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ABSTRACT 

Effects of radiation-induced interface-trapped charge and oxide-trapped charge on the 

inversion-layer carrier mobility in double-diffused metal-oxide-semiconductor (DMOS) 

power transistors are investigated. Interface-trapped charge is more effective in scattering 

inversion-layer carriers than oxide-trapped charge. However, the effects of oxide-trapped 

charge must be taken into account in order to properly describe the mobility behavior. An 

effective approach to detecting effects of oxide-trapped charge and separating these effects 

from effects of interface-trapped charge is demonstrated. Detection is based on analyzing 

mobility data sets which have different functional relationships between the two trapped 

charge components. These relationships may be linear or nonlinear. Separation of effects 

of oxide-trapped charge and interface-trapped charge is possible only if these two trapped 

charge components are not linearly dependent. A significant contribution of oxide-trapped 

charge to mobility degradation is demonstrated and quantified. Effects of oxide-trapped 

charge may be dominant in non-hardened DMOS transistors irradiated at relatively high dose 

rates. 

In addition, DMOS devices have been irradiated at room temperature and mobility 

measurements performed at room temperature and at 77 K to analyze mobility degradation 

due to the same density of radiation-induced defects at these two different temperatures. 

Radiation-induced mobility degradation is more pronounced at77 K than at room temperature, 

due to increased relative importance of Coulomb scattering from trapped charge when 

phonon scattering is significantly reduced. Effects of oxide-trapped charge on mobility are 

more pronounced at cryogenic temperatures than at room temperature. 
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1. INTRODUCTION 

Power MOSFETs (MetaI-Oxide-Semiconductor Field-Effect Transistors) are the most 

widely used semiconductor power devices in audio amplifiers and switched-mode power 

supplies. Before the advent of power MOSFETs in 1978, the power bipolar transistor was 

the only device available for high-speed, medium-power applications. Power bipolar 

transistors, however, are current-controlled devices, and require large base drive currents. 

Consequently, the base drive circuits are complex and expensive. In addition, power bipolar 

transistors are susceptible to second breakdown, and it is difficult to operate these devices in 

parallel. Power MOSFETs do not suffer from these problems, and they are inherently faster, 

because MOSFETs are unipolar, majority-carrier devices not affected by the minority-carrier 

storage delays. Thus, the most notable advantages of power MOSFETs over bipolar power 

transistors are higher frequency operation, faster switching speed, simplified input drive 

requirements, and better thermal stability [1], [2]. 

Figure 1.1 illustrates the cross-sectional view of an n-channel DMOS power transistor. Only 

two adjoining cells are shown; depending on the current rating, a typical power MOSFET 

may have from several hundred to thousands of parallel cells. The P-base and the heavily 

doped ll-source are self-aligned in the DMOS fabrication process. The diffusion windows 

used to form the P-base regions and the ll-source regions have a common edge defined by 

the polysilicon gate. The channel length is, therefore, determined by the difference in lateral 

diffusions of the P-base and the source. The source and the P-base are shorted by the source 

metallization. The operation of the device is based on controlling the conductivity of the 

silicon surface where the P-base region meets the silicon-silicon dioxide interface. The 
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Fig. 1.1 Cross-sectional view of a DMOS power transistor. 
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conductivity is controlled by the value of the gate potential with respect to the source (which 

is usually grounded). The channel-a thin surface layer of electrons in the P-base-is formed 

by applying positive voltage at the gate. The channel provides an electrical connection 

between the source and the drain. If positive voltage is applied at the drain, the current flows 

from the drain to the source. Electrons flow from the source through the channel laterally, 

and then vertically downward to the bottom drain contact. Radiation-induced charges in the 

oxide act as scattering centers reducing the mobility of channel (inversion-layer) carriers. 

The physics of operation of power MOSFETs is covered in detail elsewhere [1], [3], [4]. 

Although the DMOS structure differs considerably from the conventional, integrated-circuit 

MOSFET structure, the basic operation principles are the same. The physics of the MOSFET 

is described in numerous textbooks ([5]-[8], for example). 

Power MOSFETs are attractive devices for space applications because the simplicity of gate 

drive circuitry results in lower volume and weight compared to circuits employing bipolar 

transistors. In addition, power MOSFETs are more efficient in the frequency range typical 

for switched-mode power supplies suitable for use in space environments. Like any other 

MOS device, power MOSFETs are sensitive to the ionizing radiation found in space. As a 

result, radiation-hardened power MOSFETs have been developed which may sustain total

dose levels typical for space applications without a significant deterioration of their electrical 

characteristics. However, significantly lower cost associated with commercial, non-hardened 

power MOSFETs has made the ionizing-radiation effects in non-hardened power MOSFETs 

an actively researched topic. 

In this dissertation, ionizing-radiation effects on the electrical characteristics of power 

MOSFETs are investigated. In particular, mobility degradation and its dependence on 
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radiation-induced interfacial charges (oxide-trapped charge and interface-trapped charge) is 

examined. Significant effects of oxide-trapped charge are observed. These effects have been 

found to be even more important for low-temperature operation. A new approach to detecting 

the effects of oxide-trapped charge, and separating them from the often dominant effects of 

interface-trapped charge is proposed. 

The current-voltage characteristics of power MOSFETs are discussed in Chapter 2. The 

ionizing-radiation effects, including threshold-voltage shifts and mobility degradation, are 

reviewed in Chapter 3. The non-negligible contribution of oxide-trapped charge to radiation

induced mobility degradation in DMOS transistors is discussed in Chapter 4. The enhanced 

mobility degradation due to radiation-induced charges at cryogenic temperatures is described 

and explained in Chapter 5. Finally, conclusions are drawn in Chapter 6. 
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2. CURRENT-VOLTAGE CHARACTERISTICS OF DMOS TRANSISTORS 

In this chapter, the dependence of the drain current on the bias voltages is described. The 

leakage current is considered in detail, because the operation ofDMOS transistors biased in 

this regime is not well understood and explained in the existing literature. The operation of 

DMOS transistors biased in the subthreshold and the above-threshold regimes is briefly 

described next. Finally, inversion-layer mobility and its dependence on temperature, doping, 

and bias voltages is discussed. 

2.1 LEAKAGE CURRENT 

The DMOS (Double-Diffused Metal-Oxide-Semiconductor) structure is widely used in 

discrete power MOSFETs and in power integrated circuits. High voltage capability is 

achieved by using a lightly doped drain drift region which also minimizes channel-length 

modulation. High current capability is obtained by connecting many DMOS cells in parallel. 

Figure 2.1 (a) shows the cross-section of two adjacent cells of an n-channel DMOS transistor. 

The operation of the DMOS transistor biased with gate voltages above the threshold voltage 

(on-state) is well understood. Even though typical channel lengths are of the order of 1 !lm, 

the absence of channel-length modulation allows application of the long-channel MOSFET 

theory to modeling of the drain current [1], [3]. More complex analytical [9] and semiriumerical 

[10] models have been developed to account for effects specific to DMOS transistors 

operated under high current densities and high voltages, such as local heating, large voltage 

drop in the drift region, and mobility degradation at high drain voltages. On the other hand, 

no significant effort has been made to understand and model currents flowing through a 
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DMOS transistor biased with gate voltages below the threshold voltage. In particular, the 

leakage current observed for zero gate voltage (off-state) is believed to be due to the reverse

biased p-n junction formed by the base region and the drain drift region. As long as this 

current remains within the manufacturer-specified limits, little attention is paid to its exact 

physical origins and its dependence on the bias voltages. In this section, the low-current 

operation of DMOS transistors biased with gate voltages below the threshold voltage is 

investigated. Specifically, the "hump" in the leakage current observed for low drain voltages 

is explained, and its possible applications are discussed. Figure 2.1 (b) displays the current

voltage characteristic of a typical IRF440 power MOSFET, and defines some terms which 

are used frequently later. The inset shows a magnified view of the hump. Note that the hump 

was first observed and qualitatively explained recently, in a study on effects of electrostatic 

discharge on power MOSFETs [11]. The present study provides a detailed quantitative 

analysis based on the gate-controlled diode theory. The experimental results presented here 

were obtained using six discrete power MOSFET device types from three different 

manufacturers. 

2.1.1. Gate-Controlled Diode 

The gate-controlled diode theory was developed by Grove and Fitzgerald [12], [13], and 

appended by Pierret [14]. A short description of the gate-controlled diode operation is given 

below. Figure 2.2 shows the gate-controlled diode structure (which is similar to the base

drain diode in the DMOS structure) and the corresponding qualitative diode current vs. gate 

voltage characteristic for a fixed positive voltage V D' A positive V D reverse biases the p-n 

junction. The diode reverse current at room temperature is predominantly due to Shockley

Read-Hall generation [15]. The magnitude of the current depends on the number of 
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Fig. 2.1 (a) Cross-section of the DMOS structure. (b) Drain current as a function of the gate 

voltage for a fixed drain voltage (V D = 0.1 V) for an IRF440 power MOSFET. The inset shows the 

magnified view of the hump. 
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Fig. 2.2 (a) Cross-section of the gate-controlled diode structure. (b) Qualitative diode current

gate voltage characteristic of the gate-controlled diode for a fixed positive voltage V D' (After Grove 

and Fitzgerald [12], [13].) 
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recombination-generation centers enclosed by the depletion region(s). These generation

recombination centers may be located in the silicon bulk or at the silicon surface (silicon

silicon dioxide interface). For a sufficiently positive gate voltage, the silicon surface under 

the gate is accumulated and only those bulk recombination-generation centers which are 

within the p-n junction depletion region contribute to the generation current. On the other 

hand, when the gate voltage is sufficiently negative, the silicon surface under the gate is 

strongly inverted. Now, there is a field-induced surface depletion region in the lightly doped 

n-region in addition to the depletion region of the p-n junction. The number of bulk 

recombination-generation centers enclosed by these two depletion regions is larger than that 

in the case of accumulation. Consequently, the reverse current is larger when the surface is 

inverted than when the surface is accumulated. When the silicon surface under the gate is 

depleted, surface generation-recombination centers add another component to the reverse 

diode current. As a result, the maximum reverse current is observed at gate voltages for which 

the silicon surface under the gate is depleted. 

2.1.2 DMOS Structure-A Gate-Controlled Diode in Disguise 

Figure 2.1 (a) shows the cross section of an n-channel vertical DMOS transistor. During 

normal device operation, a positive drain-to-source voltage results in electron flow from the 

source to the drain if a sufficiently positive gate-to-source voltage is applied. In all the 

measurements reported in this study the source terminal was grounded (Vs= 0). Consequently, 

the gate-to-source voltage V GS = V G - Vs equals the gate voltage V G' and the drain-to-source 

voltage V DS = V D - Vs equals the drain voltage V D' The drain current is defined as positive 

if flowing into the drain terminal. 
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Even though the DMOS structure is more complex than the gate-controlled diode, the latter 

structure can easily be recognized in Fig. 2.1 (a). The P-base and the lightly doped N- drain 

drift region form a p-n junction which is controlled by the polysilicon gate. To complete the 

analogy with the gate-controlled diode shown in Fig. 2.2 (a), the source and the P-base of a 

DMOS transistor are shorted internal to the device by the source metallization. This results 

in a three-terminal device which is equivalent to the gate-controlled diode when the gate bias 

is not sufficiently positive to induce a conductive channel between the source and the drain. 

Note that the presence of the heavily doped N+ source is essential for operation of the DMOS 

transistor, but it does not affect the properties of the gate-controlled diode formed by the P

base and the drain drift region. 

2.1.3 Relationship Between Surface Potential in Drain Drift Region and Gate Voltage 

The properties of the drain drift region (most notably the doping level and the flat-band 

voltage) determine the values of the gate voltage required to bring the silicon surface to a 

given level of inversion. The surface potential in the drain (lJIs ) is related to the gate voltage 

(V G ) by the following expression: 

(2.1) 

where VFB is the flat-band voltage, Cox is the gate-oxide capacitance per unit area, and 

Qs=±F JND x 
I 

{ ¢, e "'sl !P,_ 'lis - ¢, + e 2!PFI!p, [ ¢, e -( "'s+ VD)/!p1 + 'lis - ¢, e - vDI!p, ] P (2.2) 

is the total charge (per unit area) in the semiconductor [8], which is the sum of the inversion 
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layer charge and the ionized impurity-atom charge in the depletion region. N D is the donor 

concentration in the N-drift region. The thermal potential (approximately 0.026 V at room 

temperature) is defined by 

kT 
f/l(= q , (2.3) 

where k is the Boltzmann constant, T is the absolute temperature, and q is the magnitude of 

the electron charge. 

(2.4) 

is the Fermi potential for the N-drift region, where nj is the intrinsic electron concentration 

(approximately 1.45 x 1010 cm-3 at room temperature). F is a constant given by 

F = .j2q Cs , (2.5) 

where Cs is the silicon permittivity. 

Note that Eqs. 2.1 and 2.2 are valid in all regimes (accumulation, depletion, and inversion). 

The plus sign in Eq. 2.2 is used when the surface potential is negative (depletion and 

inversion), and the minus sign is used when the surface potential is positive (accumulation). 

When the drain surface potential is negative and its magnitude is several f/l( above V D 

(depletion and inversion), the expression for the total charge in the semiconductor (Eq. 2.2) 

can be simplified [8]: 
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(2.6) 

For these values of the surface potential, Eq. 2.1 becomes: 

(2.7) 

where r is the body effect coefficient, defined by 

F .fii; 
r= c . 

ox 
(2.8) 

The exponential term in Eqs. 2.6 and 2.7 is negligible except in strong inversion-when the 

magnitude of the surface potential is much larger than 1 2tPF - V D I. Therefore, for negative 

surface potential with magnitude between several tPr and 1 2tPF - V D I, 

(2.9) 

2.1.4 Experimental Results-Drain Current as a Function of Gate Voltage 

All the measurements reported in this study were performed at room temperature, using a HP 

4145B semiconductor parameter analyzer. In all the measurements, the source terminal was 

grounded. Six discrete power MOSFET types from three different manufacturers were used: 

four Il-channel types (lRF150 and IRF250 manufactured by International Rectifier, IRF130 

manufactured by Harris Semiconductor, and IRF440 manufactured by Motorola), and two 

p-channel types (IRF9130 manufactured by Harris Semiconductor and MTM8P08 

manufactured by Motorola). 
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Figure 2.3 (a) is a semilogarithmic plot of the drain current as a function of the gate voltage 

for several values of the drain voltage (VD = 0.1 V, 0.5 V, 1 V, 5 V, 10 V, 50 V, and 100 V) 

for a typical IRF440 power M OSFET. Figure 2.3 (b) shows a magnified view of the portion 

of the current-voltage characteristics enclosed by the dotted frame in Fig. 2.3 (a). The leakage 

current observed for negative gate voltages increases as the drain voltage increases. Two 

distinct regions of operation in the leakage current can be observed. First, for large negative 

gate voltages (drain surface strongly inverted) the leakage current does not depend on the gate 

voltage. This leakage current is due to the bulk generation in the depletion regions and it has 

been termed the background leakage in Fig. 2.1 (b). Second, for small negative gate voltages 

(drain surface depleted) the leakage current depends on the gate voltage and a "hump" is 

observed. In this region, the leakage current is the sum of the bulk-generation component [bg 

and the surface-generation component [sg. When the gate voltage is sufficiently positive, the 

subthreshold conduction begins. In this region of operation, the drain current is approximately 

an exponential function of the gate voltage, and it does not depend on the drain voltage. The 

subthreshold operation region is observed for the drain current ranging from approximately 

several nanoamperes to several milliamperes. For larger drain currents, the above-threshold 

conduction sets in, where the logarithm of the drain current is no longer a linear function of 

the gate voltage. 

The leakage current observed for large negative gate voltages (background leakage) 

increases as the drain voltage increases. This is due to an increase in the width of the depletion 

regions, leading to increased generation current due to bulk recombination-generation 

centers. In addition, the width of the hump increases as the drain voltage is increased. The 

effects of the drain voltage on the hump are discussed in more detail later. It should be noted 

here that for large drain voltages (above 10 V) the hump is barely discernible because the 
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Fig. 2.3 (a) Semilogarithmic plot of the drain current as a function of the gate voltage for several 

values of the drain voltage (Vo= 0.1 V, 0.5 V, 1 V,S V, 10 V, 50 V and 100 V) for an IRF440 power 

MOSFET. (b) A magnified view of the portion of the current-voltage characteristics enclosed by the 

dotted frame in (a). The squares denote points where V G = Vo' and "'5= 0 (flat-band), the diamonds 

denote points where V G= V1 and "'5= tPF- V o(onset of weak inversion), and the circles denote points 

where VG= V2 and "'5=2tPF- Vo(onset of strong inversion). The values of gate voltages Vo' V1,and 

V2 were calculated using No = 1.9 X 1014 cm-3, and VFB = - 0.48 V. 
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bulk-recombination component of the leakage current increases as the drain voltage is 

increased, and the surface-recombination component (responsible for the hump) does not 

increase. 

