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ABSTRACT 

The minority carrier generation lifetime is a parameter of central importance in the 

characterization, design, and operation of solid state devices. Various methods have been 

described for measuring the lifetime using an MOS capacitor (MOS-C). They can be 

classified according to the kind of voltage applied, the quantities measured, and the 

required elaboration of experimental results. This thesis discusses two groups of methods 

for determining the lifetime using an MOS-C: pulsed voltage methods and voltage sweep 

methods. The objective of this thesis is to give a comprehensive review and comparison 

of various methods for determination of minority carrier lifetime using an MOS-C. To 

accomplish this objective, the theory is presented as it exists in each respective reference, 

and the experiment is conducted based on the theory. Sometimes the theory is modified 

to include effects not considered in the original reference. 
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INTRODUCTION 

Minority carrier generation lifetime in a semiconductor is a parameter of central 

importance in the characterization and design of solid state materials and devices. For 

example, various device characteristics, such as leakage currents in p-n junctions and 

transfer efficiency in CCD devices depend on the generation lifetime. 

The generation lifetime depends on the number and location of generation-

recombination (G-R) centers that lie near the middle of the band gap. For the common 

semiconductors the G-R centers are commonly metallic impurities such as iron, gold, and 

copper. Hence, the generation lifetime can be used as an indication of metallic 

contamination and also be related to defect densities. 

The generation lifetime, xg, represents the time required to generate one electron-hole-

pair. It describes the generation properties in the space-charge-region of reverse-biased 

devices where there are very few electrons or holes. For integrated circuit device 

characterization, it is convenient to measure the generation lifetime using an MOS 

capacitor (MOS-C), which is usually included during circuit manufacture as a test device 

on the silicon wafer. The use of the MOS-C for the measurement of the lifetime is also 

popular due to the simplicity of the methods and the possibility of measuring very short 

lifetimes. 

Various methods have been developed which determine generation lifetime from 
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measurements on an MOS-C. They can be classified according to the kind of voltage 

applied, the quantities measured, and the evaluation of the experimental results. In this 

thesis the methods are divided into two groups: pulsed voltage methods and voltage 

sweep methods. All proposed methods have the common feature that they determine the 

number of the free charge carriers generated per second in the semiconductor, i.e. the 

generation current as a function of the depletion layer width W, when the MOS-C is in 

the non-equilibrium (deep-depletion) state. The generation lifetime is then obtained from 

a linear dependence of the generation current on W. 

The Zerbst method [1] has been most widely used to evaluate the MOS bulk and 

surface properties. It consists of applying a voltage step to the gate of an MOS-C 

producing a state of deep depletion, and measuring the transient variation of the small-

signal capacitance C as a function of time. The model proposed by Zerbst was used by 

Heiman [2] to suggest a relatively quicker method where the slope of the C-t curve at a 

single point is used. Schroder and Nathanson [3] showed that a significant component 

of generation current can occur due to lateral surface depletion effects in pulsed MOS-C 

experiments and that a simple model, incorporating this lateral effect, can permit direct 

extraction of the surface generation component from the total generation. A method was 

described for the determination of the minority carrier lifetime by monitoring the C-t 

transient response of an MOS-C switched from heavy inversion into deep depletion [4]. 

Pulsing from inversion instead of from accumulation is commonly used when surface 

generation is to be reduced as much as possible [5]. An approximate analysis of the 

generation lifetime, developed by Schroder and Guldberg [6], is useful for lifetime 
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mapping for Si wafers because of its ability to provide fast quantitative results. 

In the Pierret method [7], a non-pulsed MOS-C measurement technique, a series of 

saturated C-VG characteristics is recorded in response to a depleting linear voltage sweep 

started in inversion at different sweep rates. This was modified later by Pierret and 

Small to remove several problems encountered when long lifetime devices were measured 

[8]. 

A method for the determination of the generation lifetime based on recording both 

the current and the high-frequency capacitance responses to a depleting voltage step was 

introduced by Calzolari et al. [9]. Later a more general theory, which takes into account 

the field-dependent carrier emission rate, was developed [10]. The method proposed by 

Gorban et al. can determine the surface and bulk generation of MOS structures based on 

non-equilibrium C-VG and dC/dVG measurements using a linear sweep voltage [11]. The 

Kuper method which is a linear sweep current-capacitance method uses the advantages 

of the method of Pierret and the method of Calzolari et al. [12], 

Rabbani and Lamb [13,14] developed a method based upon empirical equations 

obtained for the C-t plot. These equations are then used together with relevant physical 

models to give the lifetime xg' in terms of known parameters obtainable from the C-t 

curve. 

Most pulsed C-t analyses for an MOS-C are restricted to devices which are uniformly 

doped. Miyake and Harada [15] introduced a new method for lifetime evaluation of 

non-uniformly doped MOS-C's. Generation lifetime can be evaluated by analyzing the 

C-t characteristics in combination with the doping profile. 
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A high speed C-VG technique using both forward and reverse C-VG sweeps was 

developed by Lin [16] for determination of both the minority carrier generation lifetime 

and the doping profile. Tiwari et al. [17] modified the Zerbst method to reduce 

measurement time. In this method, the voltage applied to the gate consists of a 

combination of a step and a ramp instead of just a step as in the case of the Zerbst 

method. 

Recently, Keller [18] suggested a fast method based on the Zerbst technique by 

establishing the necessary intermediate states of partial inversion directly by appropriate 

voltage pulses. A Zerbst-based procedure for rapid minority carrier lifetime analysis of 

materials with non-uniformly distributed defects has also been described [19]. In this 

method the Zerbst analysis can be applied to any part of a C-t curve for which a 

linearized CD (oxide capacitance)/C curve is valid, as long as bulk generation mechanisms 

are dominant. For non-homogeneous materials, this procedure allows estimation of 

minority carrier lifetime as a function of space-charge-region width. 

The objective of this thesis is to give a comprehensive review and comparison of 

various methods for determination of minority carrier lifetime using an MOS-C. To 

accomplish this objective, the theory is presented as it exists in each respective reference, 

and the experiment is conducted based on the theory. In some cases the theory is 

modified to include effects not considered in the original reference. 

The thesis is divided into seven chapters including this introduction. Chapter 2 

describes the sample and test system. Chapter 3 is devoted to the fundamentals of the 

equilibrium and non-equilibrium (deep-depletion) MOS-C. The expressions for the C-t 
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transient response are also derived. This is the basis of most of the lifetime measure

ment techniques. In chapter 4 the pulsed voltage methods for lifetime extraction are 

given. Most of the methods determine the generation lifetime from the C-t transient after 

a depleting voltage pulse is applied. The voltage sweep methods are described in chapter 

5. In chapter 6 a modification of the Zerbst method is presented for the measurement 

of generation lifetime in MOS-C. The suggested fast method avoids the time-consuming 

full C-t measurement by using the linear approximation of the C-t curve around a selected 

time. Finally, in chapter 7 the measurement techniques are compared based on 

experimental results and conclusions are made. 
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SAMPLES AND TEST SYSTEM 

2.1 Experimental Samples 

Six inch diameter wafers were fabricated in a standard 1.25 pm CMOS process 

schedule by Sandia National Laboratories (table 2.1). A wafer accommodates more than 

50 fields (chips). However, 49 fields among the fields are chosen for automatic testing. 

