameters are not strongly affected by the 

temperature. The bulk potential varies with temperature because the energy gap 

changes with temperature: 

dT T 

E^(T = 0) 

2q 
'Í'BÍT) 

From this expression, the rate of variation of the threshold voltage with 

temperature can be calculated as a function of the background doping level and 

oxide thickness. It is important to provide an adequate room temperature 

61 



threshold voltage that will allow operation at high temperatures with a sufficient 

margin to ensure noise immunity and protection from inadvertent turn-on when a 

high [dv/dt] is applied. 

6.4 Breakdown Voltage 

Aside from the on resistance Rds(on), the breakdown voltage is an 

important figure of merit for power MOSFET devices. The breakdown voltage for 

MOSFETs was found to be lower at cryogenic temperatures and to be higher at 

elevated temperatures as shown in Figure 6.9. (Corresponding data is available 

in Appendix C.) Fortunately the reduction at cryogenic temperature is only 

moderate. 

-319 75 

Temperature (F) 

976 

Figure 6.9: Breakdown voltage versus Temperature. 
(For IRFBE20) 
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An indirect approach is taken to explain the change of breakdown voltage. 

In the ideal case the resistance of the N̂  emitter, N^substrate, n channel region, 

accumulation region, and JFET region are negligible. So the specific on-

resistance will then be determined by the drift region alone. From a fundamental 

physics viewpoint it can be shown that for obtaining a desired breakdown voltage 

(BV), the drift region must have a doping concentration NQ of ̂ : 

A^. = ''^' 
"" 2qBV 

and a thickness of Wp: 

Wn= 
F 
^c 

Where 

Ec = Critical electric field of avalanche breakdown, 

BV = Breakdown voltage, 

Ss = permittivity of silicon. 

An equation can be formulated from these equation relating specific on-

resistance and breakdown voltage as : 

W^ 4 5 F ' 
R. on-sp(Ueal) ^^j^ ^ ^ ^ ^ 3 ^ ^ ^ 

Clearly, the on-resistance is proportional to the breakdown voltage. Or 

BVoz^ÍR . 
^ on-sp 
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As at cryogenic temperature the on-resistance decreases, the breakdown 

voltage decreases proportionately to the square root of the on-resistance, which 

explains the decrease of breakdown voltage at cryogenic temperatures. 

6.5 Body Diode 

The integral body diode can be treated as a P-l-N rectifier between the 

source and drain terminals. It will conduct current very efficiently with a very low 

forward voltage drop due to the injection of a high concentration of minority 

carriers into the drift region. 
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Figure 6.10: Body Diode Characteristics versus Temperature 
(For IRFBE20). 
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Figure 6.10 shows the voltage drop across the internal body diode of the power 

MOSFET as a function of temperature. Corresponding data is available in 

Appendix D. 

This body diode acts as a free wheeling diode in many circuit topologies. 

The data was obtained with the drain and source of the device reversed and the 

gate shorted to the source. Figure 6.10 shows that the voltage drop across the 

body diode increases with decreasing temperatures. Therefore the current flow 

through the body diode will cause increased losses at cryogenic temperatures. 

As high voltages are used in power operations, the small change of the forward 

conduction voltage drop does not really affect the system at all. However the 

efficiency is decreased and the heat removal rate is increased. This could be 

significant because removing 1 watt dissipation at LN^ temperatures requires 

about 2 watt of input power into the cryo cooler. 

Transconductance of the power MOSFET tends to increase at cryogenic 

temperature. This is mainly because of mobility, as other parameters which 

constitute the transconductance remains unaffected by the temperature 

variation. This dependence can be equated as ^ 

g , (T) = g , (25°C) (T/300)^^ 

Where 

ĝ ^ = Transconductance. 