In Fig. 2.3 (b) some significant values of the gate voltage (Vo' VI' and V2) are marked as 

follows: the squares denote gate voltages resulting in the flat-band condition in the drain 

(V G = Vo ; 'l's = 0); the diamonds denote the boundary between depletion and weak inversion 

(V G = VI ; 'l's = l/JF - V D); and the circles denote the boundary between weak inversion and 

strong inversion (V G = V2 ; 'l's = 2l/JF - V D)' Quantitatively, setting 'l's = 0 in Eq. 2.2 results 

in Qs = 0, so that Eq. 2.1 reduces to 

for'l's=O. (2.10) 

Similarly, from Eq. 2.9 we obtain: 

(2.11) 

and 

(2.12) 

The values of the voltages Vo' VI ,and V2, shown in Fig. 2.3 (b) (denoted by the squares, the 

diamonds, and the circles, respectively) were calculated using Cox = 3.14 X 10-8 F cm-2, 

ND= 1.9 x 1014 cm-3, and VFB =-0.48 V. The oxide capacitanceperunit area was calculated 

using the known gate-oxide thickness, while the drain doping and the flat-band voltage were 

determined using a method which is described in Appendix A. 
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It is evident from Fig. 2.3 (b) that the hump is observed at gate voltages for which the surface 

is depleted or weakly inverted. When the drain surface under the gate is strongly inverted (to 

the left of the circles), or accumulated (to the right of the squares), the leakage current 

component due to surface generation in the drain is negligible. Clearly, the contribution of 

surface generation to the leakage current strongly depends on the value of the surface 

potential. This surface-generation component of the leakage current is 

(2.13) 

where Us is the surface recombination-generation rate per unit area, andAs is the surface area 

of the drain under the gate. If the capture cross sections for electrons and holes are assumed 

to be equal, and if the surface recombination-generation centers are assumed to have a 

uniform distribution in energy throughout the band gap, the surface recombination-generation 

rate is given by the following expression [13]: 

EC 

Us = as VtllDi! l , I 
dE't 

n s + p s + 2n i cosh [ (E it- E i) / kT ] 
(2.14) 

Ev 

where O's is the capture cross section of the surface recombination-generation centers, vth is 

the thermal velocity (approximately 107 cmls at room temperature), Dit is the density of 

surface recombination-generation centers (interface traps) per unit area and unit energy, Eit 

is the energy level of surface recombination-generation centers, Ei is the intrinsic Fermi level, 

and Ils and Ps are the concentrations of majority carriers (electrons) and minority carriers 

(holes), respectively, at the surface of the drain under the gate. Equation 2.14 is based on the 

Shockley-Read-Hall theory of the recombination-generation processes in semiconductors 



29 

[16], [17]. The integration limits are the top of the valence band (Ev) and the bottom of the 

conduction band (E e)' The strong dependence of the surface recombination-generation rate 

on the surface potential is due to the fact that the surface concentrations of electrons and holes 

depend exponentially on 1JIs : 

(2.15) 

(2.16) 

In accumulation, the surface concentration of electrons in the drain is large, and Us is small. 

In strong inversion, the surface concentration of holes is large and, again, Us is small. This 

situation is illustrated in Fig. 2.4, for a fixed value of the drain voltage. If the drain voltage 

is V D = 0.5 V, the gate voltage required to bring the drain surface to strong inversion calculated 

from Eq. 2.12 is Va = V2 = - 1.23 V. The energy band diagram corresponding to the bias 

voltages indicated in Fig. 2.4 (a) is shown in Fig 2.4 (b). The positions of Ev' Ej' and Ee at 

the drain surface are denoted by solid circles. The base-drain p-n junction is not in 

equilibrium when VD is different from zero. Consequently, the single Fermi level which 

exists in equilibrium is replaced here by two quasi-Fermi levels: one for electrons (E Fn ) and 

one for holes (E Fp ). A positive drain voltage reverse biases this p-n junction. As a result, 

the quasi-Fermi level for holes is above the quasi-Fermi level for electrons. Their separation 

is determined by the value of the drain voltage, E Fp - E Fn = q V D' Figure 2.5 shows the energy 

band diagrams for three significant values ofthe surface potential (when the drain voltage is 

fixed at V D = 0.5 V), along with the corresponding drain current-gate voltage characteristic. 

The symbols on the current-voltage characteristic have the same meaning as in Fig. 2.3: the 

square denotes the flat-band condition, the diamond denotes the onset of weak inversion, and 

the circle denotes the onset of strong inversion. In addition, the triangle denotes the point at 
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Fig. 2.4 (a) A simplified cross-section of two adjacent DMOS cells showing the inversion layer in 

the drain and the boundary of the depletion region in the drain (dashed line). This depletion region 

consists of the p-n junction depletion region and the surface depletion region. The gate voltage 

required to bring the drain surface to strong inversion for a given drain voltage (V G = -1.23 V for V 0 

= + 0.5 V) is calculated using Eq. 2.12. (b) Energy-band diagram in the drain along the plane A-A' 

forthe bias conditions given in (a). The positions of Ev. EI • and ccatthe drain surface are denoted 

by solid circles. 
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Fig. 2.5 The energy band diagrams for a fixed drain voltage V D = + 0.5 V and the corresponding 

drain current-gate voltage characteristic. The symbols have the same meaning as in Fig. 2.3: the 

square denotes the flat-band condition, the diamond denotes the onset of weak inversion, and the 

circle denotes the onset of strong inversion. In addition, the triangle denotes the point at which the 

surface generation reaches maximum. 

which the surface generation reaches maximum. 

As illustrated in Fig. 2.4 (b), the drain surface is strongly inverted when the intrinsic Fermi 

level (Ej ) at the surface is at least one Fermi potential (lPF) above the quasi-Fermi level for 

minority carriers (EFp )' This corresponds to the conditionps = ND • At the onset of strong 

inversion (the energy band diagram in the upper left-hand comer of Fi~. 2.5), E j is exactly 
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one l/>F above E Fp at the surface. At the onset of weak inversion, E; at the surface equals E Fp 

(the energy band diagram is not shown in Fig. 2.5). At flat-band (the energy band diagram 

in the upper right-hand comer of Fig. 2.5), the surface potential equals zero and E; is the same 

at the drain surface as in the drain bulk. The values of the surface potential corresponding 

to these energy band diagrams and the resulting gate voltages have been given in Eqs. 2.10-

2.12. The value of the surface potential corresponding to the maximum of the surface 

generation and the resulting gate voltage are obtained using Eqs. 2.14-2.16 and Eq. 2.9. From 

Eq. 2.14, the surface recombination-generation rate reaches maximum for a value of the 

surface potential resulting in a minimum of the sum ofthe surface concentrations of electrons 

and holes. For ns andps given by Eqs. 2.15 and 2.16, the condition 

(2.17) 

results in 

(2.18) 

Note that the same condition was derived by Fitzgerald and Grove [13] for a forward-biased 

gate-controlled diode, and by Reddi [18] for a forward-biased emitter-base junction of a 

bipolar transistor. From Eqs. 2.15 and 2.16, it can be seen that this condition leads to ns = p s 

(Le., the surface recombination-generation rate has a maximum value when the surface 

concentrations of electrons and holes are equal). In the energy band notation, this means that 

the intrinsic Fermi level at the surface is exactly halfway between the two quasi-Fermi levels 

(the energy band diagram in the middle in Fig. 2.5). Finally, it should be mentioned that the 

condition given by Eq. 2.18 holds only when the capture cross sections for electrons and holes 

are equal, because Eq. 2.14 was derived under that assumption. Reddi [18] derived an 
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expression more general than Eq. 2.18, which is valid when the capture cross sections of the 

surface recombination-generation centers for electrons and holes are not equal. 

Since the inversion-layer charge and, thus, the exponent in Eq. 2.7, is negligible for the 

surface potential given by Eq. 2.18, it is possible to use Eq. 2.9 to find the gate voltage 

resulting in the maximum surface generation rate: 

(2.19) 

Finally, one significant difference between the gate-controlled diode shown in Fig. 2.2 (a) 

and the base-drain diode in a DMOS structure shown in Fig. 2.1 (a) is discussed, and its 

consequence to the hump is explained. The difference is in the doping level of the P regions. 

The P+ region of the gate-controlled diode shown in Fig. 2.2 (a) is heavily doped, and cannot 

be depleted unless very large positive voltage is applied at the gate terminal. Consequently, 

for practical gate voltages, this P+ region does not contribute to the reverse diode current. It 

is therefore sufficient to consider the N region in analyzing the reverse diode current. In 

contrast, the P-base region in the DMOS structure is not heavily doped, and the surface charge 

in this region can easily be modulated by the gate voltage. Therefore, the P-base may 

contribute a non-negligible generation current to the reverse diode current. 

Figure 2.6 gives the comparison between the measured drain current (solid lines) and the 

calculated leakage current (symbols connected by dotted lines). The leakage current is the 

sum of the measured background leakage (lbg -to the left of the hump) and the calculated 

surface-generation component (lsg). The surface-generation component was calculated as 

follows: (I) for a chosen value of the surface potential (lfIs )' the surface concentrations lls and 

p s were evaluated from Eqs. 2.15 and 2.16, respectively; (2) these values were used in 
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Fig. 2.6 The measured drain current (solid lines) and the calculated leakage current (symbols 

connected by dotted lines) as a function of the gate voltage with the drain voltage as a parameter. 

Eq. 2.14 to find the surface recombination-generation rate (Us); (3) this value of Us was in 

tum used in Eq. 2.13 to calculate Isg' Finally, Eqs. 2.1 and 2.2 were employed to relate the 

chosen value of the surface potential to the gate voltage. This procedure was repeated for a 

number of different values of the surface potential. Note that the value of the product As as 

Dj, was chosen so that the measured and the calculated peaks for V D = 0.1 Y coincide. The 

same value of this product was used in calculating Isg for the remaining drain voltage values. 

As an example illustrating the order of magnitude of the quantities of interest, As = 0.1 cm-

2, as = 10-16 cm2, and Djt = 3.3 X 109 cm-2 ey-I , give the desired product. 

The integral in Eq. 2.14 was evaluated analytically, replacing the integration limits Evand 

Ec by - 00 and + 00, respectively. The error introduced in this way is negligible because the 

recombination-generation centers with energy levels near the middle of the energy band are 
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much more efficient than those near the band edges [13]. Therefore, adding centers located 

- 0.5 e V (or more) away from the middle of the energy band does not affect the value of the 

integral. 

It is evident from Fig. 2.6 that the experiment and the theory are in good overall agreement. 

The contribution of the P-base region to the leakage current is not included in the theoretical 

analysis, and consequently the increase in the leakage current as the gate voltage increases, 

which is observed on the measured current-voltage characteristics, is not predicted by the 

calculations. In addition, the measured leakage current is larger to the right of the hump 

(when the drain surface is accumulated) than to the left of the hump (when the drain surface 

is strongly inverted) which is contrary to the predictions of the simple gate-controlled diode 

theory presented in Section 2.1.1. This can also be explained by the contribution of the P

base region. Namely, the increase in the gate voltage results in an increase in the width of 

the depletion region in the P-base below the gate. As a result, the generation current in the 

depletion region in the P-base increases as the gate voltage is increased. 

A comparison between the measured and the calculated humps reveals that the experiment 

gives a wider hump than the calculations (Fig. 2.6). Similar results were obtained by 

Fitzgerald and Grove [13], and by Reddi [18], for recombination current of forward biased 

P-Il junctions. The proposed explanations were: (1) microscopic nonuniformities of the 

surface potential caused by the random spatial distribution of surface charges [13], and (2) 

the non-negligible contribution of recombination-generation centers with energies not equal, 

but close to midgap [18]. In the present study, a uniform density of the recombination

generation centers in energy was assumed in calculating Us (in contrast to [18], where a single 

trap level located at midgap was assumed). This eliminates explanation (2). The most 

plausible explanation is based on the variation of the surface potential in the direction parallel 
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to the semiconductor surface, but the cause is probably different from that given in 

explanation (1). Pierret [14] demonstrated that the quasi-Fenni level for minority carriers 

does not remain constant as one moves along the semiconductor surface away from the p-n 

junction. For the DMOS structure, this means that the maximum surface recombination

generation rate may occur at different surface potential values, and thus different gate 

voltages, for points near the base-drain junction and for points halfway between the cells. The 

existence of more than one gate voltage resulting in the maximum Us leads to broadening 

of the hump. 

In this subsection, significant values of the surface potential have been identified and the 

expressions for the corresponding gate voltage have been given. The hump has been shown 

to exist only when the drain surface is depleted or weakly inverted. Thus, the hump is 

bounded by strong inversion to the left and accumulation to the right (Fig. 2.5). Although 

the drain voltage appears in many of the expressions presented so far, its effects on the hump 

are discussed separately in some detail in Appendix A. Proper understanding of the effects 

of the drain voltage is essential for development of the method for detennining the doping 

in the drain described in Appendix A. 

2.2 SUBTHRESHOLD CURRENT 

The threshold voltage of an n-channel power MOSFET is given by the following expression: 

(2.20) 

where the subscript c is used to differentiate the flat-band voltage at the source-end of the 

channel (V FBc ) the Fermi potential at the source-end of the channel (l/>Fc ) and the body-effect 
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coefficient at the source-end of the channel ('Yc, ) from the corresponding quantities for the 

drain region defined in Section 2.1. The doping in the channel region (P-base) is not uniform 

from the source to the drain. This is because the channel is located in the part of the P-base 

which is obtained by lateral diffusion. Consequently, the doping at the source-end of the 

channel is higher than the doping at the drain-end of the channel. The threshold voltage is 

determined by the highest doping along the channel, which is why the quantities in Eq. 2.20 

are specified at the source-end of the channel. Therefore, the Fermi potential at the source

end of the channel is defined as 

(2.21) 

while the body-effect coefficient is: 

FfN;. 
rc= c ' ox 

(2.22) 

where NA denotes the doping concentration in the P-base at the source-end of the channel. 

For gate voltages lower than the threshold voltage, the inversion-layer charge is negligible 

so that the relationship between the gate voltage (V G) and the surface potential at the source

end of the channel (ljIsc ) is: 

(2.23) 

Therefore, when the source-end of the channel is weakly inverted (l/JFc < ljIsc < 2l/JFc)' the 

surface potential may be expressed as a function of the gate voltage: 
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(2.24) 

The drain current flowing through a MOSFET for gate voltages lower than the threshold 

voltage is commonly called the subthreshold current. This current is [8] 

(2.25) 

where W is the channel width, L is the channel length, and Jl is the electron mobility. Figure 

2.7 shows the comparison between the measured subthreshold current and the calculated 

subthreshold current. The calculated characteristic was obtained using Eqs. 2.24 and 2.25, 

for W / L = 7.2 X 104, J1 = 1000 cm2/(V s) (bulk mobility), Cox = 3.14 X 10-8 F/cm2
, 

VFBc = -1.52 V, and NA = 6 X 1016 cm-3• Note that Eq. 2.25 provides a very satisfactory 

description for the measured subthreshold drain current. This is because the drain current in 

the subthreshold region is entirely due to diffusion. Therefore, the inversion-layer charge 

must be a linear function of position from the source to the drain (because the current does 

not depend on position in the channel). The nonuniform doping along the channel in a power 

MOSFET thus does not affect the inversion-layer charge profile along the channel. As a 

result, Eq. 2.25, which was derived for a uniformly doped substrate, is applicable to power 

MOSFETs operating in the subthreshold region. 

2.3 ABOVE-THRESHOLD CURRENT 

Figure 2.8 shows the output characteristics of an IRF440 power MOSFET. An important 

feature of power MOSFETs operated in the low-current range shown in Fig. 2.8 is that the 
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Fig. 2.7 Comparison between the measured (solid line) and the calculated (open symbols) 

subthreshold current for an IRF440 power MOSFET. 
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Fig. 2.8 Drain current as a function of the drain voltage with the gate voltage as a parameter for 

an IRF440 power MOSFET. 
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drain current in saturation is practically independent of the drain voltage. This is a 

distinguishing feature of long-channel MOSFETs. Modem power MOSFETs have channel 

lengths of the order of 1 ~m. In conventional, integrated-circuit MOSFETs the channel 

length modulation for such a channel length may be expected to be significant. In power 

MOSFETs, however, the depletion region of the reverse biased base-drain junction will 

extend mainly into the drain, which is less heavily doped than the base region. This feature 

of the DMOS structure gives power MOSFETs the high voltage capability, but also 

diminishes the channel-length modulation. 

The drain current of long-channel MOSFETs is commonly described using the following 

equations [8]: 

where V D sat is given by 

VG - VT 
VDsat = 1 + 0 

for V D < V D sat 

for VD > VDsat ' 

(2.26) 

(2.27) 

(2.28) 

The parameter 0 describes the change of the depletion region charge along the channel 

length. The value 0 = 0 implies that the depletion region charge is the same all along the 

channel. Figure 2.9 shows the comparison between the measured and the calculated output 

characteristics for an IRF440 power MOSFET for two values of the gate voltage V G = 3.6 V 

and V G = 3.8 V. The drain current was calculated using Eqs. 2.26-2.28. The values used in 
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Fig. 2.9 Comparison between the measured (solid line) and the calculated (open symbols) drain 

current for an IRF440 power MOSFET. 

calculations were: VT = 3.3 V, W / L = 7.2 X 104, J.l = 520 cm2/(V s) and Cox = 3.14 X 10-8 

F/cm2• The values of oused in calculations were 0.7 for VG = 3.6 V, and 0.6 for VG = 3.8 V. 

The departure of the calculated characteristics from the measured ones in the triode region 

is due to the series resistance of the drain. The voltage drop across this resistance is the 

difference between the externally applied voltage (plotted along the x-axis is Fig. 2.9) and the 

voltage that exists internal to the device at the drain-end of the channel. This resistance is 

estimated to be 3.6 n for V G = 3.6 V, and 2.3 n for V G = 3.8 V. 

Equation 2.27 indicates that the threshold voltage V T can be determined as the voltage-axis 

intercept of the extrapolated square root of the drain current in saturation. Figure 2.10 

displays the plot of the square root of the drain current as a function of the gate voltage. Also 

shown is the extrapolation line which intersects the x-axis at V T = 3.30 V. The drain voltage 

is sufficiently large to ensure that the device is operating in the saturation regime. 
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Fig. 2.10 Square root of the drain current as a function ofthe gate voltage for V D= 5 V. The values 
of the drain current used to define the extrapolation line are 30 rnA and 80 rnA. The threshold voltage 
VT = 3.30 V is obtained as the x-axis intercept of the extrapolated drain current in saturation. 

2.4 INVERSION-LAYER MOBILITY 

Inversion-layer mobility (P) in DMOS transistors depends on temperature, silicon doping, 

silicon-silicon dioxide interface characteristics, and bias voltages. The dependences on 

temperature and doping are due to functional dependences ofthe basic scattering mechanisms 

on temperature and doping. In device-quality silicon, the dominant scattering mechanisms 

are phonon (lattice) scattering and ionized-impurity scattering. Phonon scattering is due to 

interactions between the mobile carriers and the vibrating lattice atoms. The ionized

impurity scattering is due to coulombic interactions between the charged carriers and the 

ionized impurity atoms (donors in n-type silicon, acceptors in p-type silicon, and both donors 

and acceptors in compensated silicon). When two or more scattering mechanisms have to be 

considered to describe carrier mobility, the common approach is to associate one mobility 
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component with each scattering mechanism. Specifically, this means that J1L is the mobility 

that would be observed if phonon (lattice) scattering was the only mechanism affecting 

mobility. Similarly, J111 is defined as the mobility that would be observed if ionized-impurity 

scattering was the only mechanism affecting mobility. These mobility components are 

combined using Matthiessen's rule [19] to obtain the carrier mobility as follows: 

1 1 1 
-=-+-
f.l f.l L f.ll/ 

(2.29) 

When additional scattering mechanisms (such as surface roughness scattering) are important, 

their contributions are modeled by adding the reciprocals of the corresponding mobility 

components to the right-hand side ofEq. 2.29. 