Fields tested are numbered in agreement with the automatic probing sequence. Fig. 2.1 

(a) depicts the diagram of a wafer. Each chip with the area of 1.5x1.5 cm2 contains 

many structures such as diodes, gated diodes, transistors, inverters, ring oscillators, and 

MOS capacitors (MOS-C's). The above structures were designed for sensitivity to 

contamination which was introduced in the Buffered Oxide Etchant (BOE) used for the 

pre-gate oxidation clean (fig. 2.2). Controlled levels of copper contamination were 

introduced to the BOE in three experimental splits of 1 ppb, 10 ppb, and 100 ppb, 

respectively. Fig. 2.1 (b) shows a configuration of the field which contains a number of 

modules (pad array strips). 

The MOS-C's used in these lifetime measurements are located in the bottom left 

quadrant, module number 17, as shown in fig. 2.1 (b) and (c). Module 17 consists of 

9 capacitors which have the same area but three different perimeters. Fig. 2.3 (a) shows 

cross section of the MOS-C whose polysilicon gate overlapped the field oxide. The area 

and perimeter of the capacitors used in these measurements are lxlO'3 cm2 and 0.1262 



CMOS PROCESS FLOW 

1. PREDIFFUSION CLEAN 
2. PAD OXIDATION - 365 A 
3. NITRIDE DEPOSIT -1175 A 
4. LASER SCRIBE 
5. CLEAN 
6. PTUB RESIST 
7. CLEAR N-WELL 
8. IMPLANT 3x1012 @ 100 KeV PHOS 
9. IMPLANT 2.5x10" @ 180 KeV ARS 
10. OXIDIZE 6300 A 
11. STRIP NITRIDE OFF P-WELL 
12. IMPLANT P-WELL 5x10'2 @ 50 KeV 

BORON 
13. DRIVE IN - 750 A 
14. IMPLANT 6x1012@ 100 KeV BORON 
15. STRIP ALL OXIDE 
16. OXIDIZE FIELD 600 A 
17. CVD FIELD OXIDE - 4400 A 
18. STRIP BACKSIDE 
19. THIN OXIDE PR/ETCH 
20. GATE OXIDE GROWTH 
21. IMPLANT 1.5x1012 @ 35 KeV BORON 
22. STRIP GATE OXIDE 
23. GROW GATE OXIDE 180 A 
24. DEPOSIT GATE POLY 4400 A 
25. GATE PR/ETCH 

26. STRIP BACKSIDE 
27. SCREEN OXIDE 
28. LDD IMPLANT 5X1013 @ 80 KeV 

PHOS 
29. P* PR 
30. P* IMPLANT 2x10" @ 30 KeV BORON 
31. LDD SPACER TEOS 3000 A 
32. ETCH SPACER 
33. SCREEN OXIDE 
34. N* PR 
35. N* IMPLANT 5X1015 @ 80 KeV ARS 
36. N* IMPLANT 3x10M @ 35 KeV PHOS 
37. ANNEAL IMPLANT 850 °C/30 MIN ̂  
38. TEOS 2500 A 
39. BPTEOS 5500 A 
40. DENSIFY 
41. STRIP BACKSIDE (POLY / OXIDE) 
42. WINDOW 1 PR/ETCH 
43. METAL 1 5000 A (0.75% Si 10.5% Cu) 
44. METAL 1 / ETCH 
45. ALLOY 375 °C 30 MIN Nj 
46. DEPOSIT 12000 A 3% CAP GLASS 
47. CAP GLASS PR/ETCH 
48. TEST 

Table 2.1 CMOS process flow. 
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(a) 
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2x10 pad 
contiguration 

38394041 42 *3 

Fig. 2.1 (a) Diagram of a wafer, and (b) the configuration of a field. 
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Gate Perimeter = 0.1262 cm 

Gate Area = 9.954x10"4 cm2 

Gate Perimeter = 1.4224 cm 
Gate Area = 9.9568x10 cm2 

Gate Perimeter = 15.75 cm 
Gate Area = 9.8437x10"4 cm2 

(c) 

fi7j=^ia1—. 

I 

Fig. 2.1 (c) the layout of the capacitors. 
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Field Oxide Cuts 

cm, respectively, as shown in fig 2.3 (b). The effect of the poly-gate overlapped area 

on the MOS-C measurement is negligible because of thick field oxide. For example, the 

capacitance of poly-gate overlapped area is 0.174 pF which is about 0.09% for the oxide 

capacitance of MOS-C. The MOS-C's are fabricated on a p-well (1.25 pm deep) in an 

n-epitaxial layer of 2 pm on an n+-substrate. The p-well is boron doped with a peak 

surface concentration of about lxlO17 cm'3, and the gate oxide thickness is 180 A. The 

gate is heavily doped polysilicon. Measurements were done on the square MOS-C's on 

two wafers, one with low-level contamination (W12) and one with high-level 

contamination (W15). 



Pre 
Processing 

T~ 
Strip Oxide 

Lot is split here; 
monitor wafers added 

Piranha Clean 

Dump Rinse 

BOE Etch 
(Contaminants 

introduced here) 

i 
Cascade Rinse 

Spin Dry 

Same wet 
bench 

Wet 
operation 

Post 
Processing 

3 wafers for SIMS 
analysis pulled here 
Delay (< 60 min) 

Gate Oxidation 

2 wafers for SIMS 
analysis pulled here 
Delay (30-60 min) 

Lot regrouped 
i— • 

2 wafers for SIMS 
analysis pulled here 

Polysilicon Deposition 

Fig. 2.2 Controlled contamination process flow chart. 
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180 A 

GATE POLY 
4400 A 

/ 5000 A •• 
|*8|I 15 

„ 19 -3 
2x10 cm 

10 cm 

2 |i 

Gate Poly Overlapped Area 

= 2.5256x105  cm2  

0.03159 cm 

• 0.03155 cm 

-3 a 
Gate Area =1x10 cm 

O P 
0 o co co 
01 <5 oi <o 
o 
3 

(b) 

Fig. 2.3 (a) Cross section of the MOS-C showing the poly-gate overlapped area, and 
(b) top view of the MOS-C. 
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2.2 Test System 

Electrical measurements were made with a parametric test system consisting of an 

HP4062C parametric analyzer, a 1034X Electroglas automatic wafer prober, and an HP 

310 computer. The computer controls the analyzer and prober. Fig. 2.4 shows the test 

system measurement set-up. The test system contains an HP 4280A capacitance 

measurement subsystem (CMS), an HP 4142B DC subsystem (DCS), and an HP 4084B 

switching controller (SWC). The capacitance measurement subsystem measures 

capacitance and conductance with 0.1% accuracy and maximum 4-1/2-digit display 

resolution. The test frequency is fixed at 1 MHz. The DC subsystem is equipped with 

DC source and monitor units, which can force current and measure voltage, or force 

HP 310 COMPUTER 

SWC 

CMS 
SWM 

DCS 

PROBER 

Fig. 2.4 Measurement set-up with the test system. 
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voltage and measure current. The separate switching matrix controller provides relay 

control signals and DC power to the switching matrix (SWM). 

The automatic prober which is controlled by the computer steps across the wafer and 

makes mechanical and electrical contact to the device probing pads. 
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THE DEEP-DEPLETION MOS CAPACITOR 

3.1 The Equilibrium MOS Capacitor 

This chapter discusses the fundamentals of deep-depletion or non-equilibrium metal-

oxide-semiconductor capacitor (MOS-C) operation. However, as background, the theory 

for the equilibrium MOS-C is discussed first. 