From the above discussions, it is evident that power MOSFET, can be used 

advantageously at a cryogenic environment. The power loss of the system will 

65 



decrease tremendously. Other disadvantages can be overcome through prudent 

design. 
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CHAPTER VII 

CONCLUSIONS 

Power MOSFETs show a dramatically different behavior at cryogenic 

temperature from at room temperature. At cryogenic temperatures the 

conduction losses of enhancement type, n-channel MOSFETs are significantly 

decreased. The power handling capability of the devices is greatly increased, 

because of the superior heat removal from devices immersed in LN^. The on-

resistance decreased almost 15 times, decreasing on-state power losses 

accordingly. The largest improvement has been observed for high voltage 

devices. No change in switching speed has been found here; however, in the 

literature an increase in switching speed is reported.^ Since a given device can 

be operated at a higher current and with the same capacitance in the cryo 

environment, the gain-bandwidth product increases by cooling. Thus higher 

switching speeds are quite realistic. The discrepancy in our experiment to the 

literature is probably due to the limited bandwidth of the diagnostics used for this 

study. It is found that the breakdown voltage decreases moderately and the 

voltage drop across the body diode increases at cryogenic temperatures, which 

somewhat degrades the performance. 

At cryogenic temperatures we can eliminate heatsinks with direct liquid 

nitrogen cooling. This would result in a considerable size, weight and cost 

reduction. Thus we can have dense packaging without compromising power 
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rating. Cryo cooling also minimizes snubbing requirements.̂ '* The current gain of 

the parasitic bipolar transistor decreases tremendously at cryo temperatures. 

Therefore, dv/dt and di/dt effects are not prominent and second breakdown can 

be better avoided. The parasitic transistor is less ineffective in cryo operations. 

A cryogenic power MOSFET provides the combination of high current, low 

on-resistance, high power and high speed operation. Further investigation can 

be carried out in future to find out the economical side of using a cryogenic 

system in industry. 

The properties of semiconductor materials at cryogenic temperatures are 

so different from the familiar properties at higher temperatures, that it is 

reasonable to expect many more device applications to emerge as a result of 

continued research and development effort in this direction. In this sense, 

therefore the present state of the science and art of cryogenic semiconductor 

devices cannot be regarded as more than a very modest start of a potentially 

important development. Many devices showed positive performance at cryogenic 

temperature. Already cooling has been used for ultra low-noise preamplifiers for 

astronomŷ '̂̂ ® and for high-speed computers.̂ ^ Still vast unexplored opportunities 

at cryogenic temperatures are waiting for being discovered. 
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APPENDIX A 

Vds SWITCHING WAVEFORM DATA 

Data used for the plotting of Vds Switching Waveforms at different 

temperatures (Figure 6.3) is shown next. Because of vast data only a few have 

been shown here. It is notable that this data is acquired from Tektronix 222PS 

digital storage oscilloscope. 

Table A.1: Vds Switching Waveform Data 

Time (Second) Vds Vds Reference Line 

(-319degF) (77deg F) 

O.OOOOE+00, 

0.1953E-05, 

0.3906E-05, 

0.5859E-05, 

0.7812E-05, 

0.9766E-05, 

0.1172E-04, 

0.1367E-04, 

0.1562E-04, 

0.1758E-04, 

0.1953E-04, 

0.2148E-04, 

0.2344E-04, 

0.2539E-04, 

0.2734E-04, 

0.2930E-04, 

0.3125E-04, 

0.3320E-04, 

1.77E+01 

1.77E+01 

1.77E+01 

1.77E+01 

1.77E+01 

1.77E+01 

1.77E+01 

1.77E+01 

3.75E+00 

1.56E+00 

7.81 E-01 

5.47E-01 

4.69E-01 

4.69E-01 

3.91 E-01 

4.69E-01 

3.91 E-01 

3.91E-01 

1.78E+01 

1.78E+01 

1.78E+01 

1.78E+01 

1.78E+01 

1.78E+01 

1.78E+01 

1.78E+01 

3.52E+00 

3.59E+00 

2.73E+00 

2.42E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.27E+00 

2.34E+00 

2.27E+00 

O.OOE+00 

7.81 E-02 

7.81 E-02 

O.OOE+00 

7.81 E-02 

7.81 E-02 

O.OOE+00 

7.81 E-02 

O.OOE+00 

-7.81 E-02 

O.OOE+00 

O.OOE+00 

-7.81 E-02 

O.OOE+00 

7.81 E-02 

O.OOE+00 

O.OOE+00 

-7.81 E-02 
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Table A.1 Continued 