The phonon scattering component of mobility decreases as the temperature is increased, 

which is to first order modeled by [19]: 

-3/2 
f.lL ocT (2.30) 

The ionized-impurity scattering component increases as the temperature is increased [19]: 

(2.31) 

where NJ is the total ionized impurity concentration (NJ = N D + + NA-). The decrease in J1L 

when the temperature is increased is due to an increase in lattice vibrations at elevated 

temperatures. On the other hand, the increase in J111 when the temperature is increased is due 

to an increase in thermal velocity of carriers, which reduces the scattering efficiency of 
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ionized impurities. As expected, J11l decreases as the total concentration of ionized impurities 

is increased. 

The typical bulk values of mobility in silicon (for the doping concentration of 1014 cm-3 ) at 

room temperature are 1360 cm2/(V s) for electrons, and 460 cm2/(V s) for holes [19]. The 

inversion-layer mobility is lower; it is commonly assumed to be one half of the bulk value. 

Finally, the inversion-layer carrier mobility in MOSFETs also depends on the bias voltages 

(Le., on the vertical and lateral electric fields). The following expression has been used to 

describe mobility in power MOSFETs as a function of the gate voltage [1]: 

(2.32) 

where the low-field mobility is,uo=520cm2/(V s), and 8=0.014 V-I [1]. Asimilardecrease 

in mobility is observed as the drain voltage, (Le., the lateral field in the inversion layer) is 

increased. 

2.5 SUMMARY 

The current-voltage characteristics of power MOSFETs operating in different bias regions 

have been described. The leakage current is due to generation-recombination processes in 

the silicon bulk and at the silicon-silicon dioxide interface. The dependence of the surface 

generation component of the leakage current on the bias voltages has been employed to 

explain the hump in the leakage current observed for low drain voltages. 
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For power MOSFETs operating in the subthreshold region orthe above-threshold region, the 

long-channel MOSFET theory has been shown to provide a good description of the observed 

current-voltage characteristics, as long as the currents are sufficiently low to avoid heating. 

Also, it is necessary to account for the non-negligible drain series resistance in power 

MOSFETs. The drain current in power MOSFETs operated in the above-threshold region 

is critically dependent on the inversion layer mobility. The most important scattering 

mechanisms determining mobility are the phonon scattering and the ionized-impurity 

scattering. 

As will be seen in Chapters 4 and 5, ionizing radiation leads to significant degradation of 

inversion-layer mobility. This mobility degradation is due to radiation-induced oxide

trapped charge and interface-trapped charge which act as Coulomb scattering centers. 



46 

3. RADIATION EFFECTS IN DMOS TRANSISTORS 

Radiation-induced changes in electrical parameters of DMOS transistors are briefly 

presented in this chapter. Threshold-voltage shifts due to radiation-induced charges are 

considered first. Inversion-layer mobility degradation in ionizing-radiation environments is 

described next. (The contributions of oxide-trapped charge and interface-trapped charge to 

radiation-induced mobility degradation are explained in more detail in Chapters 4 and 5.) 

Other effects of ionizing radiation, such as leakage-current increase, and breakdown-voltage 

change are then discussed. Finally, the subthreshold charge separation technique, which is 

extensively used in Chapters 4 and 5, is described. 

3.1 THRESHOLD-VOLTAGE CHANGE 

Radiation effects in power MOSFETs have been the subject of extensive study over the past 

few years (reviewed in [20]). The most commonly observed radiation effect is the shift in the 

threshold voltage due to positive gate-oxide charge build-up and interface-trap formation. 

Changes in transconductance, leakage currents, and breakdown voltage and the loss of drive 

capability have also been reported. Understanding of radiation-induced degradation of 

power MOSFETs is essential to the prediction of the long-term behavior in space or in any 

other radiation environment. Radiation effects in MOS devices are reviewed in great detail 

in [21]. 

Ionizing radiation creates electron-hole pairs in the gate oxide of a MOSFET. Mobile carriers 

which do not recombine move under the influence of the applied electric field toward the gate 

or the silicon substrate. When the gate bias is positive, holes move relatively slowly toward 

the silicon substrate, while electrons are rapidly swept out of the oxide layer through the gate. 
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Some of the holes are trapped in the vicinity of the silicon-silicon dioxide interface leading 

to positive oxide-trapped charge. Ionizing radiation also causes a buildup of interface

trapped charge at the silicon-silicon dioxide interface. The threshold voltage shift (~ V T) can 

be expressed as the algebraic sum of a component due to oxide-trapped charge (.1 Vot )' and 

a component due to interface trapped charge (~Vit): 

(3.1) 

The net radiation-induced oxide-trapped charge is positive [21], which means that the 

contribution of this charge to threshold voltage shifts is negative [21] (~ Vot < 0). In n-channel 

MOSFETs biased at threshold, interface trapped-charge is negative, which means that the 

contribution of this charge to threshold voltage shifts is positive (~Vit > 0). In non-hardened 

MOSFETs, the density of radiation-induced oxide-trapped charge is usually larger than the 

density of radiation-induced interface-trapped charge, which leads to negative threshold 

voltage shifts. Figure 3.1 displays radiation-induced threshold voltage shifts for two non

hardened IRF150 power MOSFETs. One device was irradiated at a dose rate of 0.60 

rad(Si)/s (closed circles), while the other was irradiated at adoserate ofO.36mrad(Si)/s (open 

circles). These different threshold voltage shifts at different dose rates are due to different 

time-dependences of oxide-trapped charge buildup and interface trapped-charge buildup 

[21]. Oxide-trapped charge builds up very quickly (in less than 1 s) while the interface trap 

buildup typically requires many days. This slow, time-dependent buildup of interface

trapped charge has been attributed to a slow transport of hydrogen ions which serve as 

precursors for interface traps [22], [23]. At low dose rates, more interface trapped-charge is 

observed because irradiation times are longer. Therefore, the smaller threshold voltage shifts 

observed for the lower dose rate in Fig. 3.1 are primarily due to a larger interface-trapped 
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Fig. 3.1 Threshold voltage shifts as a function of total dose in two IRF150 power MOSFETs 

irradiated at different dose rates. One device was irradiated at a dose rate of 0.60 rad(Si)/s (closed 

circles), while the other was irradiated at a dose rate of 0.36 mrad(Si)/s (open circles). 

charge density at that dose rate. The density of oxide-trapped charge is practically the same 

for these two very different dose rates. The contributions of the oxide-trapped charge and the 

interface-trapped charge to the threshold voltage shifts shown in Fig. 3.1 are discussed later 

in Section 3.4, and displayed in Fig. 3.7. 

In non-hardened power MOSFETs, radiation-induced threshold voltage shifts are invariably 

negative, irrespective of the dose rate. However, in radiation-hardened power MOSFETs, 

a threshold voltage "rebound" has been observed (Le., the threshold voltage initially 

decreases and then begins to recover toward, and, in some cases, past its pre-irradiation value 

[24]). This "rebound" [25], or "super-recovery" [26], is due to time-dependent buildup of 

interface-trapped charge. When the density of interface-trapped charge exceeds the density 

of oxide-trapped charge, positive threshold voltage shifts are observed in n-channel power 

MOSFETs. The possibility of positive threshold voltage shifts in radiation-hardened 11-
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channel power MOSFETs must therefore be taken into account in designing circuits for low

dose-rate applications. In p-channel MOSFETs only negative radiation-induced threshold 

voltage shifts are observed, since both oxide-trapped charge and interface-trapped charge are 

positive. 

3.2 MOBILITY DEGRADATION 

Radiation-induced interfacial charges (oxide-trapped charge and interface-trapped charge) 

give rise to significant mobility degradation in conventional, integrated-circuit MOSFETs 

[27], [28], and in DMOS transistors [29]-[32]. Figure 3.2 illustrates the radiation-induced 

mobility degradation for the two power MOSFETs whose threshold voltage shifts have been 

shown in Fig. 3.1. It is interesting to note that the threshold voltage shift is larger in magnitude 

for the higher dose rate (Fig. 3.1), while the mobility degradation is more pronounced for the 

lower dose rate (Fig. 3.2). This is because the lower dose rate (0.36 mrad(Si)/s) results in a 

higher density of interface-trapped charge (measured immediately following irradiation) 

than the higher dose rate (0.60 rad(Si)/s). As discussed previously, in n-channel MOSFETs 

interface-trapped charge is negative, which means that it compensates the positive oxide

trapped charge. Consequently, in these non-hardened power MOSFETs, the magnitude of 

threshold voltage shifts is smaller when the density of interface-trapped charge is larger, i.e., 

when the dose rate is lower. In contrast, both the oxide-trapped charge and the interface

trapped charge lead to a decrease in the inversion-layer mobility, which is discussed in more 

detail in Chapters 4 and 5. As a result, mobility degradation is more pronounced at the lower 

dose rate, because the interface-trapped charge density is larger than at the higher dose rate. 

If a mobility component corresponding to radiation-induced interfacial charges is denoted by 

/lIC' the inversion-layer mobility in irradiated MOSFETs (/1 ) can be expressed using 
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Fig. 3.2 Normalized mobility as a function oftotal dose for two IRF150 power MOSFETs irradiated 
at different dose rates. One device was irradiated at a dose rate of 0.60 rad(Si)/s (closed circles), while 
the other was irradiated at a dose rate of 0.36 mrad(Si)/s (open circles). 

Matthiessen's rule as follows: 

1 1 1 
-=-+--
P Po PIC 

(3.2) 

where Po is the pre-irradiation value of mobility. (Matthiessen's rule may be applied only 

if the scattering mechanisms under consideration are mutually independent [19].) If the 

mobility component due to radiation-induced charges is assumed to be inversely proportional 

to the interface-trapped charge density MVit : 

1 
--=A llNit , 
PIC 

(3.3) 

the following expression is obtained from Eq. 3.2 [27]: 
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/l =----
1 

(3.4) 
flo 1 + a llNil 

where a=A /10 is the coefficient describing the effects of radiation-induced interface-trapped 

charge on mobility. Equation 3.4 does not explicitly contain the oxide-trapped charge density 

(mol)' Therefore, it may be expected to properly describe radiation-induced mobility 

degradation only when effects of oxide-trapped charge are negligible. 

If effects of oxide-trapped charge are not negligible, the mobility component due to radiation

induced charges may be assumed to be inversely proportional to the linear combination of 

the interface-trapped charge density (mil) and the oxide-trapped charge density (mol): 

1 
-- =AilllNil +AolllNol 
/lIC 

(3.5) 

The following expression is then easily derived from Eqs. 3.2 and 3.5: 

/l =-------- (3.6) 

where ail = Ail /l 0 and aOI = AOI /1 0 are the coefficients describing the effects of radiation

induced interface-trapped charge and oxide-trapped charge, respectively. Equ·ation 3.6 

explicitly includes the oxide-trapped charge density (mol)' The models for radiation

induced mobility degradation expressed by Eqs. 3.4 and 3.6 are critically compared in 

Chapters 4 and 5. 
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3.3 OTHER EFFECTS OF IONIZING RADIATION 

In addition to threshold voltage change and mobility degradation, ionizing radiation also 

affects transconductance, drive capability, leakage currents, and breakdown voltage of 

power MOSFETs. The changes in transconductance and drive capability are directly related 

to mobility degradation and to threshold voltage change [20]. Therefore, only the radiation

induced changes in leakage currents and breakdown voltage are discussed in this section. 

Leakage currents in power MOSFETs are due to recombination-generation processes in 

depletion regions in the silicon bulk and at the silicon-silicon dioxide interface. As discussed 

in Section 2.1, the bulk generation component of the leakage current is responsible for the 

"background leakage", which is independent of the gate voltage, and increases as the 

magnitude of the drain voltage is increased. The surface generation component of the leakage 

current depends on both the gate voltage and the drain voltage, and it is responsible for the 

hump in the leakage current. Interface traps have been identified as surface recombination

generation centers responsible for this surface-generation component of the leakage current 

[12], [13]. Therefore, it may be expected that stress which results in increased density of 

interface traps will cause increased surface generation, and thus an increase in the size of the 

hump. Ionizing radiation and high-field stress (Fowler-Nordheim tunneling) are known to 

cause an increase in the density of interface traps. 

Figure 3.3 shows the current-voltage characteristics of two IRF150 power MOSFETs 

irradiated in a cobalt-60 source to a total dose of 11.8 krad(Si), at a dose rate of 0.60 

rad(Si)/s (Fig. 3.3 (a)), and at a dose rate of 0.36 mrad(Si)/s (Fig. 3.3.(b)). The gate bias was 

V G = 9 V, and the source and the drain were grounded during both the irradiation and the 



53 

subsequent anneal. The drain voltage during measurements was Vv = 0.1 V. Gamma

radiation leads to oxide-trapped charge creation in the gate oxide near the silicon-silicon 

dioxide interface and to interface-trap buildup at the interface. The oxide-trapped charge 

(trapped holes) results in parallel shifts of the current-voltage characteristics toward more 

negative gate voltages, while the interface traps give rise to a decrease in the slope of the 

current-voltage characteristics (stretchout). Also, the size of the hump increases as the total 

dose increases. For example, in Fig. 3.3 (a) the peak current before irradiation was 18 pA, 

and it increased to 5.5 nA after 11.8 krad(Si). Note that similar results (approximately two

order-of-magnitude increase in the surface recombination velocity) were obtained in the 

classic studies of effects of ionizing radiation on the gate-controlled diode [33], [34]. A 

further increase in the size of the hump is obtained by annealing the device at 100ce for 168 

hr; the peak current is 39.2 nA after this anneal (Fig. 3.3 (a)). This increase is due to an 

increase in the density of interface traps during the anneal. The density of interface traps also 

increases significantly in the P-base, resulting in an appreciable decrease in the subthreshold 

current slope. The density of the oxide-trapped charge decreases during this elevated

temperature anneal. For the lower dose rate (0.36 mrad(Si)/s, Fig. 3.3 (b)), the interface trap 

density increases more during irradiation than for the higher dose rate, resulting in a larger 

hump and more pronounced stretchout. 

Similar results are obtained if a device is exposed to high-field stress. Figure 3.4 (a) shows 

the current-voltage characteristics of an IRF440 power MOSFET subjected to a constant

current stress. The constant-current stress was perfonned by forcing a positive gate current 

(lG = 100 nA), with the source and the drain grounded. This stress results in Fowler

Nordheim injection of electrons from the silicon into the oxide. The passage of electrons 

through the gate oxide results in creation of positive oxide-trapped charge and interface trap 
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Fig. 3.3 Current-voltage characteristics for two IRF150 power MOSFETs irradiated at different 

dose rates. One device was irradiated at a dose rate of 0.60 rad(Si)/s (a), while the other was 

irradiated at a dose rate of 0.36 mrad(Si)/s (b). The gate bias was V G = 9 V, and the source and the 

drain were grounded during both the irradiation and the subsequent anneal. The drain voltage during 

measurements was Vo=0.1 V. 
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Fig. 3.4 (a) Current-voltage characteristics for an IRF440 power MOSFET after various constant

current stress times (solid lines) and after 10 hr of anneal at 1000 e (heavy solid line). The current

voltage characteristics were measured after the following stress times: 0 s (before stress), 22 s , 44 

s, 66 s, 88 s, and 110 s (end of stress). (b) A magnified view of the portion of the current-voltage 

characteristics enclosed by the dotted frame in (a). Also shown in (b) is the current-voltage 

characteristic measured after 2 hr of anneal at 100°C (heavy solid line). The constant-current stress 

was performed byforcing a positive gate current (/G= 100 nA), with the source and the drain grounded. 

During the anneal, the gate bias was VG = 9 V, and the source and the drain were grounded. The 

drain voltage during measurements was VD= 0.1 V. 
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buildup. Again, the hump increases during the stress; the peak current before stress was 33 

pA, and it increased to 255 pA at the end of the stress. The elevated temperature anneal (10 

hr at 168°C) leads to a further increase in the size of the hump, resulting in the peak current 

of 17.9 nA. 

The increase in the interface-trap density during the elevated-temperature anneal indicates 

that the buildup of interface traps is not completed when the stress ends. At room temperature, 

the buildup of interface traps continues for hundreds of hours following stress. This long

term buildup of interface traps has been attributed to stress-induced creation of a mobile 

species in the oxide which is transported toward the silicon-silicon dioxide interface, where 

it eventually leads to formation of interface traps. The transport is significantly accelerated 

at elevated temperatures. Hydrogen ions have been identified as the mobile species leading 

to time-dependent buildup of interface traps in irradiated MOS structures [22], [23]. 

Similarly, a hydrogenic species is believed to playa role in the long-term buildup of interface 

traps in MOS structures subjected to carrier injection into the oxide [35], [36]. 

It is evident from Figs. 3.3 and 3.4 that increased interface trap density is the dominant cause 

of the observed stress-induced increase in the size of the hump. The effects of oxide-trapped 

charge appear insignificant, since the size of the hump increases during the anneals, while the 

density of oxide-trapped charge simultaneously decreases. However, some recent studies of 

radiation-induced traps indicate that some traps physically located in the oxide can exchange 

charge with the silicon. Therefore, these oxide traps can act as surface recombination

generation centers. Note that current-voltage measurements required in electrical 

characterization of the hump are relatively slow. This means that oxide traps located very 

close to the silicon-silicon dioxide interface can exchange charge with the silicon on the time 
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scale of the measurements (several seconds). These traps which behave electrically as 

"switchable states", have recently been termed "border traps" [37]-[39]. Therefore, it is 

possible that there are two types of surface recombination-generation centers: interface traps, 

and border traps. 