The MOS-C is the only semiconductor device that is in equilibrium when a gate 

voltage (VG) applied to it is constant or changes sufficiently slowly to be approximated 

Q VG 
m 

Inversion 
Layer Oxide 

Depletion 
Layer 

Fig. 3.1 Cross section of an MOS capacitor showing the inversion layer, depletion 
layer, and neutral bulk. 
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as being constant. This makes the analysis very simple because the Fermi level is well 

defined. The n-channel MOS-C with p-type (doping concentration NA) substrate shown 

in fig. 3.1 will be discussed. The concepts developed can also be applied to an n-type 

substrate MOS-C with minor changes in signs. 

The energy-band diagrams and charge-distribution diagrams for the various bias states 

of an ideal MOS-C are shown in fig. 3.2. The corresponding high frequency capacitance 

for the bias states are shown in the C-VG curve of fig. 3.3. For the present, assume the 

structure is ideal, with zero oxide charges, no interface states and no metal-semiconductor 

work-function difference. 

When a negative voltage is applied to the gate (fig. 3.2 (a)), the negative charges on 

the gate attract holes to the silicon surface to form an accumulation layer. Under the 

condition of carrier accumulation, there is no depletion layer under the silicon surface. 

In this state the MOS capacitance is equal to the oxide capacitance (CQ) as indicated in 

fig. 3.3. 

At a gate voltage of zero volts (the flatband voltage), the silicon will be neutral 

everywhere as shown in fig. 3.2 (b). For capacitance measurements, a small ac signal 

voltage is superimposed on the dc gate voltage. The ac voltage periodically induces a 

small charge in the semiconductor. The equivalent space-charge region width at the 

flatband voltage is the extrinsic Debye length, and the resulting total capacitance is Cra 

which is less than CQ. 

As the gate voltage is made positive, holes are repelled from the silicon surface. The 

positive charge on the gate calls for a corresponding net negative charge at the surface 



26 

\ 

"•It 
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Accumulation Q 
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Flat band 

I 
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Ionized 
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/ • 
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w 

(c) 

Inversion QG 

M 
Ionized 

acceptors, Qo 

Electrons, QN  

(d) 

Fig. 3.2 Energy-band and charge-distribution diagrams for an MOS-C on a p-type 
substrate in (a) accumulation, (b) flatband, (c) depletion, and (d) inversion. 
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Inversion 

Deep depletion Depletion Accumulation 

U VSAT VQ 

Fig. 3.3 Capacitance-voltage relation for the ideal p-type substrate MOS capacitor. 

of the semiconductor. This negative charge arises from depletion of holes near the 

surface, leaving behind negative acceptor ions in the surface depletion layer, W, as shown 

in fig. 3.2 (c). As the gate voltage increases, the depletion layer widens to provide more 

acceptor ions to balance the gate charge. Finally, as the positive gate voltage increases 

more, the bands at the semiconductor surface are bent down such that Ef (x=0) lies below 

Ep, and inversion is obtained (fig. 3.2 (d)). While it is true that the surface is inverted 

whenever E, lies below EF, a practical criterion is needed whether a true inversion layer 

exists at the surface. The best criterion for strong inversion is that the surface should 

be as strongly n-type as the substrate is p-type. That is, Ei5 should lie as far below EF 
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at the surface as it is above Ep far from the surface. Once inversion occurs, any further 

increase in positive gate charge is balanced almost entirely by the addition of electrons 

to the inversion layer. Consequently, the depletion layer no longer increases in width 

and is pinned at WF, the final equilibrium depletion width. The capacitance decreases 

as W grows until inversion is reached. With inversion there is no further change in C, 

since the depletion width remains constant at WF. 

3.2. The Deep-Depletion MOS Capacitor 

The term "deep depletion" refers to a non-equilibrium widening of the depletion layer 

beyond its thermal equilibrium width, WF. When in equilibrium, the formation of an 

inversion layer limits the maximum depletion layer width to that given by a band bending 

of approximately 2(kT/q)ln(NA/nj). However, when the gate bias is changed too rapidly 

for thermal generation of minority carriers to follow, overall charge neutrality of the 

MOS-C cannot be maintained by an increase in minority carrier density. Instead, charge 

balance is maintained by an increase in depletion layer charge and, therefore, in depletion 

layer width. This causes the capacitance to decrease below its equilibrium value as 

shown in fig. 3.3. 

The depletion layer width continues to increase as the semiconductor reacts to offset 

the charge being placed on the MOS-C gate. An increase in the depletion width in turn 

decreases the capacitance and increases the minority carrier generation rate. At the gate 

bias Vsu, the generation rate within the semiconductor eventually becomes sufficiently 

large so as to balance the rate at which charge is being added to the gate. Beyond this 
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gate bias, the depletion layer width no longer increases, and the high frequency 

capacitance saturates [7]. 

3.3 Generation Components in a Deep-Depleted MOS-C 

Upon application of a deep depleting voltage step, a p-type device appears as in Fig. 

3.4. In the analysis for generation lifetime determination, the thermal generation of 

electron-hole pairs in the whole semiconductor structure must be considered. In the 

general case, the thermal generation of electron-hole pairs takes place in the following 

five regions of the semiconductor in the MOS structure [3, 20]: 

(1) the depleted bulk silicon under the gate and in the lateral region (with the 

generation lifetime Tg), 

(2) the lateral surface region (with the surface generation velocity s0), 

(3) the surface under the gate (with the surface generation velocity s), 

(4) the quasineutral bulk silicon (with the minority carrier diffusion length LJ, 

(5) the surface at the back of the substrate (with the surface generation velocity 

Si). 

The surface generation consists of the two components (2) and (3) in fig. 3.4. 

Surface generation is maximum for a depleted surface. This applies at t = 0\ 

immediately after the depleting voltage pulse is applied, for the entire surface. As the 

MOS-C reaches equilibrium, however, the surface under the gate becomes inverted while 

most of the lateral surface remains in depletion [3]. The minority carriers in the 

inversion region are capable of screening surface generation. Hence, surface generation 
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under the gate, process (3), diminishes as the inversion the layer forms, while process (2) 

continues at its maximum rate. 

For a quasi-neutral bulk width, T-W, less than the minority-carrier diffusion length, 

Lj,, the non-equilibrium state persists all the way to the back of the substrate. The 

component (4) is the quasineutral bulk generation component, characterized by the 

minority carrier diffusion length. The surface generation component (5) at the back of 

the substrate also contributes thermally generated electron-hole pairs. 

Generation rates, G, can be evaluated using the single-level Shockley-Read-Hall [21] 

theory under steady-state conditions: 

VG 

V 

T-

T 

W 

Fig. 3.4 Schematic representation of the pulsed MOS capacitor. Five carrier genera
tion mechanisms are shown. 
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r ^ ( nf - pn ) (3.3.1) 

[ xp(«+«j) + 1JP+P1) 1 

where n,= exp[(Ex-Ei)/kT] and Pi= n; expt-OEj-E^/kT). For a reverse-biased device it 

is assumed that the electron (n) and hole (p) concentrations are very small. If they are 

negligibly small compared to nj and pt, the generation rate becomes 

G = : (3.3.2) 
(ET-E) (ET-E) 

z>exp[ 
kT 

3 + x
"
exp[" kT 

] 

This expression gives the generation rate in a depleted space-charge-region in which the 

electron and hole concentrations are negligibly small. A generation lifetime, xg, is 

defined by 

(ET-E.) (ET~E) (3.3.3) 
x = Tn exp [ ] + x exp [- ] 
g P V kj n V kT 

allowing the generation rate to be written as 

G = 0.3.4) 

"  T ,  '  

3.4 The Capacitance-Time (C-t) Transient 

The C-t characteristics of an MOS-C show the capacitance change after a pulse bias 

is applied which drives the capacitor first into accumulation then into deep depletion. 