Time (Second) 

0.3906E-04, 

0.4102E-04, 

0.4297E-04, 

0.4492E-04, 

0.4687E-04, 

0.4883E-04, 

0.5078E-04, 

0.5273E-04, 

0.5469E-04, 

0.5664E-04, 

0.5859E-04, 

0.6055E-04, 

0.6250E-04, 

0.6445E-04, 

0.6641 E-04, 

0.6836E-04, 

0.7031 E-04, 

0.7227E-04, 

0.7422E-04, 

0.7617E-04, 

0.7812E-04, 

0.8008E-04, 

0.8203E-04, 

0.8398E-04, 

0.8594E-04, 

Vds 

(-319degF) 

3.91 E-01 

3.91 E-01 

3.91 E-01 

4.69E-01 

3.91 E-01 

4.69E-01 

4.69E-01 

3.91 E-01 

5.47E-01 

4.69E-01 

4.69E-01 

5.47E-01 

4.69E-01 

3.91 E-01 

5.47E-01 

4.69E-01 

3.91 E-01 

4.69E-01 

4.69E-01 

5.47E-01 

4.69E-01 

4.69E-01 

4.69E-01 

4.69E-01 

3.91 E-01 

Vds Reference Line 

(77deg F) 

2.19E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.27E+00 

2.34E+00 

2.27E+00 

2.27E+00 

2.34E+00 

2.34E+00 

2.27E+00 

2.27E+00 

2.34E+00 

2.34E+00 

2.27E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.27E+00 

O.OOE+00 

7.81 E-02 

7.81 E-02 

O.OOE+00 

O.OOE+00 

O.OOE+00 

7.81 E-02 

7.81 E-02 

O.OOE+00 

O.OOE+00 

O.OOE+00 

O.OOE+00 

7.81 E-02 

7.81 E-02 

O.OOE+00 

7.81 E-02 

O.OOE+00 

O.OOE+00 

O.OOE+00 

7.81 E-02 

7.81 E-02 

O.OOE+00 

O.OOE+00 

O.OOE+00 

7.81 E-02 
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Table A.1 Continued 

Time (Second) 

0.9570E-04, 

0.9766E-04, 

0.9961 E-04, 

0.1016E-03, 

0.1035E-03, 

0.1055E-03, 

0.1074E-03, 

0.1094E-03, 

0.1113E-03, 

0.1133E-03, 

0.1152E-03, 

0.1172E-03, 

0.1191E-03, 

0.1211E-03, 

0.1230E-03, 

0.1250E-03, 

0.1270E-03, 

0.1289E-03, 

0.1309E-03, 

0.1328E-03, 

0.1348E-03, 

0.1367E-03, 

0.1387E-03, 

0.1406E-03, 

0.1426E-03, 

Vds 

(-319degF) i 

5.47E-01 

5.47E-01 

4.69E-01 

4.69E-01 

4.69E-01 

4.69E-01 

5.47E-01 

4.69E-01 

5.47E-01 

4.69E-01 

4.69E-01 

4.69E-01 

5.47E-01 

4.69E-01 

5.47E-01 

3.91 E-01 

5.47E-01 

4.69E-01 

5.47E-01 

5.47E-01 

4.69E-01 

5.47E-01 

5.47E-01 

3.91 E-01 

5.47E-01 

Vds Reference Line 

(77deg F) 