As can be seen in Fig. 3.3, gamma-radiation does not increase the "background leakage", 

which indicates that the number of active bulk recombination-generation centers does not 

change. The "active" recombination-generation centers are those enclosed by depletion 

regions-their number equals the product of the density of bulk recombination-generation . 

centers and the total depletion region volume. We have observed that the background leakage 

in n-channel power MOSFETs usually changes very little after gamma-radiation. Ionizing 

radiation, however, does increase the density of bulk recombination-generation centers, but 

only at relatively high total-dose levels (in excess of several Mrad) [40], [41]. Electron and 

gamma-radiation have been investigated as means of lifetime control (reduction) in silicon 

power devices [40]. High-energy electron radiation has been found to be more efficient in 

reducing lifetime than gamma-radiation-the total dose in the case of gamma irradiation 

should be about 100 times higher to achieve the same lifetime degradation [40]. As a result, 

only electron radiation (electron energy of 3 Me V, total dose from 1 Mrad to 8 Mrad) has been 

used for lifetime control in power MOSFETs [41]. For the total-dose levels used in 

experiments reported in this dissertation (below 20 krad(Si)), the radiation-induced increase 

in the density of bulk recombination-generation centers is probably negligible. However, we 

have observed a significant increase in background leakage in some p-channel power 

MOSFETs. Figure 3.5 illustrates the effects of gamma-radiation on current-voltage 

characteristic of an MTM8P08 p-channel power MOSFET. Since the increase in density of 

bulk recombination-generation centers at these total-dose levels is negligible, the observed 
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increase in background leakage must be due to radiation-induced increase in the depletion 

region volume. This increase in the depletion region volume most likely takes place in the 

field-ring region. Floating field rings are diffused regions located at the edge of the power 

MOSFET chip, used to improve the breakdown voltage by reducing the depletion-region 

curvature [3]. Radiation-induced positive oxide-trapped charge causes an increase in the 

depletion region width at the silicon-silicon dioxide interface for n-doped field rings in a p

doped epitaxial layer (drain of p-channel power MOSFETs) [3]. The extent of background 

current increase probably depends on the termination structure design (Le., field-ring 

spacing), since it is different in different p-channel device types. 

The decrease in background leakage during elevated-temperature anneal (heavy solid line in 

Fig. 3.5) confirms that radiation-induced oxide-trapped charge is responsible for the increase 

in the bulk-generation component of the leakage current. Namely, the density of oxide

trapped charge decreases during the anneal at 80°C. Note that much higher temperatures are 

required to remove radiation-induced bulk-recombination-generation centers (above 300°C 

[40], [41]). Finally, it is worth noting that radiation-induced positive oxide-trapped charge 

causes a decrease in the depletion region width at the silicon-silicon dioxide interface for a 

p-doped field ring in an n-doped epitaxial layer (drain of n-channel power MOSFETs). This 

explains why the background leakage in n-channel power MOSFETs changes very little after 

gamma-radiation. 

Breakdown voltage of power MOSFETs is affected by ionizing radiation because radiation

induced positive oxide-trapped charge causes a change in the depletion region curvature at 

the interface. Typically, ionizing radiation results in a reduction of breakdown voltage in 1l

channel power MOSFETs, while a limited increase may be expected in some cases in p

channel power MOSFETs [42]-[44]. 
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Fig. 3.5 Current-voltage characteristics for an MTM8P08 power MOSFET after various gamma 
irradiation doses (solid lines) and after 5.5 hr of anneal at 80°C (heavy solid line). The current-voltage 
characteristics were measured after the following total dose levels: 0 krad(Si) (before irradiation), 9.2 
krad(Si), and 16.8 krad(Si) (end of radiation). The gate bias was V G = 9 V, and the source and the 
drain were grounded during both the irradiation and the subsequent anneal. The drain voltage during 
measurements was V D = - 0.1 V. 

3.4 SUBTHRESHOLD CHARGE SEPARATION TECHNIQUE 

The need for separating the contributions of oxide-trapped charge and interface-trapped 

charge to radiation-induced device degradation comes from the fact that the effects of the two 

trapped charge components are different. In general, positive oxide-trapped charge gives rise 

to parallel shifts of current-voltage or capacitance-voltage characteristics toward more 

negative gate voltages, while the fonnation of interface traps results in a decrease of the slope 

("stretchout"). The fundamental difference between the two from the standpoint of device 

operation is certainly that the density of the oxide-trapped charge does not depend on the 

surface potential, whereas the occupancy of interface traps, and therefore the charge residing 

in them is a function of the surface potential. 
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The charge pumping technique [45] has evolved over the past few years into an important 

method of characterizing the densities of interfacial charges and traps in MOSFETs. 

However, this technique necessitates a four-terminal device (Le., the access to the substrate 

in the form of a separate terminal must be available). In power MOSFETs, that is never the 

case-the base region is always shorted to the source by the source metallization. The 

subthreshold charge separation technique [46], however, can be implemented on three

terminal MOSFETs, and is therefore suitable for analyzing the contributions of oxide

trapped charge and interface-trapped charge to threshold voltage shifts in irradiated power 

MOSFETs. Despite some controversy surrounding this technique, it has found wide 

acceptance among researchers working on the effects of ionizing radiation on power 

MOSFETs. 

The basic assumption of the charge separation technique is that there is a certain surface 

potential for which the net charge residing in interface traps equals zero. Numerous studies 

[47]-[52] have provided evidence that radiation-induced interface traps lying in the upper 

half of the silicon bandgap are acceptor-like (negative when occupied, neutral when empty), 

while those lying in the lower half are donor-like (neutral when occupied, positive when 

empty). Since interface traps are occupied if they lie below the Fermi level, it is clear that 

the surface potential for which the intrinsic Fermi level at the surface coincides with the Fermi 

level will result in all acceptor-like interface traps being empty (and thus neutral) and all 

donor-like interface traps being occupied (and thus neutral). This value of the surface 

potential obviously results in zero net charge residing in interface traps. Thus, the surface 

potential should be equal to the Fermi potential of the silicon bulk. The value of the gate 

voltage that corresponds to that surface potential is called the midgap voltage (V MG ). 

Therefore, monitoring the changes of V MG due to ionizing radiation will give information 
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about the contribution of oxide charges (~VOI) to the total threshold voltage shifts observed 

(~ V T ). The midgap voltage is simply the gate voltage that corresponds to the midgap current 

(IMG ) which is the current calculated from Eq. 2.35 for IJIsc = lPFc' Figure 3.6 illustrates 

determination of the midgap voltage for two power MOSFETs irradiated at different dose 

rates. The points (V MG ' I MG ) are denoted by open circles. Since the midgap current is 

normally too low to be reliably measured, the linear portion of the subthreshold characteristic 

is extrapolated until it intercepts the line I D = I MG' Also shown in Fig, 3.6 are the current 

values used to position the extrapolation lines (1 flA and 100 flA). The midgap current is 

assumed not to change during exposure to ionizing radiation. Evidently, the device irradiated 

at the lower dose rate (0.36 mrad(Si)/s, Fig. 3.6 (b)) has a higher density of interface-trapped 

charge (more "stretchout) than the device irradiated at the higher dose rate (0.60 rad(Si)/s, 

Fig. 3.6 (a)). 

The total change in the threshold voltage is given as ~ V T = ~ VOl + ~ ViI' where ~ VOl is the 

contribution of oxide charges and ~ ViI is the contribution of charge residing in interface traps. 

Since ~ VOl = ~ V MG ' the threshold voltage must be measured in order to determine ~ ViI' The 

threshold voltage is determined as the voltage-axis intercept of the extrapolated linear portion 

of the J I D sat vs. V G plot, as described in Section 2.3 (Fig. 2.10). Figure 3.7 shows the 

radiation-induced threshold voltage shifts, and contributions of oxide-trapped charge and 

interface-trapped charge to these shifts for the two power MOSFETs irradiated at different 

dose rates whose subthreshold characteristics have been shown in Fig. 3.6. As mentioned 

previously in connection with Figs. 3.1 and 3.2, the lower dose rate results in larger ~ Vit than 

the higher dose rate, while ~ VOl is practically the same for these two dose rates. 

Finally, it should be noted that the often controversial assumption that radiation-induced 

interface-trapped charge equals zero at midgap recently received strong experimental 
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Fig. 3.6 Midgap voltage measurement: (a) Subthreshold drain current as a function of gate 

voltage for an IRF150 power MOSFET irradiated at a dose rate of 0.60 rad(Si}/s (previously shown 

in Fig. 3.3 (a)), and (b) Subthreshold drain current as a function of gate voltage for an IRF150 power 

MOSFET irradiated at a dose rate of 0.36 mrad(Si)/s (previously shown in Fig. 3.3 (b)). Midgap 

voltages are denoted by open circles. Also shown are the current values (1lJA and 100 lJA) used to 

position the extrapolation lines. 
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Fig. 3.7 Radiation-induced threshold voltage shifts (a Vr ), and contributions of oxide-trapped 

charge (a Vot ) and interface-trapped charge (a V;t) to these shifts as a function ot total dose for (a) an 

IRF150 power MOSFET irradiated at a dose rate otO.60 rad(Si)/s, and (b) an IRF150 power MOSFET 

irradiated at a dose rate ot 0.36 mrad(Si)/s 
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support [53]. A very long elevated-temperature anneal was used to remove almost all 

radiation-induced oxide-trapped charge. As the anneal continued, the midgap voltage 

remained constant, even though the density of interface-trapped charge continued to change. 

This lends support to the claim that the midgap-voltage shifts are entirely due to oxide

trapped charge. Once this charge is eliminated, further anneal does not affect the value of the 

midgap voltage. 

3.5 SUMMARY 

Ionizing radiation leads to buildup of oxide-trapped charge and interface-trapped charge in 

the gate oxide and the field oxide of power MOSFETs. The time dependences of buildup of 

oxide-trapped charge and interface-trapped charge are different, resulting in different 

relative amounts of the two trapped charge components at different dose rates. These charges 

give rise to threshold voltage shifts and mobility degradation, and affect leakage currents and 

breakdown voltage. The subthreshold charge separation technique is the most convenient 

method of separating the effects of oxide-trapped charge and interface-trapped charge on 

radiation-induced threshold voltage shifts in power MOSFETs. 



4. EFFECTS OF RADIATION-INDUCED CHARGES ON MOBILITY 

IN DMOS TRANSISTORS 
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Perfonnance of MOS transistors, especially speed and current drive, is critically dependent 

on inversion-layer carrier mobility. In ionizing-radiation environments, mobility may 

degrade sufficiently to cause parametric failure. Mobility degradation is caused by radiation

induced Coulomb scattering centers: interface-trapped charge and oxide-trapped charge. 

Understanding of the roles these charges play in mobility degradation is essential for 

prediction of mobility behavior in ionizing-radiation environments different from those 

usually achievable in the laboratory. Interface-trapped charge and oxide-trapped charge have 

different time dependencies of buildup and different anneal properties. As a result, 

environments with different dose rates and temperatures give rise to different relative 

amounts of interface-trapped charge and oxide-trapped charge. Therefore, it is necessary to 

separately quantify the effects of both trapped charge components. 

Until recently, radiation-induced mobility degradation at room temperature was attributed 

almost exclusively to interface-trapped charge [27]-[29]. Notable exceptions are the studies 

by Wilson and Blue [54], Dimitrijev et al. [55], [56], and McLean and Boesch [57]. Wilson 

and Blue [54] noticed that neither interface-trapped charge alone nor oxide-trapped charge 

alone could properly account for radiation-induced mobility decrease. They suggested that 

the sum of interface-trapped charge and oxide-trapped charge be used in mobility modeling. 

This approach, originally proposed in a classic paper by Sun and Plummer [58], implies that 

radiation-induced interface-trapped charge and oxide-trapped charge are equally effective in 

degrading mobility. This is contrary to the findings of numerous studies [27]-[29], [57], [30], 
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[31], which have indisputably established the dominant role of interface-trapped charge. 

Dimitrijev et ai. [55], [56] proposed a model which employs a linear combination, rather than 

the sum, of interface-trapped charge and oxide-trapped charge. This approach is certainly 

more plausible than using the sum of the two trapped charge components. However, the 

validity of the model was not directly demonstrated in [55], [56]. Instead, the mobility model 

was used as the basis for a charge separation technique, which was applied to devices 

subjected to high-field stress [55], or to ionizing radiation [56]. Finally, McLean and Boesch 

[57] showed that the effects of oxide-trapped charge on the mobility are significant at early 

times (:::; 10-2 s) following pulsed irradiation, while at late times (~ 103 s), the effects of 

interface-trapped charge are dominant. 

In recent studies [30], [31], we have demonstrated and quantified the non-negligible 

contribution of oxide-trapped charge to mobility degradation in irradiated p-channel power 

MOSFETs at late times, corresponding to the usual measurement times and dose rates typical 

of non-pulsed irradiation. Therefore, the effects of oxide-trapped charge must be explicitly 

modeled in order to properly describe mobility degradation. The inclusion of the oxide

trapped charge effects in models for radiation-induced mobility degradation requires a 

procedure for detecting these effects and separating them from the dominant effects of 

interface-trapped charge. 

In this dissertation, and related work [32], an effective approach to separating the effects of 

oxide-trapped charge and interface-trapped charge on radiation-induced mobility degradation 

in MOSFETs is demonstrated. It is based on analyzing mobility data sets having different 

functional relationships between radiation-induced oxide-trapped charge and interface

trapped charge. In contrast to earlier results [27]-[29], significant contribution of oxide

trapped charge to mobility degradation is detected. 
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In Section 4.2, the functional dependence of mobility degradation on the two trapped charge 

components is elucidated. Section 4.3 describes the experimental procedure used. The 

results illustrating the relative roles of oxide-trapped charge and interface-trapped charge are 

presented in Section 4.4. The universality and applicability of the model are discussed in 

Section 4.5. 

4.1. MOBILITY IN IRRADIATED DMOS TRANSISTORS 

AS A FUNCTION OF TwO VARIABLES 

Inversion-layer carrier mobility degradation in MOSFETs is one of the well-established 

effects of ionizing radiation. While there is a consensus on the dominant role of interface-

trapped charge in radiation-induced mobility degradation [27]-[29], the extent of oxide

trapped charge contribution is not well documented. In general, the effect of oxide-trapped 

charge on mobility has been believed to be negligible, except in special cases where the 

formation of interface traps is inhibited or delayed (irradiation at cryogenic temperatures 

[59], and pulsed irradiation [57]). Consequently, oxide-trapped charge is not explicitly 

included in the most commonly used empirical expression modeling radiation-induced 

mobility degradation [27]-[29]: 

11 -=----
110 1 + a !:!.Nit 

(4.1) 

where J.l is the effective inversion-layer carrier mobility, 110 is the pre-irradiation value of 

mobility, ais the parameter describing the effect ofinterface-trapped charge on mobility, and 

Wit is the areal density of radiation-induced interface-trapped charge. This expression has 
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been used to describe radiation-induced mobility degradation in both n- and p-channel 

integrated-circuit (low-power) MOSFETs [27], [28], as well as in n-channel power MOSFETs 

[29]. Recently, the non-negligible effect of oxide-trapped charge has been demonstrated in 

p-channel power MOSFETs [30], [31]. The following expression, originally proposed by 

Dimitrijev et al. [55], [56], which explicitly includes the oxide-trapped charge, was 

successfully applied to model radiation-induced mobility degradation [30], [31]: 

11 =-------- (4.2) 
110 1 + ait !:lNit + aot!J.N ot 

where au and aot are the coefficients describing the effects of interface-trapped charge and 

oxide-trapped charge, respectively, and W ot is the areal density of radiation-induced oxide

trapped charge. Note that the assumptions leading to Eqs. 4.1 and 4.2 (Le., to Eqs. 3.4 and 

3.6, respectively) have been presented in Section 3.2. 

Equation 4.1 describes radiation-induced mobility degradation as a function of one variable, 

Wit' and in Eq. 4.2 mobility is expressed as a function of two variables, Wit and llNot . While 

plotting the normalized mopility (pi 110) as a function of one variable can easily be accomplished 

using a two-dimensional graph, Eq. 4.2 apparently necessitates the use of a three-dimensional 

graph. Figure 4.1 is a plot of (J1l/l0) as a function of Wit and!:JVor The density of radiation

induced interface-trapped charge !:JVit is plotted along the x-axis, the density of radiation

induced oxide-trapped charge /::,Not is plotted along the y-axis, and the normalized mobility 

(J1l/l0) is plotted along the z-axis. The data plotted in Fig. 4.1 were obtained by irradiating 

one device (IRF150 power MOSFET) up to 11.8 krad(Si) at a dose rate of 0.60 rad(Si)/s and 

then annealing the device at 100ce for 168 hours. The radiation data are shown using closed 

symbols while the anneal data are represented by open symbols. In addition to the actual data 
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Fig. 4.1 Normalized mobility during irradiation (closed triangles) and anneal (open triangles) as 

a function of radiation-induced interface-trapped charge density (6.Nit ) and oxide-trapped charge 

density (6.Not )' Also shown are the projections of these measurement data points to the 6.Nit-6.Not 
plane (squares) and to the 6.Nit-(J1//lo) plane (circles). The thin projection lines connect the actual 

data points with the corresponding projections. The arrow in the 6.Nit-6.Not plane points from the last 

radiation point to the first anneal point. The heavy line in the 6.Nit-(J1I/lo) plane is the plot of Eq. 4.1 

for a = 10.6 x 10-12 cm2. 

points (triangles), also shown are the projections of the (J.L/110) vs.l1Nil and l1Nol points to the 

l1Nil-l1Nol plane (squares) and to the l1Nil-(J.L/l1o) plane (circles). The thin projection lines 

connect the actual data points with the corresponding projections. The arrow in the l1Nil-l1Nol 

plane points from the last radiation point (after 11.8 krad(Si» to the first anneal point (after 

1 0 hours of anneal). During irradiation, l1Nil and l1Nol increase and the normalized mobility 

(J.L/ 110) decreases. During anneal, initially there is a large increase in l1Nil, followed by a slight 

decrease in l1Nil over the remaining anneal time. l1Nol decreases monotonically throughout 

the anneal. The normalized mobility decreases during irradiation and during the initial stage 

of the anneal (when l1Nil increases). During the remaining anneal time, mobility increases 
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since both MVit and MVot decrease. The heavy line in the MVit-(pJJ1o) plane is the plot of Eq. 

4.1 for a = 10.6 x 10-12 cm2• This value was obtained for a least-squares fit of the radiation 

data (closed circles) only. This results in a good fit for the radiation data, but the normalized 

mobility degradation for the anneal data is significantly overestimated. 