Since the time constant of minority carrier generation is relatively long, the MOS-C 
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requires considerable time to reach equilibrium after the pulse bias is applied. Fig. 3.5 

shows the C-t transient after the depleting voltage pulse is applied. 

Immediately after the pulse bias is applied, the depletion layer extends beyond its 

thermal equilibrium width. Once the MOS-C is in the deep-depletion state, it returns to 

equilibrium through electron-hole pair generation. The electrons so generated drift to the 

interface to form an inversion layer. Some of the thermally generated holes neutralize 

ionized acceptors, and some holes recombine with electrons from the gate at the ohmic 

contact. Both of these effects result in a reduction of the depletion width as a function 

of time. The electron-hole pairs generation process continues until the device reaches 

V 

Vdep 

0 

Vacc 

c 

CF 

Ci 

0  t F  t  
Fig. 3.5 Deep-depletion MOS-C characteristics: (a) the applied gate voltage; (b) the 
C-t transient. 
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equilibrium. When equilibrium is reached at t = tF (recovery time), the depletion layer 

has reached its equilibrium width, WF. The high frequency C-t plot shows that 

capacitance ranges from Q to CF in the deep-depletion state, with Q corresponding to 

initial deep depletion and CF to equilibrium. 

The C-t transient of the MOS-C is derived as follows [5, 23]. For simplicity the 

depletion approximation is used. In this approximation the charge per unit area due to 

uncompensated acceptors in the depletion region is -qNAW. The positive charge QG on 

the gate is balanced by the negative charge Qs in the semiconductor, which is the 

depletion layer charge plus the charge due to the inversion region C^,: 

Q a ' - Q s  •  1 N
t

W  -  < 3 ' 4 1 >  

An applied gate voltage VG appears partially across the oxide (V0) and partially 

across the depletion region of the semiconductor (<)>s): 

K - VF. <3A2> 

where Vra is the flatband voltage and <)>s is the potential drop across the semiconductor, 

or the surface potential. The voltage across the oxide is obviously related to the charge 

on either side, divided by the oxide capacitance (Co): 

v _ QG = _ Qs (3.4.3) 
° c c 

Substituting eq. (3.4.1) into eq. (3.4.3), the oxide voltage, VG, is given by 
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qNAW - QN (3.4.4) 

C0 

In the depletion approximation the surface potential is given by 

= 
qNAW2 (3.4.5) 'A 

IFi" s o 

where K,. is the relative permittivity of the silicon. 

Using eqs. (3.4.4), and (3.4.5), VG in eq. (3.4.2) becomes: 

4NAW-QK qNAW2 (3.4.6) 

° 2Keo 

In the pulsed MOS-C technique, the gate voltage is constant after it is applied, or 

dVG /dt = 0. Hence, differentiating VG in eq. (3.4.6) with respect to time gives: 

dV° = 1 (aN dw_dQN) + QNaw dW = o (3.4.7) 
dt CQ 

A dt dt Kzo dt 

since dVp^/dt = 0. Here, dQ^/dt represents the total thermal generation in fig. 3.4, which 

can be written as, 

= - q (G dx , 
dt J 

(3.4.8 a) 
. - - a i u ax . 

dt 

where G is the generation rate which includes all five generation components. If we 

consider bulk space-charge-region generation only, eq. (3.4.8a) becomes: 
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1 dQN rw rw «• 

/

w rw n. 
«.  ° -  dx'L .t* 

1 (3.4.8 b) 

= A (w~wF) 

^s 

where Gscr is the generation rate in the bulk space-charge-region. 

Most analyses of the pulsed MOS capacitor approximate the generation-recombination 

by a constant generation rate, ^ /tg, in the depletion region, as shown in eq. (3.4.8 b). 

In eq. (3.4.8 b), W-WF is the effective generation width, Wg, which represents the excess 

of the nonequilibrium depletion layer width over the equilibrium one. The effective 

generation width tends to zero as W approaches the equilibrium value WF. This ensures 

that dQj^/dt tends to zero as the device reaches equilibrium. However, Collins and 

Churchill [22] have shown that the rate, n^Xg, is inappropriate. They found the effective 

generation width to be approximately W-WF initially but tending to become smaller than 

W-WF as time progresses. Consequently, they suggests that in the limit of very long 

times the full steady-steady generation expression, eq. (3.3.1), must be used, rather than 

eq. (3.3.4). 

With all five generation components, eq. (3.4.8 a) becomes [5]: 

dQN qnt  (W-WF) /  
—1 = - —:—-—— - qns . (3.4.8 c) 

at x 
g 

The first term includes generation components dependent on the depletion width, and the 

second term accounts for generation components independent of the depletion width. 
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The effective generation lifetime xg' in the first term of eq. (3.4.8 c) incorporates, then, 

both the bulk space-charge-region generation component, xg, and the lateral surface space-

charge-region generation component, s0. The effective surface generation velocity s' in 

the second term includes the surface generation component under the gate, the quasi-

neutral bulk and the back surface generation components which are characterized by s, 

L„, and sl5 respectively. Substitution of eq. (3.4.8 c) into eq. (3.4.7) gives 

, a/ Cow, dW <W-WP) , (3.4.9) 
(qNA+ qNA——) __ + qn + qns' = 0 . 

so 1g 

The total capacitance per unit area, C is given by 

_L + _L = J_ + JL (3.4.10) 
Co CD Co Ks£0 

resulting in 

w = Are <1 -  -L),  ( 3 4 1 I a )  

" c c„ 

and 

WF = Ke (_L - J_) , (3.4.11b) 
F so si C* 

W CO 

where the depletion capacitance CD = K^eyW is used. Using eqs. (3.4.11), eq. (3.4.9) 

becomes 
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CQdC = «, ( 1 1 np' (3.4.12) 

C3 dt ~ Nyg C ~ CF KjjrA • 

This is the fundamental equation that relates the capacitance to all five generation 

components shown in fig. 3.4. 
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THE PULSED VOLTAGE METHODS 

4.1 Zerbst Method [1] 

4.1.1 Theory 

The most widely used method for the pulsed MOS-C, from the point of view of 

determining both effective generation lifetime (xg' ) and effective surface generation 

velocity (s'), is that due to Zerbst. His equation for extracting generation parameters 

can be derived with eq. (3.4.12). Using the identity (l/C3)dC/dt = -[d(l/C)2/dt]/2 allows 

eq. (3.4.12) to be written as 

_ C° d{ l)2 = ni , 1 1 w n?' <4-u> 
2 dt C Nyg C CF KzONA ' 

or, rewriting this equation slightly, yields 

d _ 2«.C0 CF ^ ^ 2n CQs (4.1.2) 

~~dt~ ~~N£^g ~C ~ ~WK' 

Therefore the time derivative -d(Co/C)2/dt using the Zerbst relation eq. (4.1.2) is 

approximately a straight-line function of W-WF or of Cp/C -1 provided that; (1) the 

doping profile is uniform and (2) the time interval chosen is the interval over which a 

linear Zerbst plot is observed. Zerbst has shown that a plot of -d(Co/C)2/dt vs. (CyC-1) 



39 

has a straight line portion whose slope is inversely proportional to xg' and whose intercept 

on the -d(Co/C)2/dt axis is proportional to s'. From the Zerbst plot both the effective 

generation lifetime and effective surface generation velocity are given by 

, 2nf0 

8 
('*l°Pe) (4.1.3) 

, _ Ks£0NA (intercept) 

= Wo 

As mentioned in Chapter 3, the effective generation lifetime includes both bulk 

generation xg and lateral space-charge-region surface generation velocity s0. The 

effective surface generation velocity, s', is related to the space-charge-region width-

independent generation parameters s, L„, and s,. 