2.34E+00 

2.34E+00 

2.27E+00 

2.42E+00 

2.34E+00 

2.27E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.27E+00 

2.34E+00 

2.34E+00 

2.50E+00 

2.34E+00 

2.27E+00 

2.27E+00 

2.42E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.34E+00 

2.27E+00 

O.OOE+00 

7.81 E-02 

7.81 E-02 

O.OOE+00 

O.OOE+00 

O.OOE+00 

O.OOE+00 

1.56E-01 

-7.81 E-02 

7.81 E-02 

O.OOE+00 

7.81 E-02 

O.OOE+00 

7.81 E-02 

7.81 E-02 

7.81 E-02 

O.OOE+00 

-7.81 E-02 

O.OOE+00 

O.OOE+00 

7.81 E-02 

O.OOE+00 

7.81 E-02 

7.81 E-02 

O.OOE+00 

73 



APPENDIX B 

RDS(ON) VERSUS TEMPERATURE DATA 

Data used for the plotting of Rds(on) with respect to temperature (Figure 

6.5) is shown next. 

Table B.1 Rds Versus Temperature Data 

Temp/F 

190.0000 

155.0000 

130.0000 

114.0000 

95.0000 

86.0000 

77.0000 

22.0000 

10.0000 

8.0000 

7.0000 

6.0000 

5.0000 

4.0000 

3.0000 

2.0000 

-18.2000 

-23.3000 

-28.0000 

-31.0000 

-34.0000 

Rds(on) 

10.653 

8.429 

7.083 

6.235 

5.528 

5.135 

4.950 

3.665 

3.540 

3.500 

3.475 

3.455 

3.435 

3.420 

3.405 

3.400 

3.085 

3.000 

2.900 

2.840 

2.790 
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Table B.1 continued 

Temp/F 

-40.0000 

-41.0000 

-43.0000 

-44.0000 

-46.0000 

-51.0000 

-55.0000 

-57.0000 

-60.0000 

-62.0000 

-64.0000 

-66.0000 

-68.0000 

-70.0000 

-73.0000 

-75.0000 

-77.0000 

-79.0000 

-81.0000 

-82.0000 

-84.0000 

-319.0000 

Rds(on) 

2.670 

2.640 

2.605 

2.590 

2.555 

2.465 

2.410 

2.375 

2.325 

2.285 

2.250 

2.225 

2.190 

2.160 

2.115 

2.090 

2.060 

2.030 

2.005 

1.985 

1.950 

0.365 
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APPENDIX C 

BREAKDOWN VOLTAGE VERSUS TEMPERATURE DATA 

In this appendix, data for breakdown voltage change with respect to temp 

(Figure 6.9) is shown. As the change is not that significant, data for only three 

temperatures are shown. 

Table C.1: Breakdown Voltage Data 

Temp 

-319 

75 

150 

Volt 

741 

941 

976 
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APPENDIX D 

BODY DIODE CHARACTERISTICS VERSUS TEMPERATURE DATA 

Data for body diode characteristics versus temperature (Figure 6.10) is 

shown below. For same current value voltage drop across internal body diode is 

acquired for different temperatures. 

Table D.1: Body diode characteristics versus temperature data 

l_diode 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

Temp/F 

120 

V_diode 

0.645 

0.673 

0.691 

0.704 

0.714 

0.725 

0.734 

Temp/F 

110 

Vdiode 

0.655 

0.682 

0.699 

0.713 

0.723 

0.732 

0.741 

Temp/F 

75 

V_diode 

0.694 

0.717 

0.733 

0.745 

0.755 

0.765 

0.777 

Temp/F 

-20 

V_diode 

0.793 

0.813 

0.823 

0.832 

0.839 

0.847 

0.853 

Temp/F 

-150 

V_diode 

0.930 

0.943 

0.954 

0.964 

0.974 

0.975 

0.980 

Temp/F 

-319 

Vdiode 

1.053 

1.064 

1.072 

1.079 

1.085 

1.091 

1.097 
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APPENDIX E 

SPICE SIMULATION OF CIRCUIT 

Schematic used in SPICE solution is shown here : 

t 
2 1 o K nn ;J7̂  R -j ^ X D 2 

4> 4 

D r o 1 n î f 
M 1 

2 0 0 v ^ 
t V 2 

Orlvjjan Vo l toc i e 
R F T 4 - 0 

S o u r o e 

/ \ D4-

O 

Figure E.1: Schematic for Simulation 

The MOSFET model used for the simulation in SPICE is shown next. 