The three-dimensional plot shown in Fig. 4.1 is not convenient for illustrating the utility of 

Eq.4.2. It is desirable to devise a procedure which allows plotting the normalized mobility 

as a function of two variables on a two-dimensional plot in a manner analogous to plotting 

(J1IJ1o) as a function of MVit only. The projection of the measurement data to the MVit-(pJJ1o) 

plane is traditionally used in conjunction with Eq. 4.1 [28], [29], because that is a plot of 

(J1IJ1o) as a function of MVit only. Figure 4.2 shows a plane which can be used for a two

dimensional plot of normalized mobility as a function of the linear combination 

ait MVit + aot MVot' In contrast to Fig. 4.1, the x- and y-axes are dimensionless, and the 

measurement data are projected to the plane ait MVit = aot MVot' The heavy line in this plane 

is the plot of Eq. 4.2 for ait = 2.7 x 10-12 cm2 and aot = 1.3 x 10-12 cm2• Clearly, both the 

radiation data and the anneal data are well described by Eq. 4.2. 

4.2 SEPARATION OF EFFECTS OF OXIDE-TRAPPED CHARGE 

FROM EFFECTS OF INTERFACE-TRAPPED CHARGE 

The assessment of the contribution of oxide-trapped charge to mobility degradation becomes 

possible only if mobility data obtained for different functional relationships between MVot 

and MVit are compared. If the mobility data are characterized by a single, linear MVot vs. MVit 

relationship (which is the case for the radiation data shown in Fig. 4.1), the use ofEq. 4.1 may 

result in a satisfactory fit, with a describing the effects of both trapped charge components, 
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Fig. 4.2 Normalized mobility during irradiation (closed triangles) and anneal (open triangles) as 

a function of dimensionless quantities aftLlNft and aotLlNot ' Also shown are the projections of 

these data points to the (aft 6.Nft )-(aot LlNot) plane (squares) and to the plane aft 6.Nft = aot 6.Not 
(circles). The thin projection lines connect the actual data points with the corresponding projections. 

The heavy line in the plane aftLlNft= aotLlNot is the plot of Eq. 4.2 for aft = 2.7 x 10-12 cm2 and 

aot = 1.3 x 10-12 cm2• 

and it may appear that it is not necessary to account for the effects of oxide-trapped charge 

in modeling radiation-induced mobility degradation. Namely, if 

(4.3) 

Eg. 4.2 becomes 

f1 -=-------- (4.4) 



72 

Comparing Eqs. 4.2 and 4.4, we obtain 

(4.5) 

Therefore, when there is a linear relationship between llNot and llNit' the nonnalized mobility 

is no longer a function of two linearly independent variables, and consequently it is not 

possible to simultaneously obtain values of the two coefficients, ait and ao,. Instead, only 

one coefficient a, given by Eq. 4.5, may be obtained. Thus, separation of effects of interface

trapped charge and oxide-trapped charge requires that these two trapped charge components 

be linearly independent. The requirements for detection of effects of oxide-trapped charge 

differ from those for separation. Detection necessitates at least two mobility data sets with 

different (linear or nonlinear) llNot vs.llNit relationships. In general, irradiation and anneal 

result in different llNot vs.llNit relationships for a given device type. 

4.3 EXPERIMENT 

The devices used in this study were non-hardened IRF150 n-channel power DMOS 

transistors manufactured by International Rectifier. A sample of twenty five power 

MOSFETs were exposed to gamma-radiation in a Co-60 source. Two dose rates were used: 

five devices were irradiated at a dose rate of 0.60 rad(Si)/s while the dose rate for the 

remaining twenty devices was 150 rad(Si)/s. The gates of the transistors were biased at 

+ 9 V, while the sources and drains were grounded during both the irradiation and the 

subsequent anneal. The irradiations were performed at room temperature. Two anneal 

temperatures were used-room temperature (approximately 23°C) and 100°C. All five 

devices irradiated at the dose rate of 0.60 rad(Si)/s were annealed at 100°C. Ten devices 
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irradiated at the dose rate of 150 rad(Si)/s were annealed at 100°C, while the remaining ten 

devices were annealed at room temperature. For the devices irradiated at the lower dose rate 

(0.60 rad(Si)/s), irradiation was periodically interrupted to perform electrical characterization. 

For the devices irradiated at the higher dose rate (150 rad(Si)/s), irradiation was not 

interrupted. As a result, only two "radiation" data points are available for these devices-

pre-irradiation (total dose = 0), and post-irradiation (total dose = 11.8 krad(Si)). The 

electrical characte~ization was performed at room temperature and it included threshold 

voltage measurements and subthreshold drain-current measurements. As discussed in 

Chapter 2, the threshold voltage was defined as the intercept of the extrapolated .j I D sat vs. 

V G plot with the voltage axis, as modeled by Eq. 2.27: 

(4.6) 

where I D sat is the drain current in saturation, W is the channel width, Cox is the oxide 

capacitance per unit area, L is the channel length, V G is the gate voltage, V T is the threshold 

voltage, and 0 is a parameter describing the dependence of depletion-layer charge on the 

distance from the source. The slope of the J I D sat vs. V G characteristic is proportional to 

Iii ,forsmall (VG - VT ). This was used to determine the ratio,u!Jlo. The subthreshold charge 

separation technique of McWhorter and Winokur [46] was used to decompose the threshold 

voltage shift .1 V T into contributions from oxide-trapped charge (.1 VOl) and interface-trapped 

charge (.1 ViI). The oxide-trapped charge density (projected to the interface) Mlol is defined 

as Mlol = I~Voll Cox / q, where q is the electron charge, and the interface-trapped charge 

density Mlil is defined as Mlir = .1 ViI Cox / q. 
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4.4 RESULTS 

In this section, the data obtained by using (a) irradiation and anneal, and (b) irradiation 

followed by anneals at two different temperatures are presented. The data unequivocally 

illustrate the non-negligible role of oxide-trapped charge in mobility degradation. 

4.4.1 Radiation and Anneal 

Figure 4.3 illustrates the behavior of one IRF150 power MOSFET irradiated at a dose rate 

of 0.60 rad(Si)/s. This behavior is typical of all devices irradiated at this dose rate. The device 

was annealed at 100°e. In non-hardened power MOSFETs irradiated at dose rates used in 

this study, the density of oxide-trapped charge is considerably larger than the density of 

interface-trapped charge (18VOII > LlVit ). Both I LlVotl and LlVit (and thus mot and mit) 

increase monotonically during radiation (Fig. 4.3 (a»; consequently, the normalized 

mobility (flIJ.1o) monotonically decreases during radiation (Fig. 4.3 (b». During anneal, the 

density of interface-trapped charge rapidly increases during the first several hours, and 

slowly decreases during the remaining anneal time, while the density of oxide-trapped charge 

monotonically decreases throughout the anneal. The normalized mobility decreases during 

the initial stage of the anneal (when !J.Nit increases). During the remaining anneal time, 

mobility increases since both mil and !J.N ot decrease. The relationship between mOl and mit 

resulting from Fig. 4.3 (a) is shown in Fig. 4.3 (c). During radiation (closed symbols) there 

is a linear relationship between mot and mit ' mot = In mit' During anneal (open symbols) 

mot and mit are not linearly dependent. Clearly, radiation and anneal lead to two different 

functional relationships between mot and !J.Nit' 
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If the contribution of oxide-trapped charge to radiation-induced mobility degradation is 

negligible, Eq. 4.1 is expected to properly describe both mobility data sets, resulting in the 

same value of the coefficient a. The normalized mobility (J1l 110) as a function of the 

dimensionless product a llNil is displayed in Fig. 4.4. A fitting program STEPIT [60] was 

used to determine the coefficient a using: (a) both the radiation and the anneal data, (b) the 

anneal data only, and (c) the radiation data only. Evidently, when effects of oxide-trapped 

charge are neglected, the value of the coefficient a depends on which data set is chosen. In 

addition, the value obtained when both the radiation and the anneal mobility data are used 

does not properly describe either data set (Fig. 4.4 (a)). When only one data set is used, the 

fit is satisfactory for that data set, but it is very inadequate for the other data set (Fig. 4.4 (b) 

and (c)). 
IRF1501 A17 

2 

........ I.l Vit 
C. 1 
en ;::: 
:c 
en 0 
Q) 
C> co ..... 
0 -1 
> I.l V at 

-2 100°C 

0 5 10 0 50 100 150 
(a) Dose [krad(Si)] Anneal Time [hour] 

Fig. 4.3 (a) Radiation-induced threshold voltage shifts (a VT), and contributions of oxide-trapped 

charge (a Vat) and interface-trapped charge (a V/t) to these shifts as a function of total dose and anneal 

time. (b) Normalized mobility asa function of total dose and anneal time. (c) Radiation-induced oxide

trapped charge density (aNat ) vs. radiation-induced interface-trapped charge density (aN/t). The 

radiation data are represented by closed symbols and the anneal data are represented by open 

symbols. The irradiation was performed at room temperature (dose rate 0.60 rad(Si)/s), and the 

anneal was performed at 100DC. The gate bias was positive (V G = + 9 V) during both the irradiation 

and the anneal. 
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The differences in values of a are due to the effects of oxide-trapped charge. The radiation 

data are characterized by small !:iNil and large mOl (m = 5.8 in Fig. 4.3 (c), which means that 

the density of oxide-trapped charge is almost six times larger than the density of interface

trapped charge). Small mil and significant mobility degradation observed during radiation 

exposure result in a large value of the coefficient a (Fig. 4.4 (c)). On the other hand, the anneal 

data are characterized by almost equal mil and mOl' which means that the observed mobility 

degradation can be described by a smaller value of a (Fig. 4.4 (b)). When both the radiation 

and the anneal data are used, the fit results in an intermediate value of a (Fig. 4.4 (a)). 

Irrespective of which data set is used in conjunction with Eq. 4.1, it is not possible to properly 

model both the radiation and the anneal mobility data with a unique value of a. In contrast, 

(a) 

1.0~ ___________________________ IR_F_1W_I_A~17 

• a = 5.0 x 10-12 cm2 

0.8 • • • 
.:f 
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0 ANNEAL 
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ait .1Nit 

1.0 1.5 

Fig. 4.4 Normalized mobility degradation during irradiation (closed symbols) and anneal (open 

symbols) as a function of the dimensionless product a IlNlt The curves are the plots of Eq. 4.1 for 

a obtained using: (a) both the radiation and the anneal data (a = 5.0 x 10-12 cm2 ). (b) the anneal 

data only ( a= 4.2 x 10-12 cm2 ). and (c) the radiation data only (a= 10.6 x 10-12 cm2 ). 
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ifEq. 4.2 (which explicitly includes the effects of oxide-trapped charge) is used, a very good 

fit is obtained. Figure 4.5 illustrates radiation-induced normalized mobility degradation as 

a function of the linear combination ait tlNit + a or tlNot' Note that plotting J.1I /lo as a function 

of the linear combination air tlNit + a or tlNot is a convenient way of representing a function 

of two variables on a two-dimensional graph. In Fig. 4.5 (a), both the radiation and the anneal 

data are used to find the values of ait and a ot' while in Fig. 4.5 (b) only the anneal data are 

used to find the values of the two coefficients. In addition to having a good fit in both cases, 

the values of the coefficients are almost equal. This strongly supports the claim that mobility 

data sets characterized by different tlNot vs. tlNit relationships cannot be properly modeled 

if the effects of oxide-trapped charge are neglected. As previously explained in Section 4.2, 

it is not possible to find the two coefficients if the radiation data only are used, because in that 

case, the two variables are linearly dependent ( tlNot = m tlNit ). 

It should be noted that the data plotted in Figs. 4.3-4.5 describe one and the same device as 

those shown in Figs. 4.1-4.2. In particular, Fig. 4.3 (c) is the projection of the mobility data 

«J.1I/lo) as a function of tlNit and tlNot) to the tlNit-tlNot plane, and Fig. 4.4 (c) is the projection 

of the mobility data to the tlNir-(J.1I/lo) plane (Fig. 4.1). Similarly, Fig. 4.5 (a) is the projection 

of the mobility data «J.1I/lo) as a function of ait tlNit and a ot tlNot) to the plane ait tlNit = a ot 

tlNot (Fig. 4.2). 

4.4.2 Anneals at Different Temperatures 

Figures 4.6 and 4.7 illustrate the behavior of two power MOSFETs annealed at different 

temperatures. One device was annealed at 1000 e (Fig. 4.6), while the other was annealed at 

room temperature (Fig. 4.7). The two devices were irradiated at the same dose rate (150 
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Fig. 4.5 Normalized mobility degradation during irradiation (closed symbols) and anneal (open 

symbols) as a function of the linear combination alt~NIt + aot~Not. The curves are the plots of Eq. 

4.2 for ait and a ot obtained using: (a) both the radiation and the anneal data ( alt= 2.7 x 10-12 cm2 

and a ot = 1.3 x 10-12 cm2 ), and (b) the anneal data only (alt = 2.8 x 10-12 cm2 and a ot = 1.2 x 

10-12 cm2 ). For reasons explained in Section 4.2, the radiation data alone cannot be used to 

determine alt and aot 
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rad(Si)/s). Irradiations were performed in one step, with no interruptions. As a result, only 

two "radiation" data points are available-pre-irradiation (total dose = 0), and post

irradiation (total dose = 11.8 krad(Si». 

The behavior of the device annealed at 1 OO°C is the same during anneal as that illustrated in 

Fig. 4.3 for a device irradiated at the lower dose rate. However, the device annealed at room 

temperature behaves quite differently. The density of oxide-trapped charge remains 

essentially unchanged, while the density of interface-trapped charge increases only during 

the initial stage of the anneal (the first 200 hours) and does not change during the remaining 

anneal time (Fig. 4.7 (a». Consequently, following a decrease during the initial stage of the 

room-temperature anneal, the normalized mobility does not change over most of the anneal 

time (Fig. 4.7 (b». 

Clearly, the anneals at these two temperatures lead to two different functional relationships 

between llNotandllNit , which are shown in Figs. 4.6 (c) and 4.7 (c). The corresponding two 

mobility data sets are, therefore, characterized by relatively low llNotand high llNit(lOO°C

anneal, Fig. 4.6 (c», and relatively high llNotand low llNit (room-temperature anneal, Fig. 

4.7 (c». 

Once again, if the contribution of oxide-trapped charge to radiation-induced mobility 

degradation is negligible, Eq. 4.1 is expected to properly describe both mobility data sets, 

resulting in the same value of the coefficient a. STEPIT [60] was used to determine the 

coefficient ausing the anneal mobility data only. Normalized mobility (J.JJ/-Lo) as a function 

of the dimensionless product a llNit is displayed in Fig. 4.8. The values of a obtained for 

the two mobility data sets differ by more than 30% and the value obtained for the 23°C-anneal 
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is higher than that obtained for the 100°C-anneal. In addition, the post-irradiation mobility 

value is considerably lower than Eq. 4.1 would predict. Both ofthese failures ofEq. 4.1 may 

be explained by significant effects of /).Not" The density of oxide-trapped charge is higher for 

the 23°C-anneal, and thus a higher value of a is necessary to describe the measured {J.1/J1o). 

Also, /).Not is considerably larger than /).Nit during irradiation, and thus significant mobility 

degradation is obtained at relatively low densities of interface-trapped charge. As a result, 

Eq. 4.1 with a obtained using the anneal data only (when /).Not and /).Nit are comparable) will 

always underestimate mobility degradation during irradiation. 

IfEq. 4.2 is used to model radiation-induced mobility degradation (Fig. 4.9), the agreement 
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:1: 
.c 
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(a) Dose [krad(Si)] Anneal Time [hour] 

Fig. 4.6 (a) Radiation-induced threshold voltage shifts (Ll V r), and contributions of oxide-trapped 

charge (Ll Vat) and interface-trapped charge (Ll Vit ) to these shifts as a function of total dose and anneal 

time. (b) Normalized mobility as a function of total dose and anneal time. (c) Radiation-induced oxide

trapped charge density (LlNot ) vs. radiation-induced interface-trapped charge density (LlNit ). The 

radiation data are represented by closed symbols and the anneal data are represented by open 

symbols. The irradiation was performed at room temperature (dose rate 150 rad(Si)/s), and the 

anneal was performed at 100oe. The gate bias was positive (V G = + 9 V) during both the irradiation 

and the anneal. 
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between the values of the coefficients obtained for the two mobility data sets is appreciably 

improved ( ail = 2.7 x 10-12 cm2 and a OI = 1.3 x 10-12 cm2 for the 100°C-anneal, and ail 

= 2.6 x 10-12 cm2 and a OI = 1.2 x 10-12 cm2 for the 23°C-anneal). In addition, the post

irradiation mobility value (solid circle) is now properly predicted by the model. 

4.5. DISCUSSION OF RESULTS 

An important issue regarding mobility modeling is whether a particular set of coefficients is 

valid for just one device or for all devices of a given type. The model in which oxide-trapped 

charge effects are neglected (Eq.A.I) clearly fails to describe even a single device that is 

(a) 

Q) 
C) 
(lj -

2 

g -1 

-2 
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Dose [krad(Si)] Anneal Time [hour] 

Fig. 4.7 (a) Radiation-induced threshold voltage shifts (~VT)' and contributions of oxide-trapped 

charge (~ Vot ) and interface-trapped charge (~V/t) to these shifts as a function of total dose and anneal 

time. (b) Normalized mobility as a function of total dose and anneal time. (c) Radiation-induced oxide

trapped charge density (~Not) vs. radiation-induced interface-trapped charge density (~N/t). The 

radiation data are represented by closed symbols and the anneal data are represented by open 

symbols. Both the irradiation (dose rate 150 rad(Si)/s) and the anneal were performed at room 

temperature. The gate bias was positive (V G = + 9 V) during both the irradiation and the anneal. 
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Fig. 4.8 Normalized mobility degradation during irradiation (closed symbols) and anneal (open 

symbols) as a function of the dimensionless product a ilN/t for: (a) a power MOSFET annealed at 

100°C, and (b) a power MOSFETannealed at room temperature. The curves are the plots of Eq. 4.1 

for a = 4.3 x 10-12 cm2 (a), and for a = 5.7 x 10-12 cm2 (b). 
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Fig. 4.9 Normalized mobility degradation during irradiation (closed symbols) and anneal (open 

symbols) as a function of the linear combination aft 6.Nft + aot6.Not for (a) a power MOSFET 

annealed at 100oe, and (b) a power MOSFET annealed at room temperature. The curves are the 

plots of Eq. 4.2 for au= 2.7 x 10-12 cm2 and aot= 1.3 x 10-12 cm2 (a), and for aft = 2.6 x 10-12 cm2 

and aot = 1.2 x 10-12 cm2 (b). 
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subjected to conditions leading to different relationships between IlN or and llNil' In contrast, 

the two coefficients from Eq. 4.2 change very little when different mobility data sets are used. 