The oxide capacitance CQ can be obtained by biasing the structure in accumulation 

with a voltage Vacc. Doping concentration NA may be known from the resistivity of the 

substrate or estimated from WF by an iterative solution of the equation 

WF = 2 

K £ KT ln( 1) 
n. 

q*NA 

A pulsed MOS-C response is shown in fig. 4.1 (a) and a Zerbst plot in fig. 4.1 (b). 

Since -d(Q/C)2/dt and (Cp/C -1) are proportional to dQ^/dt and (W-WF), respectively, the 

Zerbst plot represents the relationship between the formation of the inversion layer and 

the width of the space-charge region. Hence, a linear region on this curve implies that 

the generation of minority carriers is proportional to W-WF. Alternatively, the non-linear 
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Fig. 4.1 (a) Pulsed MOS capacitor C-t response (W15/F7). (b) A Zerbst plot of the 
pulsed response showing the slope and intercept of the linear region. 



41 

portion that is usually observed near t = 0, is generally representative of surface 

generation under the gate with s being a strongly non-linear function of time. Another 

non-linear region is found near t = tF where the approximation of G = nj /xg is 

inappropriate. 

4.1.2 Experimental Results 

Evaluation of Tg' and s' was demonstrated by using the pulsed response of two 

devices from each of two different wafers. The previous Zerbst plot of fig. 4.1 is one 

of the experimentally obtained C-t curves. Using the experimental C-t plot shown in fig. 

4.1 (a) and oxide capacitance measurement, the following parameters have been obtained; 

CQ = 210.2 pF, CF = 82.7 pF, NA = 1.94xl017 cm'3. From eqs. (4.1.3) it was found that 

Tg' = 9.974 psec and s' = 0.185 cm/sec. The results for all four devices are shown in 

table. 4.1. Since the Zerbst method is widely used and reported to be relatively accurate, 

we used the results of the Zerbst method for comparison with all other techniques [23]. 

Table 4.1 Results from the Zerbst method. 

Device 
( Wafer # / Field # ) 

Generation Lifetime 
xg' (psec) 

Generation Velocity 
s' (cm/sec) 

W12/F6 29.307 0.039 

W12/F7 33.507 0.050 

W15/F7 9.974 0.185 

W15/F9 6.988 0.273 



4.1.3 Discussion 

The Zerbst method is one of the most commonly used techniques for measuring the 

effective lifetime ig' and is easily implemented using standard laboratoiy components. 

It has found wide acceptance, and many references have been published. Recent 

implementations of this generation lifetime measuring technique have used computers to 

extract the relevant data from the experimental C-t and Zerbst curves [24]. 

The three main disadvantages of the Zerbst technique are (i) the long measurement 

time to obtain the C-t curve for high-lifetime devices, (ii) the necessity of measuring the 

doping concentration of the device, and (iii) the requirement for numerical differentiation 

of the C-t data for generation of the Zerbst plot. 

The long measurement time can be reduced by making measurements at an elevated 

temperature. A temperature near 40°C is suitable because the quasi-neutral bulk 

generation components become dominant at temperatures much higher than 40°C [5]. 

Even if the temperature increases, the resulting lifetime values are stable because the 

temperature-dependent parameters, n; and slope, in eq. (4.1.3) increase with almost the 

same rate. However, the surface generation velocity increases as the temperature 

increases because the intercept increases more rapidly than nf does. Table 4.2 shows an 

example of the dependence of xg' and s' on the temperature. By raising the device 

temperature from 27°C to 40°C, the measurement time was reduced by 71% while xg' 

decreased by 14% and s' increased by 56%. 
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Table 4.2 The dependence of xg' and s' on the temperature (W15/F7). 

Temperature 
(°C) 

Recovery Time 
(sec) 

V 
(jjsec) 

s' 
(cm/sec) 

21 930 10.872 0.161 

27 532 9.974 0.185 

40 154 8.554 0.288 

50 60 8.623 0.464 

The doping concentration, NA, is required in the lifetime calculation. Most 

lifetime measurement techniques assume it is constant. However, if the concentration 

is nonuniform, as in ion-implanted samples, for example, then the theory should be 

modified to take this into account. Fig. 4.2 shows the doping profile for one of the 

MOS-C's used in our lifetime measurements. The doping profile of the MOS-C was 

obtained from C-VG measurement results [5]. The high doping concentration at the 

silicon surface is not valid because the C-VG method can not give accurate doping 

profile at the surface. The doping concentration is almost uniform over the depth but 

varies from 2xl017 cm"3 to 3.5xl017 cm"3. Since the doping concentration NA is 

inversely proportional to the lifetime, the variation of NA reflects directly on the 

lifetime. Miyake and Harada [15] introduced a modified technique which considers 

nonuniform doping concentration. They evaluated the generation lifetime by analyzing 

C-t characteristics in combination with the doping profile. Complicated processing of 

the experimental data (including the differentiation of the C-t data, curve fitting, and 

data smoothing) requires a computer-equipped system for this technique. 
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Fig. 4.2 Doping profile of an MOS-C (W15/F7). 

1E+16 

There are two significant figures in tg', since all input parameters of lifetime 

calculation have at least two significant figures. The parameters which have the fewest 

significant figures are ^ and NA. The values of ^ and NA have been expressed with 

twelve digits although only two are significant The parameters, Cq and CF, obtained 

from the C-t measurement have five significant figures. The other parameter, slope, 

which was obtained from the numerical analysis also has five significant figures. 
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4.2 Rabbani Method [13, 14] 

4.2.1 Theory 

The C-t transient that is measured when an MOS-C is pulsed from accumulation to 

the deep depletion condition is usually evaluated graphically to determine tg' and s'. 

However, this process is a long and laborious one. A quicker and simpler procedure for 

the determination of lifetime is suggested by the Rabbani method [14]. 

From the experimental C-t plot, the logarithm of depletion width (W) is plotted versus 

time (t) using eq. (3.4.11a) repeated here for convenience. 

1 l (4.2.1) 
W = Ke (—-—) .  

s ° C CQ 

Rabbani approximated the experimental behavior of W vs. t using the equations 

W = W(. e-"T' for t<tF, (422a) 

W = Wi  e"'/T' = WF for t > tF 

which can be written as 

In W = In W. - t !TR for t < tF , (4.2.2 b) 

In W = In W. - tF frR = In WF for t > tF 

where W; and WF refer to the initial and final depletion width, respectively. tF is the 

recovery time where the straight line approximation intersects In WF, and -1/TR is the 
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Fig. 4 J Empirical fit of a straight line to the experimental plot of In W vs. time 

slope of the line as indicated in fig. 4.3. Fig. 4.3 shows the approximation of an 

experimental In W vs. t plot. 