MOSFET MODEL PARAMETERS: 

IRF740 

NMOS 

LEVEL 3 

L 2.000000E-06 

W .78 

VTO 3.657 

KP 20.590000E-06 

GAMMA 0 

PHI .6 

RD .3915 
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RS 8.563000E-03 

RG .9088 

RDS 1.778000E+06 

IS 17.650000E-12 

PBSW .8 

CBD 1.419000E-09 

TT 570.000000E-09 

CGSO 1.392000E-09 

CGDO 146.600000E-12 

TOX 100.000000E-09 

XJ 0 

ETA 0 

VFB 0 

K1 0 

K2 0 

UO 0 

TEMP 0 

VDD 0 

XPART 0 

Circuit file used in the simulation is : 

* Schematics Version 6.2k - March 1996 

*ThuAug 15 15:06:38 1996 

** Analysis setup ** 

.DC LIN V_V3 0 15.1 

.STEP TEMP LIST 

+ -195,25,150 

.OP 
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* From [SCHEMATICS NETLIST] section ofmsim.ini: 

.lib nom.lib 

.INC "IRF740Z.net" 

.INC"IRF740Z.als" 

.probe 

.END 

* Schematics Netlist * 

M_M1 DRAIN $N_0001 0 0 IRF740 

R_R1 DRAIN$N_0002 21ohm 

V_V2 $N_0002 0 200V 

V_V3 $N_0001 0 DC 0 AC 0 

+PULSE 0 15 500ns O.lns O.lns lOOns 300ns 

D_D2 DRAIN $N_0002 MBR7530 

D D4 0 DRAIN MBR7530 
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APPENDIX F 

SPICE MODEL OF IRF840 

This Spice model is downloaded from the 'lnternet' site 

http://www.irf.com/~ir/product-info/spice/SPICE/irf840.spi, a site created by 

'lnternational Rectifier'. 

This is the model for IRF840. The ratings for this model are^: 

Vds (V) 

400 

Rds(on) 

(n) 

0.85 

Id Contin.(A) 

25° C 

8.0 

Id (Max) 

(A) 

32 

Pd_max 

(W) 

125 

The available model is shown below: 

.SUBCKT irf840 1 2 3 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

Model Generated by MODPEX * 

*Copyright(c) Symmetry Design Systems* 

* All Rights Reserved * 

* UNPUBLISHED LICENSED SOFTWARE * 

* Contains Proprietary Information * 

* Which is The Property of * 

* SYMMETRY OR ITS LICENSORS * 

*Commercial Use or Resale Restricted * 

* by Symmetry License Agreement * 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* Model generated on Apr 29, 96 

* Model format: SPICE3 

* Symmetry POWER MOS Model (Version 1.0) 
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* External Node Designations 

* Node 1 -> Drain 

* Node 2 -> Gate 

* Node 3 -> Source 

M1 9 7 8 8 MM L=100u W=100u 

* Default values used in MM: 

* The voltage-dependent capacitances are 

* not included. Other default values are: 

* RS=0 RD=0 LD=0 CBD=0 CBS=0 CGBO=0 

.MODEL MM NMOS LEVEL=1 IS=1e-32 

+VTO=3.84925 LAMBDA=0.00279225 KP=6.49028 

+CGSO=1.18936e-05 CGD0=1e-11 

RS 8 3 0.0178672 

D1 3 1 MD 

.MODEL MD D IS=6.51041e-09 RS=0.0106265 N=1.49911 BV=500 

+IBV=0.00025 EG=1.2 XTI=3.02565 TT=0.0001 

+CJO=1.08072e-09 VJ=3.67483 M=0.9 FC=0.5 

RDS 3 1 2e+07 

RD9 1 0.810848 

RG 2 7 3.45326 

D2 4 5MD1 

* Default values used in MD1: 