In the previous two subsections, the validity ofEq. 4.2 was demonstrated for the radiation and 

the anneal data obtained from one device (Fig. 4.5), and for the anneal data obtained by 

annealing two irradiated devices at different temperatures (Fig, 4.9). In Figs. 4.10 and 4.11, 

the data obtained using two different dose rates and two different anneal temperatures are 

plotted-a total of 217 points per figure representing thirteen devices. Once again, the 

necessity of including effects of oxide-trapped charge is obvious. The values of the 

coefficients describing the effect of interface-trapped charge and oxide-trapped charge are 

air = 2.6 x 10-12 cm2 and aor = 1.2 x 10-12 cm2, respectively (Fig. 4.11). 

It can be seen from Fig. 4.11 that both the radiation data and the anneal data may be modeled 

using the same coefficients. Physically, it could be argued that the value of the coefficient 

aor should be smaller for the anneal data than for the radiation data. It is well known that the 

location of the oxide-trapped charge is not fixed throughout irradiation and anneal. As the 

"tunneling front" [61], [62] moves away from the interface into the oxide bulk, the average 

distance of oxide-trapped charges from the interface increases. Consequently, the ability of 

oxide-trapped charge to influence the inversion-layer carriers should decrease and thus aor 

should decrease. However, if the tunneling front is assumed to move at a rate of 0.2 nml 

decade [57], the tunneling front for the longest anneal times in this study (of the order of 106 

s) is less than 1 nm away from its position when measurements "during irradiation" (solid 

symbols in all the figures) are performed (102-103 s after irradiation was interrupted). 

Therefore, the average distance of oxide-trapped charges from the interface is not appreciably 

different for the radiation data and the anneal data. This explains why the differences between 

the coefficient values obtained using different data sets (see Figs. 4.5 and 4.9) are very small. 
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Fig. 4.10 Normalized mobility degradation as a function of the dimensionless product a 6.Nft for 

IRF150 power MOSFETs used in this study (13 devices, 217 data points; irradiations performed at 

two different dose rates, anneals performed at two different temperatures). The curve Is the plot of 
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Fig. 4.11 Normalized mobility degradation as a function ofthe linear combination aft6.Nft+ ao/flNo/ 

for IRF150 power MOSFETs used in this study (13 devices, 217 data points; irradiations performed 

at two different dose rates, anneals performed at two different temperatures). The curve is the plot 

of Eq. 4.2 for aft = 2.6 x 10-12 cm2 and ao/= 1.2 x 10-12 cm2• Both the radiation and the anneal data 

were used to determine ail and a ot 
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Consequently, the model given by Eq. 4.2 is capable of properly describing both the radiation 

and the anneal data with the same set of coefficients. 

The fact that the "tunneling front" does not move far from the interface allows the oxide

trapped charge density projected to the interface, AN
01

' to be used instead of the time

dependent ANol t) used by McLean and Boesch [57]. The time-dependent AN 0/ t) is the areal 

density of holes remaining at time t at the distance xn/t) from the interface, where x,it) is 

the time-dependent position of the tunneling front [57]. Assuming a relatively largex
l1
/t) = 

4 nm, corresponding to long anneal times (of the order of 106 s), the difference between the 

two oxide-trapped charge densities for typical gate-oxide thicknesses in power MOSFETs is 

only about 4%. This is certainly less than the uncertainties in the values of the coefficients 

a
OI 

(in units cm2) from this study and aOI (in units cm3) from [57], and significantly less than 

the uncertainties associated with the room-temperature value of xm(t). Therefore, Eq. 4.2 

may be expected to work well in describing radiation-induced mobility degradation at late 

times for all MOSFETs except for those which have very thin gate oxides. 

When the contributions of oxide-trapped charge and interface trap charge are properly 

quantified, it should be possible to model mobility degradation for any combination of ANol 

and ANil. In particular, mobility degradation in ionizing-radiation environments different 

from those usually achievable in the laboratory (space, for example) could be predicted based 

on the known dependences of ANol and ANil on dose. Figure 4.12 illustrates how Eqs. 4.1 and 

4.2 (with the coefficient values given in Figs. 4.10 and 4.11) describe mobility degradation 

due to low-dose-rate irradiation. Note that the coefficient values given in Figs. 4.10 and 4.11 

were obtained from the data collected using relatively high dose rates, 0.60 rad(Si)/s and 150 

rad(Si)/s, which are common in the laboratory. In contrast, Fig. 4.12 shows the data collected 
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using a low dose rate, 0.36 mrad(Si)/s. The data shown in Fig. 4.12 are the average for five 

IRF150 power MOSFETs irradiated at room temperature, with the gate bias of9 V, and the 

sources and the drains grounded. The densities of oxide-trapped charge and interface

trapped charge for these devices are linear functions of the total dose (for the total dose less 

than approximately 9 krad(Si)). For the dose rate of 0.36 mrad(Si)/s, the following 

relationships (averaged for the sample of five devices) were obtained: 

and 

!!.N. = 1.44 X 1010 D 
It 

( in units cm-2 ) 

( in units cm-2 ) 

(4.7) 

(4.8) 

where D is the total dose in krad(Si). As previously mentioned in Chapter 3, at lower dose 

rates !!.Nit is higher, and !!.Not lower than at higher dose rates. From Eqs. 4.7 and 4.8, we 

obtain !!.Not = 2.4 !!.Nit ,i.e., the slope In of the MVot vs. !!.Not line is significantly smaller than 

those obtained for the "laboratory" dose rates (Figs.4.3 (c), 4.6 (c) and 4.7 (c)). If the 

coefficient values ait = 2.6 x 10-12 cm2 and aot = 1.2 x 10-12 cm2 (from Fig. 4.11) and the 

relationships given in Eqs. 4.7 and 4.8 are substituted in Eq. 4.2, the following expression is 

obtained: 

11 -=---- (4.9) 
110 I +0.079 D 

The solid line in Fig. 4.12 is the plot of Eq. 4.9 (or equivalently Eq. 4.2). The agreement 

between the calculated and the measured mobility is very good. On the other hand, ifEq. 4.1 
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Fig. 4.12 Normalized mobility degradation averaged for a sample offive IRF150 power MOSFETs 

irradiated at a dose rate of 0.36 mrad(Si)/s (open circles). The solid line is the plot of Eq. 4.2 with the 

coefficient values from Fig. 4.11 (ail = 2.6 x 10-12 cm2 and aot= 1.2 x 10-12 cm2). The dotted line 

is the plot of Eq. 4.1 with the coefficient value from Fig. 4.10 (a = 10.8 x 10-12 cm2). 

is used (with a= 10.8 x 10-12 cm2 from Fig. 4.10), mobility is significantly underestimated 

(dotted line in Fig. 4. 12). This is because m is smaller for the radiation data collected at this 

low dose rate than the values of m obtained for higher dose rates, so that the coefficient a gi ven 

in Eq. 4.5 should also be smaller. 

The experiments described in Section 4.3 have also been performed for IRF250 power 

MOSFETs manufactured by International Rectifier. Similar coefficient values are 

obtained: air =2.2x 1O-12 cm2 and aor = lAx 1O-12 cm2• ThecoefficientvalueforIRF150 

and IRF250 power MOSFETs, as well as for two p-channel power MOSFET types are listed 

in Table 4.1. Clearly, the contributions of oxide-trapped charge to radiation induced mobility 

degradation in these power MOSFETs are not negligible. 
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It is not surprising that the addition of the second coefficient to the equation modeling 

radiation-induced mobility degradation leads to a better fit. However, the value of Eq. 4.2 

is in its physical justification. 

Finally, we examine the sensitivity of the values of the coefficients ait and a ot to the choice 

of the midgap current. As may be expected from the discussion in Section 3.4, different 

values of the midgap current lead to different densities of oxide-trapped charge and interface

trapped charge when the subthreshold technique of McWhorter and Winokur [46] is used for 

charge separation. Consider the data presented in Figs. 4.1-4.5 which were obtained from a 

single IRF150 power MOSFET. If IMG = 1.1 X 10-8 A (calculated from Eqs. 2.24 and 2.25) 

Table 4.1 Coefficients aft and aot for four different types of power MOSFETs. 

Device 

Type 
Polarity Manufacturer a

it 
a

ot 

[ 10-12 cm2 ] [ 10-12 cm2 ] 

IRF150 
International 

Rectifier 
2.6 1.2 

n-channel 

IRF250 
International 

Rectifier 
2.2 1.4 

IRF9130 
Harris 

Semiconductor 
4.6 0.7 

p-channel 

MTM8P08 Motorola 3.4 1.8 
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is used, we obtain ail = 2.7 x 10-12 cm2 and a OI = 1.3 x 10-12 cm2 (Fig. 4.5 (a)). If a larger 

midgap current, I MG = 1.1 X 10-7 A, is used, the coefficient a OI decreases by 1.2%, while 

the coefficient ail increases by 30.5%. If a smaller midgap current, I MG = 1.1 X 10-9 A, is 

used, the coefficient a OI increases by 0.8%, while the coefficient ail decreases by 21.7%. In 

n-channel MOSFETs (Fig. 3.6), smaller midgap current leads to larger magnitude of il VOl 

(and thus larger density of oxide-trapped charge), and, fromEq. 3.1, to larger ilVit (and thus 

larger density of interface-trapped charge), because threshold voltage shifts are independent 

of the choice of the midgap current. The coefficient aOI is not very sensitive to the choice 

of the midgap current, since the relative change in il VOl is small when I MG changes by one 

order of magnitude. On the contrary, the same change in the midgap current leads to a large 

change in ail because the relative change in il ViI is large (il ViI is always smaller than the 

magnitude of ilVoI in these non-hardened power MOSFETs). 

4.6 SUMMARY 

A significant contribution of oxide-trapped charge to radiation-induced mobility degradation 

has been demonstrated. This result advances and improves understanding of the effects of 

interface-trapped charge and oxide-trapped charge on mobility and supersedes the earlier 

work [27]-[29]. The effects of oxide-trapped charge must be taken into account in order to 

properly describe mobility degradation when large densities of radiation-induced oxide

trapped charge are present. A systematic approach to detecting effects of oxide-trapped 

charge and separating them from the effects of interface-trapped charge is illustrated. 

Detection of oxide-trapped charge effects requires that mobility data sets having different 

functional relationships between /!,NOI and /!,Nil be analyzed simultaneously. In this study, 

different relationships between /!,NOI and /!,Nil for devices of the same type were obtained by 
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using irradiation and anneal. Separation of oxide-trapped charge effects from those of 

interface-trapped charge necessitates that MYOI and MYit be linearly independent. These 

results are particularly important for mobility modeling in non-hardened devices in which 

ionizing radiation leads to large densities of oxide-trapped charge. 

Finally, even though the coefficient ail is larger than the coefficient aol' it does not mean that 

the effects of interface trapped-charge are always dominant in radiation-induced mobility 

degradation. Figure 4.13 (a) shows the mobility data previously shown in Fig. 4.1. Also 

shown in Fig. 4.13 (a) is the three-dimensional surface (flI 110) = f(MYil' MYOI )-normalized 

mobility as a function of MYit and MYOI ' Figure 4.13 (b) shows the projections of the actual 

data to the three coordinate planes (symbols), along with the lines along which the surface 

(flIl1o) = f(llNit' llNoI ) intersects the planes MYil-(flIl1o) and MYot-(flI 110) . For the radiation 

data (closed circles), the projected data are much closer to the intersection line in the MYOI-

(flIJ.1o) plane than in the MYil-(flIl1o) plane. This means that for the radiation data the 

normalized mobility would be better described by neglecting the effects of interface-trapped 

charge (the intersect line in the llNoI-CfllJ.1o) plane is the plot ofEq. 4.2 for llNil= 0), than by 

neglecting the effects of oxide trapped charge. In other words, the effects of oxide-trapped 

charge are dominant for the radiation data. Quantitatively, the product aot MYOI accounts for 

approximately 75% of the linear combination ail MYit + aot MYOI for the radiation data. 

During anneal, this contribution of oxide-trapped charge decreases to approximately 30%. 

Therefore, even though the coefficient ail is larger than the coefficient aol' effects of oxide

trapped charge may be dominant in radiation-induced mobility degradation when the density 

of oxide-trapped charge is significantly higher than the density of interface-trapped charge, 

which is usually the case for non-hardened power MOSFETs irradiated at relatively high, 

"laboratory" dose rates. 



(a) 

(b) 

c 
:::l.. -:::l.. 

c 

1.0 

0.8 

:::l.. 0.6 -:::l.. 
0.4 

96 

Flg.4.13 (a) Normalized mobility during irradiation (closed triangles) and anneal (open triangles) 

as a function of radiation-induced interface-trapped charge density (flN/t) and oxide-trapped charge 

density (flNot ) for the device from Fig. 4.1. The three-dimensional surface J1 = f(flN/t. flNot } is the plot 

of Eq. 4.2foralt=2.7x 10-12 cm2 and aot= 1.3x 10-12 cm2• (b) Projections ofthe actual data points 

shown in (a) to the three coordinate planes. Also shown are the lines along which the surface 

J1 = f(flN/t. flNot } intersects the planes flN/t-(j.JJpo} and flNot-(j.JJpo}' 
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5. RADIATION-INDUCED MOBILITY DEGRADATION AT 77 K 

In Chapter 4, the effects of oxide-trapped charge and interface-trapped charge on mobility 

degradation at room temperature in n-channel power MOSFETs have been discussed. In this 

chapter, mobility degradation at cryogenic temperatures in p-channel power MOSFET is 

examined. The devices were irradiated at room temperature, and mobility measurements 

were performed at both room temperature (approximately 300 K) and at 77 K, in order to 

compare the effects of radiation-induced charges on mobility at these two temperatures. 

Significant improvements of the on-resistance, thermal conductance, switching speed and 

switching efficiency of power MOSFETs at low temperatures have been reported [63]. The 

beneficial effects of cryogenic operation are in good part due to increased mobility at low 

temperatures. Therefore, understanding mobility degradation at different temperatures is 

essential for predicting performance of power MOSFETs exposed to ionizing radiation in 

environments with varying temperature. 

5.1 EXPERIMENT 

The devices used in this study were non-hardened IRF9130 p-channel power MOSFETs 

manufactured by Harris Semiconductor. The irradiations were performed in a Co-60 source. 

The dose rate was 0.25 rad(Si)/s. The gates of the transistors were biased at + 9 V during 

both the radiation exposure and a subsequent anneal. The sources and drains were grounded 

throughout the irradiation and anneal. The irradiation and anneal were performed at room 

temperature, while the electrical characterization was performed at both room temperature 

and at 77 K. Measurements at the two temperatures allow for a comparison between effects 
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of a gi ven density of radiation-induced defects (oxide charge and interface traps) on inversion 

layer mobility at these two temperatures. The electrical characterization included threshold 

voltage measurements and subthreshold drain-current measurements. Radiation-induced 

changes in the threshold voltage and the mobility were determined using the plot of the 

square root of the drain current in saturation as a function of the gate voltage, as described 

in Chapter 4. 

5.2. MOBILITY DEGRADATION AT ROOM TEMPERATURE AND AT 77 K 

Figure 5.1 illustrates the behavior of a DMOS transistor representative of the devices used 

in this study during irradiation (closed symbols) and anneal (open symbols). Figure 5.1 (a) 

shows the radiation-induced threshold voltage shifts (d V T) at room temperature, as well as 

the contributions of the oxide charge (d Val) and charged interface traps (d ViI) to the threshold 

voltage shifts. The gate bias was positive (V G = + 9 V) during both the irradiation and the 

anneal. In p-channel MOSFETs, both oxide-trapped charge and charged interface traps are 

positive, which gives rise to negative threshold voltage shifts (d V T = d Val + d ViI)' Note that 

the density of radiation-induced oxide-trapped charge was considerably larger than the 

density of radiation-induced interface-trapped charge ( I d Val I > I d ViI I ). During irradiation, 

d V 1" d Val' and d ViI increase approximately in a linear fashion with total dose. Therefore, 

there is an approximately linear relationship between the density of oxide-trapped charge 

(defined as tlNOI = IdVo11 Cox/q, whereq= 1.6 x 1O-I9Cistheelectroncharge) and 

the density of interface-trapped charge (defined as tlNil = IdVil I Co/ q) during irradiation. 

During anneal, the density of oxide-trapped charge decreases, while the density of interface

trapped charge increases. 
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Fig. 5.1 (a) Radiation-induced threshold voltage shifts (~ Vr ), and contributions of oxide charges 

(~Vot) and interface traps (~V/t) to the threshold voltage shifts, and (b) normalized mobility during 

irradiation (closed symbols) and anneal (open symbols). The mobilities are normalized by the 

corresponding pre-irradiation values. The gate bias was positive (V G = + 9 V) during both the 

irradiation and the anneal. 
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Figure 5.2 displays the subthreshold characteristics for an IRF9130 power MOSFET 

measured before irradiation and after total dose levels of 3.1 krad(Si), 6.2 krad(Si), 8.9 

krad(Si), 12.1 krad(Si), and 15.6 krad(Si). The irradiation was performed at room tempera

ture. The current-voltage measurements were performed at room temperature (Fig. 5.2 (a)), 

and at 77 K (Fig. 5.2 (b)). The subthreshold characteristic at 77 K becomes increasingly 

nonlinear as the dose increases. These nonlinearities of the subthreshold characteristic 

adversely affect the reliability of the subthreshold charge separation technique ofMc Whorter 

and Winokur [46] at cryogenic temperatures. Because of that, the subthreshold charge 

separation technique was used for room-temperature data only. In order to determine the 

densities of oxide-trapped charge and interface-trapped charge at 77 K, the contribution of 

the oxide charge (L\ Vot ) to the threshold voltage shift was assumed to be the same at room 

temperature and at 77 K. The contribution of charged interface traps (L\ Vit ) at 77 K was then 

determined by subtracting the room-temperature L\ Vot from L\ V T measured at 77 K. 