Using eq. (3.4.7), the generation rate in a pulsed capacitor may be written in terms 

of the capacitance as 

dQN CnW dw 
N = qNA(\+ ° ). 

(4.2.3) 

dt * K E„ dt S 0 

This expression is integrated between any chosen time tj and t„ (t,< t,) to calculate the 

charge QN generated within this period. The integration yields 
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Cn 2 2 (4.2.4) 

S O 

Using eq. (3.4.8 b), the rate of the change of the inversion layer charge is given by 

dQN qnW (4.2.5) 
= - ——J. - qns' 

dt r1 
Ls 

where W. is the effective generation width given by 

W = 
* N 

Wp WF  WF  (4-2.6) 
W2-—L --L -  W-. F  

2 \fl yf2 

The expression for the generation width Wg= W-Wp/V2 is derived by using the square law 

potential distribution for energy band bending [13]. In the Zerbst analysis the depletion 

layer width is approximated as Wg = W-WF. Rabbani and Lamb [13] showed that the 

approximation Wg = W-WF results in an underestimated depletion layer width. From 

their measurement, they obtained slightly higher lifetime with the modified approximation 

Wg = W-Wp/V2 than that with the Zerbst approximation Wg = W-WF. However, the 

improvement over the Zerbst approximation was appreciated from their experiment in 

which the modified analysis was compared to Zerbst's analysis of C-t for three different 

voltage steps. All three Zerbst plots obtained using the modified approximation 

overlapped compledy, thus giving the same slope and intercept of the linear portion of 

the Zerbst plots. 

An integration of eq. (4.2.5), using eqs. (4.2.2) and (4.2.6), results in an expression 

for QN: 
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n, qn. Wr 
Qn = [-1± (W-—JL)-qns ] dt 

X* & (4.2.7 a) 

= [7^-^-.%^)] - qns'{tF-tx) . 

ft 

Substituting the identity TR= (tF-t1)/ln[(W1AVF)] into eq. (4.2.7 a) gives 

qn. W. , WP , <4 2 8 a"> 
Qn = -l~L(tF-tx) [(WrWF)(ln qns'(tF-tl) . a) 

With Rabbani's assumption that s' is of minor importance, equating eqs. (4.2.4) and 

(4.2.8a) with s'= 0 leads to 

W. , WP 
[ln(—L)]"1- £ 

, n wr JllWrWF) (4.2.9) 
X- III \tp 11 I , 
'  n a  

f  1  
l x W + ^ )  

which is the required expression for the bulk lifetime for any chosen time tj < tp. W, 

and WF can be calculated from the capacitance values using eq. (4.2.1) and tF is extracted 

from the C-t or W-t graph. 

This method assumes the surface generation velocity s' is zero and effective 

generation width Wg is W-Wp/V2. These assumptions may give different lifetime values 

from those obtained by other techniques. Therefore, it is necessary to consider different 

assumptions for Wg and s' for deriving the lifetime expressions [23]. 

For Wg= W- WpW2 and sV 0, the lifetime is derived by equating eqs. (4.2.4) and 

(4.2.8 a): 
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W. , WF 
[ln(—i)] -- f 

, _ n ^ sf2(WrWF) (4.2.10) 
* ~Z7~{ F i' „ —7777 : r-7~ * 

NA 1 + 
Co(Wi+Wf) nt(tF-tl)s' 

2 Kfio NA(WrWF) 

In most of the lifetime analyses, the effective generation width is approximated as W-WF, 

while in the Rabbani method it is W-Wp/V2. If Wg= W-WF is assumed, the integration 

of eq. (4.2.5), using eqs. (4.2.2), results in an expression for 

(4.2.7 b) 

Qn = f' l-^i(W-WF) - qns'] dt 
1 xl 

= -5-j. [TR(WrWF) - W^-r,)] - qns'(tF-tx) . 

Substituting the identity TR= (tF-t,)/ln[(W1AVF)] into eq. (4.2.7 b) gives 

QN = [(^-^(LNI-1-^]- QNS'IT^) . (4'2'8 B) 

%g F 

The expression of lifetime can be obtained by equating eqs. (4.2.4) and (4.2.8 b). For 

Wg= W-WF and s'= 0, the generation lifetime, xg', becomes 

W, , WF 
[ln( ')]-'-. f 

, _ n  W F  ( W r W F )  

Xg'NAtf'h ^C0(W1+WF) 

2K e s o 

Finally, for W = W-WF and sV 0, the lifetime becomes 

(4.2.11) 
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n. 

Wi , 
[In(-TTr-)] • 

WR 

(4.2.12) 

W. c0(^1+^) n(rF-r,)^ 
1+. 

2KE s o HA(WrWF) 

4.2.2 Experimental Results 

Lifetime values using this method have been calculated by choosing a number of 

points for tj from the C-t plot. An example of the application of this method is shown 

in table 4.3 with different assumptions for Wg and s'. Since this method does not give 

s', values for s' obtained from the Zerbst method were used for the lifetime calculations. 

It is noted that the lifetime values with eq. (4.2.9) are stable with respect to choice of t, 

and less than 10% different from the Zerbst lifetime value which is Tg' = 9.974 psec. 

Though it did not give stable lifetime values, eq. (4.2.12) in a range of 0.2tf to 0.6tF had 

lifetime values less than 18% different from the Zerbst value. Below t1= 0.2tF and above 

t!= 0.7tF, the lifetimes are not close because the empirical fit for a straight line is not 

satisfactory in these regions as shown in fig. 4.2. It is also shown that eqs. (4.2.10) and 

(4.2.11) do not give lifetimes close to the Zerbst value regardless of the choice of t,. 

Table 4.4 shows the results for all four devices with eqs. (4.2.9) and (4.2.12) at t,= 0.5tF. 

The lifetime values with eq. (4.2.9) are less than 10% different from the Zerbst values 

except W12/F6 which is 35% higher than the Zerbst value. The lifetime values obtained 

using eq. (4.2.12) are 10 to 23% lower than the Zerbst values. 
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Table 4.3 Lifetime values deduced from the Rabbani method under various conditions 
(W15/F7). The following parameters have been used: s'= 0.185 cm/sec which was 
obtained from the Zerbst method, and tp= 532 sec. 

tj (sec) Lifetime, xg' (psec) tj (sec) 

eq. (4.2.9) eq. (4.2.10) eq. (4.2.11) eq. (4.2.12) 

0.2 tF 10.931 22.003 4.933 9.929 

0.3 tF 10.939 23.905 4.473 9.775 

0.4 tF 10.891 25.986 3.966 9.464 

0.5 tF 10.804 28.645 3.379 8.959 

0.6 tF 10.675 31.552 2.786 8.236 

0.7 tF 10.449 34.351 2.154 7.082 

*2
-

OO ©
 9.985 34.797 1.486 5.177 

Table 4.4 Results from the Rabbani method at tx= 0.5tF are compared with those from 
the Zerbst method. 