* RS=0 EG=1.11 XTI=3.0TT=0 

* BV=infinitelBV=1mA 

.MODEL MD1 D IS=1e-32 N=50 

+CJO=1.81945e-09 VJ=1.07167 M=0.9 FC=1e-08 

D3 0 5 MD2 

* Default values used in MD2: 

* EG=1.11 XTI=3.0TT=0CJO=0 
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* BV=infinitelBV=1mA 

.MODEL MD2 D IS=1e-10 N=1 RS=3e-06 

RL5 10 1 

FI2 7 9VFI2-1 

VFI2 4 0 0 

EV16 1 0 0 9 7 1 

CAP 11 10 1.81945e-09 

FI1 7 9VFI1 -1 

VFI1 116 0 

RCAP6 10 1 

D4 0 6 MD3 

* Default values used in MD3: 

* EG=1.11 XTI=3.0TT=0CJO=0 

* RS=0BV=infinitelBV=1mA 

.MODEL MD3 D IS=1e-10 N=1 

.ENDS 
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APPENDIX G 

CURVE FITTING 

A Matlab program is written for curve fitting the data of Appendix B. The 

two m-files are given here. The main M-file is : 

% MAIN m-FILE. 

% Data fitting for the on-resistance 

clear all; 

echo off; 

global Data 

% Loading the rds_t.dat file, which has the data for the curve fitting. 

%Same file as appendix-B. 

load rds_t.dat 

a=rds_t; 

b = rds_t(:,2); %temp in Kelvin 

c = rds_t(:,3); %on-resistance in ohm 

cla reset; 

hold on 

plot(b,c,'co','EraseMode','none') 

title('Curve Fitting for Rds(on) eqn') 

xlabel('Temp(k)') 

ylabel('resistance') 

grid on 

pause(.l) 

global Plothandle 

Plothandle = plot(b,c,'EraseMode','xor'); 
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Iam = [1 1]'; 

trace = 0; 

tol = .0000001; 

%Here this files calls a function 'Frds' , which is another m-file. 

%This function m-file is shown after this m-file 

lambda = fmins ('Frds',lam,[trace tol]); 

hold off 

echo off 

%End of the main m-file 

Frds.m 

The function m-file 'Frds.m' is shown next. 

%FILE NAME : Frds.m 

%This function file is called by 

%Zrds.m file. 

function err = Frds(lambda) 

global data Plothandle 

k1=lambda(1); 

k2=lambda(2); 

load rds_t.dat 

a=rds_t; % Input data 

b=a(:,2); % Input data for temp 

c=a(:,3); % Input data for resistance 

%Equation for curve fitting 
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r^^kr^b/^OO^.'^k^) 

set(Plothandle,'ydata',r) 

drawnow 

err=norm(r-c)/norm(c); % The error function 

lambda 

%End of the function m-file. 

Next graph (Figure G.1) shows the fitted curve with respect to data. 
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Figure G.1: Curve fitting of the data of Appendix B. 

So the output value for the lambda of the m-file is 
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:i^^a mmmmmrr-vTTm 

lambda = [ 5.5643 

3.0448]; 

lambda is defined in the m-file as 

k1=lambda(1); 

k2=lambda(2); 

Basic equation model for the curve fitting is 

Rds(on)=(k1*(b/300).^k2); 

We get k1 =5.5643 & k2=3.0448. 

It can be shown that 5.5643 is the Rds(on) at 27° C. 

So the final equation can be formulated as: 

Rds(on)=Rds „ íon) (—)'''''' 
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