Figure 5.1 (b) illustrates the radiation-induced normalized mobility degradation at room 

temperature and at 77 K. The mobilities are normalized by the corresponding pre-irradiation 

values at either temperature (300-K mobility is normalized by J10 (300 K), and 77-K mobility 

is normalized by )10 (77 K)). Obviously, the hole mobility decreases with increasing dose at 

both temperatures and it continues to decrease during anneal. Note, however, that mobility 

at 77 K degrades more than the room-temperature mobility. This enhanced mobility 

degradation at 77 K can be explained by a reduction in phonon scattering at that temperature, 

which makes the low-temperature mobility very sensitive to Coulomb scattering from 

ionized impurity atoms in the channel and from interfacial charges introduced by ionizing 

radiation. Therefore, the relative importance of scattering from interfacial charges is larger 

at 77 K, which results in more serious mobility degradation than at room temperature. 
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Fig. 5.2 Subthreshold characteristics of an IRF9130 power MOSFETs at (a) room temperature, 

and (b) at 77 K. The irradiation was performed at room temperature at a dose rate of 0.25 

rad(Si)/s. The gate bias was V G = 9 V, and the source and the drain were grounded during both the 

irradiation and the subsequent anneal. The drain voltage during measurements was V D = - 0.1 V. 



102 

It should be noted that the mobility at 77 K remains higher than the mobility at 300 Keven 

after ionizing-radiation exposure. This is illustrated in Fig. 5.3, where the data from Fig. 5.1 

(b) are replotted using the pre-irradiation room-temperature mobility J..lo (300 K) as the 

normalization constant. The pre-irradiation mobility at 77 K is 72% higher than the pre

irradiation mobility at room temperature. Due to more pronounced mobility degradation at 

77 K, that difference is about 59% at the dose of 16 krad(Si), and is further reduced to 52% 

after 640 hours of positive gate-bias anneal. 

In order to understand the experimentally observed enhanced mobility degradation at 77 K, 

the temperature dependences of different scattering mechanisms need to be considered. In 

Chapter 3, the mobility Jl was expressed as (Eq. 3.2) 

1 1 1 
-=-+--
Jl flo flIC 

(5.1) 

where JlIC is the mobility limited by the Coulomb scattering from the interfacial charges 

introduced by ionizing radiation. This mobility is inversely proportional to the effective 

interfacial charge density, which is, in a general case, a linear combination of the oxide

trapped charge and interface-trapped charge. The pre-irradiation mobility may be written as 

111 
-=-+-
flo flII flL 

(5.2) 

where flII and JlL are the ionized-impurity-scattering-limited mobility and phonon (lattice)

scattering-limited mobility, respectively. (The effective mobility in the saturation region is 
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Fig. 5.3 Normalized mobilities at room temperature and at77 K during irradiation (closed symbols) 
and anneal (open symbols). The mobilities were normalized by the pre-irradiation value at 300 K. 

measured at low (V G - V T)' which results in low effective transverse electric fields, so that 

surface roughness scattering can be neglected.) Multiplying Eq. 5.1 by J.1o results in 

(5.3) 

Thus, the extent of mobility degradation at a given temperature for a given density of 

radiation-induced interfacial charges depends on the value of the second term on the right

hand side of Eq. 5.3; the larger J.1c/J.1IC' the larger the mobility degradation will be. The pre

irradiation mobility at 77 K is larger than the pre-irradiation mobility at 300 K ( J.1o (77 K) > 

J.1o (300 K», because the phonon scattering is significantly reduced at 77 K, resulting in large 

J.1L and, according to Eq. 5.2, large J.1o (77 K). This point is clearly illustrated in Fig. 5.3. In 
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addition, the mobility limited by Coulomb scattering from the (radiation-induced) interfacial 

charges is proportional to a positive power of temperature [19]. This means that J.1IC (77 K) 

< J.1IC (300 K). Therefore, 

110 (77 K) 110 (300 K) 
---->----

J.1 IC (77 K) J.1 IC (300 K) 
(5.4) 

According to Eqs. 5.3 and 5.4, the relative mobility degradation is expected to be more 

pronounced at 77 K, which is in agreement with the experimental results presented in Figs. 

5.1 and 5.3. 

5.3 MODELING RADIATION-INDUCED MOBILITY DEGRADATION 

The data presented in Fig. 5.1 indicate that interface-trapped charge plays a dominant role in 

radiation-induced mobility degradation in the p-channel DMOS transistors used in this study. 

Namely, the interface-trapped charge density increases and the mobility decreases during 

anneal. On the other hand, the density of oxide-trapped charge decreases during this anneal. 

Thus, no correlation between (J.1IJ.1o) and I:1NOI is apparent in these data. This is further 

illustrated in Figs. 5.4 and 5.5. The data presented were obtained by irradiating two groups 

of devices; one group (four devices) was irradiated up to a total dose of 16 krad(Si), while 

the second group (three devices) was irradiated up to 26 krad(Si). The gate bias was positive 

(V G = + 9 V) during both irradiation and anneal. Figure 5.4 displays the hole mobility 

degradation (J1I J.1.o) at room temperature as a function of the radiation-induced oxide-trapped 

charge density (I:1N01 ). A comparison with Fig. 5.5 (a), which illustrates the hole mobility 

degradation (J1IJ.1.o) at room temperature as a function of the radiation-induced interface-
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Fig. 5.4 Radiation-induced mobility degradation as a function of oxide-trapped charge density at 

room temperature during irradiation (closed symbols), and anneal (open symbols). 

trapped charge MVit ' clearly demonstrates the dominant role of interface-trapped charge in 

radiation-induced mobility degradation. Note, however, that this may be established only by 

examining both the radiation and the anneal data, as explained in Chapter 4. The dominant 

role of interface-trapped charge is not apparent if only the irradiation data are considered. As 

mentioned in Section 5.3, there is an approximately linear relationship between the density 

of oxide-trapped charge (MVot ) and the density of interface-trapped charge (MVit ) during 

irradiation, which is shown in Fig. 5.6. Thus, an expression analogous to Eq. 4.1 could 

conceivably be used to describe the radiation-induced mobility degradation as a function of 

oxide-trapped charge density (MVot )' During anneal, a different functional relationship 

between MVot and MVit exists, which allows interface-trapped charge to be identified as the 

primary contributor to mobility degradation. 
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Fig. 5.5 Normalized mobility degradation during irradiation (closed symbols) and anneal (open 

symbols) in p-channel power MOSFETs as a function of the dimensionless product ailNIt : (a) at room 

temperature, and (b) at 77 K. The curves are the plots of Eq. 4.1 for a = 10.1 x 10-12 cm2 (a), and 

for a = 18.5 x 10-12 cm2 (b). 
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Fig. 5.6 Radiation-induced oxide-trapped charge density (flNot> versus radiation-induced inter-

face-trapped charge density (flNIt>. 

The dominant role of interface-trapped charge in mobility degradation suggests that Eq. 4.1 

may be expected to adequately describe the mobility data presented in Fig. 5.5. A fitting 

program STEPIT [60] was used to determine the coefficient a from Eq. 4.1 using the 

radiation data (closed symbols) presented in Fig. 5.5. The values obtained for a were 

9.0 x 10-12 cm2 for room temperature and 15.7 x 10-12 cm2 for 77 K. The lines shown on 

Fig. 5.5 represent plots of Eq. 4.1 for these values of a. It is obvious that Eq. 4.1 does not 

adequately describe the experimental data for these p-channel DMOS transistors (cfFig. 4.10 

for n-channel DMOS transistors). The anneal data (open symbols) at both temperatures 

clearly cannot be modeled using the coefficient values obtained by fitting Eq. 4.1 to the 

radiation data only. Note that using both the irradiation and the anneal data results in different 

values of coefficients, but the quality of fit does not improve since the data cannot be 

described by a single hyperbola. The disagreement between the model and the experiment 

is particularly pronounced for low-temperature mobility data (Fig. 5.5 (b». 
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The reasons for the inadequacy of Eq. 4.1 may be better understood if the data presented in 

Fig. 5.5 are plotted as the reciprocal of the normalized mobility {J.tI/lO)-1 vs. ANit (Fig. 5.7). 

Eq. 4.1 predicts a linear dependence of (J1l/lo) -Ion ANit' Also, based on Eq. 4.1 we have: 

(5.5) 

A well-defined linear dependence is indeed observed for ANit > 2 X 1010 cm-2 (room

temperature irradiation data - closed symbols in Fig. 5.7 (a», but in contrast to Eq. 4.1, the 

y-axis intercept of such a line is larger than unity. Consequently, the slope of the {J.tI1lo)-1 

vs. ANit characteristic is larger at low interface-trapped charge densities (for ANit < 2 X 

1010 cm-2 ) than at higher densities, which according to Eq. 5.5 indicates that a is larger at 

low interface-trapped charge densities. As shown below, this can be explained by a 

significant contribution of oxide-trapped charge to mobility degradation during the initial 

slow build-up of interface traps. This initial slow build-up of interface traps is also apparent 

in Fig. 5.6 for ANit < 2 X 1010 cm-2• An even larger y-axis intercept is obtained for low

temperature data (Fig. 5. 7 (b», which indicates that the contribution of oxide-trapped charge 

to radiation-induced mobility degradation is more pronounced at 77 K than at room 

temperature. 

The increased contribution of oxide-trapped charge to radiation-induced mobility degrada

tion at cryogenic temperatures can also be inferred from the data presented in Fig. 5.1. The 

density of oxide trapped charge slightly increases (Le., I~Vot I increases) during the first 
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Fig. 5.7 The reciprocal of the normalized mobility as a function of radiation-induced interface-

trapped charge density i1Nit (a) at room temperature, and (b) at 77 K. 
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several tens of hours of room-temperature anneal, and then monotonically decreases during 

the remaining anneal time. This small increase in the oxide-trapped charge results in a large 

low-temperature mobility degradation, and only a moderate decrease in room-temperature 

mobility during the fIrst 100 hours of anneal. 

5.4 CONTRIBUTION OF OXIDE-TRAPPED CHARGE 

TO MOBILITY DEGRADA nON 

In order to properly model the mobility data presented in Fig. 5.5, the effects of oxide-trapped 

charge must be taken into account. Thus, Eq. 4.1 must be generalized to include a term 

describing the contribution of oxide-trapped charge to radiation-induced mobility degrada

tion. The approach to modeling mobility when significant densities of both oxide fixed 

charge and interface traps are present suggested in a classic paper by Sun and Plummer [58] 

is to use the sum of these two densities in an expression analogous to Eq. 4.1. In the case of 

radiation-induced oxide-trapped charge and interface-trapped charge, that approach would 

imply that the same coefficient a should be used to describe the effects of both ANol and ANiI' 

which counters the well-established fact that the interface-trapped charge plays the dominant 

role in mobility degradation. Thus, we believe that a linear combination of ANil and ANol 

should be used instead of a ANil ' with the coefficient describing the effect of interface

trapped charge larger than that for oxide-trapped charge. Such an expression has been given 

in Chapter 4 (Eq. 4.2). 

The values of the coefficients ail and a
OI 

can be found by considering {J1/llo) as a function 

of two variables ANil and ANol ' Data fitting using STEPIT [60] yields ail = 3.9 x 10-12 cm2 

and a
OI 

= 0.7 x 10-12 cm2 for the room-temperature data and ail = 3.4 x 10-12 cm2 and 
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a ot = 1.3 x 10-12 cm2 for the 77-K data. As expected from the previous discussion, ait is 

larger than aot at both temperatures. Figure 5.S displays the normalized mobility as a 

function of the linear combination of &Vit and &Vot ' Comparison between Figs. 5.5 and 5.S 

clearly demonstrates that it is necessary to account for the effects of oxide-trapped charge in 

order to properly model the radiation-induced mobility degradation in these devices. It is 

interesting that the value for aot found in Refs. [55] and [56] for p-channel transistors is 

negative, indicating that an increase in oxide-trapped charge density should lead to an 

increase in inversion-layer hole mobility. In contrast, the results presented in this paper 

clearly demonstrate that oxide-trapped charge contributes to a decrease in mobility in these 

devices. 

Table 5.1 lists the values of the coefficients ait and a ot for IRF9130 and MTMSPOS p

channel power MOSFETs. For both device types ait is larger than a ot at both temperatures. 

In addition, aot is larger at 77 K than at room temperature. 

5.5 SUMMARY 

Radiation-induced mobility degradation in p-channel MOSFETs at room temperature and 77 

K has been investigated. The mobility degradation for given densities of radiation-induced 

defects is more pronounced at 77 K than at room temperature, due primarily to an increase 

in the relative importance of Coulomb scattering from the oxide-trapped charge. In 

accordance with previously published results, interface traps play the dominant role in 

radiation-induced mobility degradation. However, we have demonstrated in this chapter, as 

well as in Chapter 4, that the effects of oxide charges are not negligible. The effects of oxide

trapped charge are shown to be more important at 77 K than at room temperature. 
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Fig. 5.8 Normalized mobility degradation during irradiation (closed symbols) and anneal (open 

symbols) in p-channel power MOSFETs as a function of the linear combination alt !l.NIt+aot !l.Not 
(a) at room temperature, and (b) at 77 K. The curves are the plots of Eq. 4.2 for alt = 4.6 x 10-12 cm2 

and aot = 0.7 x 10-12 cm2 (a), and for alt = 3.5 x 10-12 cm2 and aot = 1.3 x 10-12 cm2 (b). 
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Table 5.1 Coefficients aft and a ot at room temperature and at 77 K for two p-channel power 

MOSFET types. 

Device 
Polarity Manufacturer Temperature {Xit {Xot 

Type 

[10-12 cm2 ] [10-12 cm2 ] 

300K 4.6 0.7 
Harris 

IRF9130 p·channel 
Semiconductor 

77K 3.5 1.3 

300K 3.4 1.8 

MTM8P08 p-channel Motorola 

77K 3.7 4.9 
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6. CONCLUSIONS 

In this dissertation, effects of radiation-induced interface-trapped charge and oxide-trapped 

charge on the inversion-layer carrier mobility in double-diffused metal-oxide-semiconductor 

(DMOS) power transistors have been investigated. Interface-trapped charge is more 

effective in scattering inversion-layer carriers than oxide-trapped charge. However, for the 

first time, a significant contribution of oxide-trapped charge to radiation-induced mobility 

degradation has been demonstrated. The effects of oxide-trapped charge must be taken into 

account in order to properly describe mobility degradation when large densities of radiation

induced oxide-trapped charge are present. A systematic approach to detecting effects of 

oxide-trapped charge and separating them from the effects of interface-trapped charge is 

illustrated. Detection of oxide-trapped charge effects requires that mobility data sets having 

different functional relationships between ~ot and ~it be analyzed simultaneously. In this 

study, different relationships between ~ot and ~it for devices of the same type were 

obtained by using irradiation and anneal. Separation of oxide-trapped charge effects from 

those of interface-trapped charge necessitates that ~ot and ~it be linearly independent. 

These results are particularly important for mobility modeling in non-hardened devices in 

which ionizing radiation leads to large densities of oxide-trapped charge. 

Radiation-induced mobility degradation in p-channel MOSFETs at room temperature has 

been compared with mobility degradation at 77 K. The mobility degradation for given 

densities of radiation-induced defects is more pronounced at 77 K than at room temperature, 

due primarily to an increase in the relative importance of Coulomb scattering from the oxide-
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trapped charge. The effects of oxide-trapped charge are shown to be more important at 77 

K than at room temperature. 

The results presented in this dissertation, and related studies [30]-[32], advance and improve 

the understanding of the effects of interface-trapped charge and oxide-trapped charge on 

mobility. The non-negligible contribution of radiation-induced oxide-trapped charge to 

mobility degradation at room temperature has been demonstrated unequivocally for the first 

time. The method for separating the effects of oxide-trapped charge from the effects of 

interface-trapped charge proposed in this dissertation is applicable not only to power DMOS 

transistors, but also to integrated-circuit MOSFETs. Future work in this area may focus on 

quantifying the contribution of oxide-trapped charge to radiation-induced mobility degradation 

in integrated-circuit MOSFETs, especially CMOS (complementary metal-oxide

semiconductor) devices, and on elucidating the effects of border traps. 
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APPENDIX A 

DETERMINING THE DRAIN DOPING IN DMOS TRANSISTORS USING THE 

HUMP IN THE LEAKAGE CURRENT 

In Chapter 2, the leakage current in DMOS transistor has been considered in detail. 

Qualitative analysis of the leakage current requires that the doping in the drain drift region 

be known. In this appendix, a new method for detennining the drain doping in DMOS 

transistors is presented. First, the dependence of the leakage current on the drain voltage

body bias-is explained. An exact approach to finding the drain doping based on the body 

effect is discussed next. Finally, a fast iterative technique for detennining the drain doping 

in DMOS transistors is described. 

A.l EFFECTS OF DRAIN VOLTAGE ON THE HUMP 

The most obvious effect of increasing the drain voltage is the increase in the width of the 

hump. As shown in Section 2.1 (Fig. 2.3 (b)), when V D increases, the flat-band point (squares) 

moves to the right (toward more positive gate voltages), and the point denoting the onset of 

strong inversion (circles) moves to the left (toward more negative gate voltages). The change 

in the gate voltage required to bring about the flat-band condition is easily understood from 

Eq. 2.10; an increase in VD necessitates an increase in the gate voltage Vo in order to keep 

their difference equal to the flat-band voltage (V FB)' Similarly, from Eq. 2.12 we see that 

an increase in V D makes the gate voltage V2 more negative (i.e., increases its magnitude). The 

leading edge of the hump (observed for gate voltages between V2 and VI ) moves to the left 
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slower than the falling edge moves to the right. This is because both V2 and VI contain the 

drain voltage under the square-root sign, whereas Vo varies linearly with V D. 

Note that Eq. 2.12 defines the threshold voltage for ap-channel MOSFETwhich has the body 

(substrate) bias equal to VD: 

(A.l) 

Figure 2.4 (a) allows this quasi-transistor to be identified; the two adjacent P-base regions . 