Device 
( Wafer # / Field # ) 

Lifetime, xg' (psec) Device 
( Wafer # / Field # ) 

Rabbani method 
Zerbst method 

Device 
( Wafer # / Field # ) 

eq. (4.2.9) eq. (4.2.12) 
Zerbst method 

W12/F6 39.424 24.806 29.307 

W12/F7 36.565 25.949 33.507 

W15/F7 10.804 8.959 9.974 

W15/F9 7.395 5.329 6.988 

4.2.3 Discussion 

This method using eqs. (4.2.9) and (4.2.12) gives a reasonable estimation of the 

lifetime in the shortest possible time and the result is reliable if data points in the 

stable range (0.2tF ~ 0.6tF) of the C-t (or W-t) curve is chosen. It is reasonable to 
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choose a data point around the middle of the C-t curve which corresponds to the linear 

region of the Zerbst plot. This method also appears to be simple since it does not 

require elaborate calculations such as numerical differentiation in the Zerbst method. 

The disadvantages of this method are the facts that the effective surface generation 

velocity cannot be determined with this technique and lifetime values may depend quite 

sensitively on the choice of tj. The requirement for knowledge of the doping 

concentration, NA, is also a disadvantage. The measurement time with this method is 

same as that with the Zerbst method since this method requires the C-t curve just as the 

Zerbst method does. 

There are two significant figures in xg' with the Rabbani method, since all input 

parameters of lifetime calculation have at least two significant figures. The parameters 

which have the fewest significant figure, two significant figures, are and NA. The 

other parameters such as Q,, CF, t, and tF, have five significant figures which were 

obtained from the C-t measurement and numerical analysis. 

4.3 Schroder Method [6] 

4.3.1 Theory 

The Zerbst method requires elaborate calculations (including differentiation and curve 

fitting) for the plot of -d(Co/C)2/dt vs. (Cj/C-1). However, a simple expression can be 

derived to calculate lifetime if the C-t curve can be fit reasonably well by a straight line 

over a major portion of the transient. 
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With the assumption that surface generation is of minor importance, Schroder used 

a simplified C-t analysis which expressed the C-t curve by the linear approximation 

c = c, + (CF-C)(-L) 
tF 

which leads to 

(4.3.2) 

~C ~ [CfF + (CF-C)t\ ' 

Fig. 4.4 shows the linear approximation of an experimental C-t plot. It is shown that a 

straight line provides a reasonable fit to the C-t data except for small regions at the 

beginning and end of the transient. 

8.5E-08 

8E-08 

Csl experimental C-t plot E 7.5E-08 

O 7E-08 

Schroder's approximation 
9- 6.5E-08 

6E-08 

5.5E-08 
300 400 500 600 100 200 700 0 
Time (sec) 

Fig. 4.4 A linear approximation of an experimental C-t curve. 
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_ d  ( C 0 ^  2 {C0tFf (CF-C) (4.3.3) 

dt C [Ctp + (CF-C)tf ' 

The differential equation relating -d(Co/C)2/dt to tg' and s', eq. (4.1.2), is repeated here: 

_  d , C o *  =  2 n > C "  {
C »  _  i )  +  

2 n C o s '  ( 4 . 3 . 4 )  

dt C " NACFTg C KEoNa • 

For devices in which s' can be neglected, equating eqs. (4.3.3) and (4.3.4) with s'= 0 

leads to 

n. Cn CF £ (-^-D 
,  _  N A C F  C  (4.3.5) 

» 777—v (C0tFf (CF-€.) 

[CtF + (CF-C)t]3 

which simplifies to 

(4'3'6) 

A C() F F *F h 

In Schroder's original paper, it is assumed that the surface generation velocity, s', is 

zero, but this may cause an error in the generation lifetime. If the surface generation, 

s', is not zero, eq. (4.3.5) becomes 
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< = 
«. CQ CF 

na cf
k c (4.3.7) 

(C0tF)2(CF-C) 

[CiF + (CF-C)t? 

nfos' 

Wa 

4.3.2 Experimental Results 

Lifetime values obtained from various points on the C-t curve are shown in table 4.5 

for both eqs. (4.3.6) and (4.3.7). The s' in eq. (4.3.7) was again obtained from the 

Zerbst method. For the most part, the lifetime values from eq. (4.3.6) are low. It is 

noted that eq. (4.3.7) in a range of 0.2 to 0.6tp gave lifetime values less than 18% 

different from the Zerbst value. 

As for the Rabbani method, it is quite reasonable to choose the point around t = 0.5tp 

which corresponds to the linear region of the Zerbst plot. Table 4.6 shows the results 

for all four devices with both eqs. (4.3.6) and (4.3.7) at t = 0.5tF. With eq. (4.3.7) the 

lifetime values are 13 to 27% lower than the Zerbst values. 

4.3.3 Discussion 

In this method an approximate analysis of bulk lifetime is examined. The usefulness 

of this approach lies in its ability to provide fast quantitative results. This method is also 

simple to use since it does not require lengthy calculations such as differentiation and 

curve fitting of the experimental data. 

The method may give inaccurate result where s' can not be ignored. In this case, 
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Table 4.5 Lifetime values from the Schroder method (W15/F7): s'= 0.185 cm/sec which 
was obtained from the Zerbst method, and tp= 532 sec. 

t (sec) Lifetime, ig' (psec) t (sec) 

eq. (4.3.6) eq. (4.3.7) 

0.2 tF 6.874 9.233 

0.3 tF 6.537 9.195 

0.4 tF 6.075 9.054 

0.5 tF 5.435 8.722 

0.6 tF 4.688 8.192 

0.7 tF 3.789 7.387 

0.8 tF 2.731 6.226 

Table 4.6 Results from the Schroder method at t= 0.5tF are compared with those 
from the Zerbst method. 

Device 
( Wafer # / Field # ) 

Lifetime, xg' (psec) Device 
( Wafer # / Field # ) 

Schroder method 
Zerbst method 

Device 
( Wafer # / Field # ) 

eq. (4.3.6) eq. (4.3.7) 
Zerbst method 

W12/F6 19.384 25.459 29.307 

W12/F7 18.319 26.817 33.507 

W15/F7 5.435 8.722 9.974 

W15/F9 3.559 5.120 6.988 

s' values are required which are not obtained from this method. The lifetime values 

may depend very sensitively on the choice of the point on the C-t curve where the 

lifetime is calculated. The best fit to the C-t curve is usually obtained for t = 0.5tF. 
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The requirement for the doping concentration is another disadvantage of this method. 

Since this method needs the same C-t curve that the Zerbst method does, the measurement 

time with this method is same as that with the Zerbst method. 

4.4 Calzolari Method [9, 10] 

4.4.1 Theory 

A model has been suggested which describes the transient of an MOS-C switched 

from accumulation to inversion. The determination of Tg' is based on the measurement 

of current I and high frequency capacitance C during the return to equilibrium after the 

application of a voltage step driving the MOS-C towards deep depletion. 

The gate charge for the deep-depleted MOS-C is given in eq. (3.4.1) and repeated 

here: 

qg ~ (@d + 2W) (4.4.1) 

« qnaw - qn . 

The external current density I = dQo/dt becomes 

/ - - & + (4A2) 

dt dt 

The first and second term in the right side of (4.4.2) represent the displacement and the 

conduction components of the current density in the depletion layer. 