(which belong to two adjacent DMOS cells) may be viewed as the source and the drain of a 

p-channel MOSFET, while the N-drift region serves as the body (substrate). This is actually 

not a transistor because the P-base regions are shorted together by the source metallization, 

and there can be no lateral current flow between them. (In the DMOS structure, the current 

flows vertically when the gate voltage is sufficiently positive to invert the surface of the P

base; in this case, the drain surface is depleted or accumulated, depending on the magnitude 

of V D.) However, in terms of its effect on V2 = V T' the drain voltage behaves exactly the same 

as the body bias of a conventional p-channel MOSFET. The dependence of the MOSFET 

threshold voltage on the body bias is commonly referred to as the body effect. 

More insight into the effects of drain voltage on the hump may be gained by considering the 

dependence of the total charge in the drain on the bias voltages. Figure A.l displays the 

magnitude ofthe total charge perunit area (Qc) as a function of the gate voltage with the drain 

voltage as a parameter. The charge in the drain for a given value of the surface potential was 

calculated using Eq. 2.2, and the corresponding gate voltage was evaluated from Eq. 2.1. The 

current-voltage characteristics corresponding to the drain voltages used to calculate Qc are 
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also shown in Fig. A.l. The dashed lines mark the points where the total charge changes sign; 

the charge is positive to the left of the dashed lines and negative to the right of the lines. 

Clearly, increasing the drain voltage causes the interval of gate voltages for which the surface 

is depleted to expand (this interval is bounded by the diamonds on the left and the squares on 

the right on the current-voltage characteristics). For the drain voltage larger than approximately 

2 V, the falling edge of the hump cannot be seen, because the subthreshold conduction begins 

before the drain surface can be accumulated. Therefore, for V D = 5 V and V D = 10 V, the 
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charge in the drain remains positive for the whole range of the gate voltage shown in Fig. AI. 

A.2 DETERMINING DOPING IN THE DRAIN-ExACT ANALYSIS 

The body effect may be used to determine the doping in the substrate of a MOSFET. The 

method is described in [64] and [8]. The threshold voltage of a p-channel MOSFET is 

(A2) 

where VBS is the body-to-source voltage, or the body bias (positive for p-channel devices). 

If the threshold voltage is plotted as a function of .j - 2tPF + V BS , a straight line is obtained, 

with the slope equal to the body-effect coefficient y. The doping concentration in the 

substrate is found from Eq. 2.8 as: 

(A3) 

For the DMOS structure, the gate voltage required to bring the drain surface to strong 

inversion has been given by Eq. 2.12, and is repeated here for convenience: 

(AA) 

This expression is equivalent to the expression for the threshold voltage of a p-channel 

MOSFET (Eq. AI), with the drain voltage playing the role of the body bias. Apparently, V2 

could be measured for different values of the drain voltage, and plotted as a function of 

.j - 2tPF + V D to obtain y. Unfortunately, it is not possible to reliably measure V2, because 
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the transition between the background leakage current (which is independent of the gate 

voltage) and the hump is gradual, and there is no single point which can with certainty be 

identified as the onset of strong inversion, where 1fIs = 2l/JF- V D. Therefore, the gate voltage 

corresponding to a different value of the surface potential should be chosen as the quantity 

which is measured as a function of the drain voltage. It is desirable to select a gate voltage 

corresponding to a point on the rising edge of the hump, where the slope of the current-voltage 

characteristic is large. In this way, small uncertainties in the drain current will result in small 

changes in the gate voltage. We select a point where the drain current equals: 

I bot/olll + I top 
Ix= 2 (A.5) 

where Ibot/olll is the drain current at the bottom of the hump, and Itop is the drain current at the 

top of the hump. Clearly, Ibot/om is equal to the background leakage, Ibot/om = Ibg, and is 

independent of the gate voltage. On the other hand, I top cannot simply be defined as the 

maximum value of the drain current on the hump. In contrast to the calculated current, the 

measured current is not constant when the drain surface is depleted (Fig. 2.6), because of the 

contribution of the depleted P-base to the total leakage current. We define I top as the end point 

of the rising edge ( i.e., as the current corresponding to the point where the slope of the current

voltage characteristic stops decreasing). Figure A.2 shows the points corresponding to the 

chosen values of I bot/om and I top (plain crosses), and the resulting Ix (bold crosses), for the drain 

voltages ranging from 0.1 V to 10 V. Note that the precision with which Itop is chosen does 

not significantly affect the value of the gate voltage Vx corresponding to Ix. First, if the 

uncertainty in Itop is I, from Eq. A.5 we find that the uncertainty in Ix is only I 12. Second, 

small changes in Ix lead to small changes in Vx ' because of the steepness of the current-voltage 

characteristics in the vicinity of Ix. 
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Fig. A.2 Linear plot of the drain current as a function of the gate voltage for several values of the 
drain voltage (VD=0.1 V, 0.3, V, 0.5 V, 1 V, 1.7V, 3 V,S V, 8 V, and 10V) used inthe measurements 

of V X' The plain crosses denote current values of 'bottom and 'top' while the bold crosses denote points 

(VX' 'x)· 

If the surface potential corresponding to the point (Vx' Ix) is denoted by 1I'sx = l/lx - V D' the 

gate voltage Vx is obtained from Eq. 2.9: 

Therefore, if Vx is plotted as a function of J - ¢Jx + V D , the slope of the straight line gives 

the body-effect coefficient, which can be used in Eq. A.3 to find the doping concentration in 

the drain. However, the value of l/lx is not known in advance. Comparison between Figs. 2.3 

(b) and A.2 suggests that l/lx is between l/lF and 2l/lF. Figure A.3 is the plot of Vx as a function 

of J - ¢Jx + V D for one possible value of l/lx. Figure AA illustrates the need for knowing 
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the exact value for tPx' Different values of tPxresult in different values of y, and thus the doping 

concentration in the drainN D is a function of tPx ' Note that tPxis not the only unknown quantity 

in Eq. A.6. The flat-band voltage VFB is also unknown. Therefore, two equations which 

contain tPx and V FB' and which correspond to two easily identifiable points on the hump are 

needed to find both of these quantities. The first equation is Eq. A.6, which gives the gate 

voltage Vx corresponding to the current Ix' We choose Eq. 2.19 as the second equation, 

because for low drain voltages the hump has a well-defined peak. Equation A.6 can be 

rewritten as follows: 

(A.7) 

Similarly, Eq. 2.19 can be rewritten as follows: 

(A.S) 

Although tPx does not appear explicitly in Eq. A.S, both tP F and r depend on the choice of 

tPx' Note that if a value of tPx is known (or assumed), the quantity Vx - V FBx from Eq. A. 7 can 

be calculated for different values of the drain voltage. Similarly, Vpeak - V FBpeak from Eq. A.S 

can be calculated if tPx is known (or assumed). In both cases ris found from the plot Vx vs. 

J -tPx + V D , while tPF needed in Eq. A.S is calculated from Eq. 2.4. 

Since tPx is not known in advance, we plot the flat-band voltage V FBx' obtained from Eq. A.7, 

and the flat-band voltage VFBpeak' obtained from Eq. A.S, as a function of tPx' These two 

functions intersect at a point VFBx = VFBpeak' which is the value of the flat-band voltage we 

sought. The ordinate of this point gives the value of tPx' Thus, the nonlinear set of equations 
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The intersection of these two plots gives the values of the potential ¢x = - 0.29 V, and the flat-band 
voltage VFB = - 0.48 V. 

(Eqs. A 7 and A8) is solved for V FB and C/Jx graphically. This approach is illustrated in Fig. 

A5. The plots of both VFBx and VFBpeak are straight lines, which intersect at the point C/Jx = 
0.29 V, V FB = - 0.48 V. For this value of C/Jx' the doping concentration in the drain obtained 

from Fig. AA is ND = 1.9 X 1014 cm-3• 

In Fig. A5, a single value of V FBx is shown for each value of C/Jx ' For a selected value of C/Jx' 

V FBx is obtained by subtracting the calculated Vx - V FBx from the measured Vx' Ideally, it can 

be expected that V FBx obtained in this way be a constant, independent of V D' However, due 

to random experimental uncertainties, the value of V FBx is not the same for all values of the 

drain voltage. As can be seen from Fig. A3, a total of twenty different values of V D (ranging 

from 0.1 V to 10 V) are used for the measurements of Vx' which results in 20 values of V FBx' 
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A single value is obtained by finding the average of these 20 values of V FBx' Figure A.6 shows 

the plots of the measured Vx and the calculated Vx - V FBx' 

Similarly, Fig. A.5 shows one value of V FBpeak for each value of ¢x' We measured Vpeak using 

three different values of V D' As can be seen from Figs. 2.3 (b) and A.2, there is a well-defined 

peak only for low values of the drain voltage. Thus, we used the drain voltages of 0.05 V, 

0.1 V, and 0.15 V. The measured values of Vpeak and the corresponding values of Vpeak -

V FBpeak calculated from Eq. A.8 are shown in Fig. A. 7. A single value of V FBpeak for a 

particular value of l/Jx is obtained by finding the average of the three values of V FBpeak' 

It should be noted that Figs. 2.3-2.7 and A.1-A. 7 show the data obtained from a single IRF440 

powerMOSFET. The flat-band voltage VFB =-0.48 V and the doping in thedrainND = 1.9 

x 1014 cm-3 obtained using the method described above have been used to calculate Yo' VI' 

and V2 shown in Figs. 2.3 (b), 2.5, and A.1, and to calculate Isg shown in Fig. 2.6. Also, the 

correct value of l/Jx has been used to generate the data plotted in Figs. A.3, A.6 and A.7. None 

of the quantities V FB' N D' and l/Jx is known in advance; they all had to be determined using 

the method described above before the calculations could be performed. 

The top x-axis in Fig. A.3 shows the depletion region width d at the surface of the drain 

corresponding to the measured values of the gate voltage Vx' The depletion region width 

corresponding to Vx' (Le., to the surface potential 'l'x = -l/Jx + V D) is: 

d= (A.9) 

For l/Jx = 0.29 V and ND = 1.9 X 1014 cm-3, we find that d ranges from 1.6 11m (for 
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V D = 0.1 V, which is the lowest value of the drain voltage used in measurements of V) to 8.4 

11m (for V D = 10 V, which is the highest value of the drain voltage used in measurements of 

V). From Eq. A6, we obtain 

(A 10) 

Thus, r evaluated for a particular value of the drain voltage gives the slope of the graph 

Vx vs. J - ¢x + V D at that point. From Fig. A3 we see that the slope is constant, and thus 

the doping is constant, for d larger than approximately 2 /lffi. As mentioned above, for this 

drain doping (ND = 1.9 x 1014 cm-3), and for the drain voltage ranging from 0.1 to 10 V, the 

range of the doping profile probed using this technique is from 1.6 /lffi to 8.4 11m. For the same 

drain voltage range, the profile depth is smaller in a more heavily doped drain (used in power 

M OSFETs with lower voltage ratings). For a given drain doping, the lower limit ofthe profile 

depth is detennined by the lowest drain voltage value that allows reliable current measurements 

(for the HP 4145B, the current resolution limit is 1 pA), while the upper limit is set by the drain 

voltage for which the background leakage increases to the extent that the hump can no longer 

be observed. 

This method for detennining the doping in the drain was employed to characterize 6 different 

discrete power MOSFET types. Table Al summarizes the results. The sample size was five 

devices per device type. The drain doping shown in the table was obtained by averaging the 

doping values obtained from those five devices. The unifonnity of drain doping among the 

devices of the same type was good; the difference between the highest doping and the lowest 

doping was 4% for "the most uniform" device type and 14% for "the least uniform" device 

type. Note that an effort was made to assure that all five devices per device type come from 
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Table. A.1 Drain doping for six different power MOSFET device types. The doping was determined 
using the method described in the text. The doping for each device type shown in the table is the 
average value for a sample of five devices per device type. 

Device Voltage Drain 
Polarity Manufacturer 

Type Rating Doping 

[V] [1015 cm- 3 ] 

IRF130 
Harris 

100 2.1 
Semiconductor 

IRF150 
International 

100 3.1 
Rectifier 

n·channel 

IRF250 
International 

200 4.7 
Rectifier 

IRF440 Motorqla 500 0.19 

MTM8P08 Motorola 80 3.0 

p-channel 

IRF9130 
Harris 

100 3.2 
Semiconductor 
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the same wafer lot. For IRF150 and IRF250 devices this was established with certainty, 

because the lot code is imprinted on the device package; for the remaining four device types, 

this information was not available, but the devices likely were from the same wafer lot 

because the production date code was the same for all five devices of a given device type. 

The drain doping is expected to decrease as the voltage rating of power MOSFETs increases. 

The data shown in Table A.1 indicate that there may be an exception to this trend. The IRF250 

has a higher vol tage rating and a higher drain doping than the IRF 130, IRF 150, IRF9130, and 

MTM8P08. This is because in this device type an n-type implant at the surface of the drain· 

is employed to reduce the series resistance of the drain, while the other device types used in 

this study do not have such an implant. The profile depth for this device is from 0.4 flI11 to 

1.7 J..lm, for the drain voltage ranging from 0.1 V to 10 V. Therefore, the method described 

here allows the doping in the surface region of the drain affected by the ion implantation to 

be measured, which is of great interest in optimizing the series resistance of the drain. Note 

that the breakdown voltage, and thus voltage rating, is set by the doping value deep in the 

drain bulk. As expected from the discussion presented above, the profile depth is smaller in 

this device type than in the IRF440, because the measured drain doping is significantly higher 

in the IRF250 than in the IRF440. 

Finally, it should be noted that the use of the body effect in determining the silicon film doping 

in silicon-on-insulator gate-controlled diodes has been proposed recently by Seghir et al. 

[65]. In that study, the threshold voltage VTis defined as the gate voltage corresponding to 

the leakage current which equals 50% ofthe maximum leakage current. The surface potential 

corresponding to this gate voltage is assumed to equal the surface potential needed to bring 

the silicon surface to strong inversion. This is clearly incorrect; from Fig. 2.3 (b) we see that 
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the onset of strong inversion occurs at a point which is near the bottom of the hump, not around 

the middle of the hump. It is important to note that, while the definition of the "threshold 

voltage" is somewhat arbitrary, the surface potential corresponding to the chosen current 

level is not. 

A3 DETERMINING DOPING IN TIlE DRAIN-FAST ITERATIVE TECHNIQUE 

When the dependence of the threshold voltage on the body bias CEq. A2) is used to determine 

the doping in the substrate of a MOSFET, the following iterative procedure, described in [64], 

can be employed. An initial guess of2tPF= 0.6 V is used to generate the plot of the measured 

V T as a function of J - 2tPF + V BS • The slope r of that straight line is used in Eq. A.3 to 

find N D. This value of N D is in turn used to obtain a new value of tPF from Eq. 2.4. A new 

plot of V T vs. J - 2tPF + V BS can then be generated. The procedure is repeated until tPF stops 

changing, which usually requires only a few iterations. 

The iterative procedure described above is possible because there is a known relationship 

between the result of any iteration, and the guess used in the following iteration. The result 

of any iteration is tPF; the guess for the following iteration is 2tPr If Eq. A6 is considered, 

no such iterative procedure appears feasible because the relationship between the potential 

tPx and the Fermi potential tPF is not known. Therefore, establishing this relationship is 

essential to constructing a fast iterative technique for determining the drain doping based on 

the exact analysis presented in the previous subsection. 

Table A2 displays the values of the potential tPx and the Fermi potential tPF for the six power 

MOSFET device types whose drain dopings have been given in Table AI. The values of 
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these potentials for each device type were obtained by finding the average for the five devices 

of that type. The ratio of ifJx and ifJF for all device types is very close to 1.1; this establishes 

the relationship needed for the iteration procedure. 

The fast iterative procedure based on the relationship ifJx = 1.1 ifJF is illustrated in Table A.3 

for the IRF440 power MOSFET used to generate Figs. 2.3 through 2.6. The choice of the 

initial value for ifJx is arbitrary; we have chosen ifJx = 0.5 V which is a reasonable guess for 

common doping levels. Note that the correct doping is obtained after the first iteration; the 

second iteration is used to confirm that the procedure has been completed. This iterative 

technique, however, does not give a correct value of ifJx (the value listed in Table A.3 is - 0.27 

V, while the correct value obtained from Fig. A.6, and given in Table A.2 is ifJx = - 0.29 V). 

The reason for this is the use of the approximation ifJx = 1.1 ifJF , while from Table A.2 the 

correct relation is ifJx = 1.16 ifJr In consequence ofthis approximation for ifJx' the flat-band 

voltage value determined from Eq. A.7 may not be correct, because this equation contains 

ifJx• In contrast, Eq. A.8 does not contain ifJx' and may safely be used in conjunction with this 

iterative technique to obtain a correct value of V FB. 

A.4 SUMMARY 

The leakage current ofDMOS transistors is due to generation-recombination processes in the 

silicon bulk and at the silicon-silicon dioxide interface. The dependence of the surface 

generation component of the leakage current on the bias voltages has been employed to 

explain the hump in the leakage current observed for low drain voltages. The effect of drain 

vol tage on the hump (body effect) has been used as the basis for a new method for determining 

the drain doping. This method gives the profile depth ideally suited for finding the relevant 
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Table. A.2 Potential tPx ' Fermi potential tPF' and the ratio of these two potentials for the six power 

MOSFET device types whose drain dopings are given in Table A.1. The potentials are the averages 

for a sample of five devices per device type. 

Device <Px <PF 
<P x / <PF Type 

Polarity 

[V] [V] 

IRF130 -0.337 -0.309 1.09 

IRF150 -0.356 -0.319 1.12 

n-channel 

IRF250 -0.370 -0.330 1.12 

IRF440 -0.286 -0.247 1.16 

MTM8P08 0.367 0.319 1.15 

p-channel 

IRF9130 0.366 0.320 1.14 
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Table. A.3 Illustration of the iterative technique for finding the drain doping described in the text. 

The measurements of Vx were performed using an IRF440 power MOSFET. 

Iteration 
<l>x 

Drain 
<l>F <l>x = 1.1 <l>F 'Y Doping Number 

[V] [V1I2 ] [1014 cm-2 ] [V] [V] 

0 -0.5 0.266 2.1 -0.249 -0.274 

1 -0.274 0.254 1.9 -0.247 -0.272 

2 -0.272 0.254 1.9 -0.247 -0.272 

drain doping. In power MOSFETs which do not have a surface implant in the drain region, 

the method gives the doping in the epitaxial layer, and in power MOSFETs in which an 

implant is used to reduce the on-resistance, the method gives the doping in this implanted 

layer. 
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