From eq. (3.4.8 c) the rate of change of the inversion layer charge can be written as 
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dQN _ qK£0n- 1 \ , (4.4.3) 
~ qns' . 

dt %' C Cj ' 

From the displacement components of the current density, the high frequency small signal 

capacitance of the depletion layer, CD, is introduced by writing: 

dqp = <*qd = - c 
(4A4) 

dt d§s dt D dt 

An expression for d^dt is derived from eq. (3.4.6), 

v = i/ _ Qd+Qn * a (4A5) 
vg v  fb t ,  '  

C0 

which gives 

= J_ (4.4.6) 

dt " C0' 

Using eqs. (4.4.2), (4.4.3), (4.4.4), and (4.4.6) we get for the external current 

C o 1  „  , 1 1 . 1  ,  ( 4 . 4 . 7 )  = qKen. (—-—)— + qns . /T ™ s o I s /•*» / * * L 0 ~C L  C F  T  

It is known that the displacement current term is always much smaller than the 

conduction current term [9]. If we assume that the displacement current is negligible, 

eq. (4.4.7) becomes 

I = qKe n. (_L-J_)_L + qns' . (4A8) 
" J O » V /"* / 1 

C CF Xg 

One of the experimental C-t, I-t and the corresponding I vs. C1 plots are shown in 
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Fig. 4.5 Experimental C-t and I-t responses of the pulsed MOS-C are shown in (a) 
and (b). Current vs. inverse capacitance plot from the C-t and I-t curves in (c). 
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fig. 4.5. The plot of C0I/(C0-C) or I vs. (1/C-1/CF) from the C-t and I-t curves gives the 

generation lifetime and surface generation velocity. The slope of the curve is inversely 

proportional to xg' and the intercept is proportional to s': 

, qK En. x = H s ° ' 
S sl°Pe (4.4.9) 

, _ intercept 

~qn~ 

4.4.2 Experimental Results 

Lifetime values have been calculated with eq. (4.4.9) from both C0I/(C0-C) and I vs. 

(1/C-1/CF). The result are shown in table 4.7 for four devices. The resulting lifetime 

values from the I vs. (1/C-1/CF) plot are less than 10% different from the Zerbst values 

while those from the C0I/(C0-C) vs. (1/C-1/CF) plot are up to 43% lower than the Zerbst 

lifetime. This method did not give s' values close to the Zerbst values. 

Table 4.7 Results from the Calzolari method using eq. (4.4.9) are compared with those 
from the Zerbst method. 

Calzolari method 

Zerbst method Col/(Co-Q vs. 
(1/C - 1/Cp) 

I vs. (1/C - 1/CF) 
Zerbst method 

V 
(psec) 

* s 
(cm/sec) 

V 
(psec) 

s' 
(cm/sec) 

V 
(psec) 

s' 
(cm/sec) 

W12/F6 20.915 0.259 25.480 0.153 29.307 0.039 

W12/F7 21.022 0.090 31.052 0.059 33.507 0.050 

W15/F7 6.545 0.102 9.079 0.050 9.974 0.185 

W15/F9 3.964 0.436 6.606 0.294 6.988 0.273 
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4.4.3 Discussion 

A linear relationship between I and C 1 has been proposed which suggests a simple 

method for the determination of bulk generation lifetime by current capacitance 

measurements. Contrary to expectations, the I vs. C _1 curve may not exhibit a single 

slope. Such a deviation from the theory cannot be ascribed to the re-charging of the 

surface states, whose contribution to the total current and capacitance is negligible. 

Therefore it seems reasonable to explain this behavior by a bulk lifetime that is variable 

with depth into the silicon [9]. In cases where lifetime-degrading defects are 

nonuniformly distributed with respect to distance from the surface or the doping 

concentration is nonuniform, it is desirable to determine the depth dependence of lifetime 

rather than the usual average value. 

Independence of the bulk doping concentration and absence of lengthy elaborations 

of experimental data are the main advantages of this method over the well known Zerbst 

method. 

The disadvantage is the fact that both capacitance and current need to be measured. 

With our test system this made the measurement time two times longer than the Zerbst 

method because current and capacitance could not be measured simultaneously. 

4.5 Heiman Method [2] 

4.5.1 Theory 

The Heiman method is a graphical way to rapidly extract lifetime from the transient 
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response of an MOS-C when it is pulsed from accumulation to the deep depletion 

condition. The approach relies on a simplified C-t analysis by assuming only significant 

generation of carriers in the depletion region. 

With the assumption that only bulk generation is considered, the governing equation 

is derived from eq. (3.4.12) which simplifies to: 

CDdC = «i ( 1 _ 1 } (4.5.1) 

c 3  dt ~ Nyg c cF • 

Rewriting this equation yields 

n -C , C 2 " .  
C„CJiA (4.5.2) 

X „ = . 

<£) dt 

This equation states that generation lifetime can be obtained from measured values of C 

and dC/dt at any point on the C-t curve. 

A discrepancy may be observed when the lifetime extracted from eq. (4.5.2) is 

compared with the lifetime value from the Zerbst method. This discrepancy is a result 

of neglecting the surface and quasi-neutral bulk generation components. Using the exact 

equation (3.4.12) gives 
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C C2n 

x '  =  
* . - ^12 

CF C^A (4.5.3) 

^dC_y s'C C\ 

dt ke0c^a 

The problem, of course, is that s' can not be obtained from this method. 

4.5.2 Experimental Results 

The measurement of C and dC/dt at any point on the C-t will yield the lifetime. The 

generation lifetime values obtained from the various points on the C-t curve are shown 

in table 4.8 for both eqs. (4.5.2) and (4.5.3). When eq. (4.5.2) is used with the s'= 0, 

the lifetime values are low at all points. When eq. (4.5.3) is used with s' values from 

the Zerbst plot, the resulting lifetime values are less than 3% different from the Zerbst 

value at points chosen between 0.3tF and 0.7tF. 

Based on the assumption that the best fit to xg' is obtained at the point 0.5tF, the 

lifetime values for all four devices are shown in table 4.9. It is noted that the lifetime 

values obtained using eq. (4.5.3) are very close to the Zerbst values. 

4.5.3 Discussion 

This method is presented to rapidly extract lifetime from the transient C-t response 

of MOS-C. It is also simple to use since no lengthy calculation of data is needed. The 

assumption of s' = 0 which leads to eq. (4.5.2) may give inaccurate lifetime values. 

More reliable results can be calculated with eq. (4.5.3), but the problem is that s' values 
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Table 4.8 Lifetime values from the Heiman method (W15/F7); 
s' = 0.185 cm/sec which was obtained from the Zerbst method, and tp= 532 sec. 

t (sec) Lifetime, Tg' (psec) t (sec) 

eq. (4.5.2) eq. (4.5.3) 

0.2 tF 6.433 9.238 

0.3 tF 6.279 9.749 

0.4 tp 5.925 10.038 

0.5 tF 5.367 10.159 

0.6 tF 4.674 10.028 

0.7 tF 3.873 9.855 

©
 

00
 

•Jp
 

3.151 12.047 

Table 4.9 Results from the Heiman method at t= 0.5tF are compared with those from 
the Zerbst method. 

Device 
( Wafer # / Field # ) 

Lifetime, Tg' (psec) Device 
( Wafer # / Field # ) 

Heiman method 
Zerbst method 

Device 
( Wafer # / Field # ) 

eq. (4.5.2) eq. (4.5.3) 
Zerbst method 

W12/F6 18.632 29.917 29.307 

W12/F7 18.622 33.183 33.507 

W15/F7 5.367 10.159 9.974 

W15/F9 3.518 6.335 6.988 

must be obtained from other methods. The choice of calculation point on the C-t plot 

is also important because lifetime values may depend on this choice. Doping 

concentration is also required in the lifetime calculation. The measurement time with 

this method is same as that with the Zerbst method since the same C-t transient response 
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is required for both methods. 

4.6 Huang Method [4] 

4.6.1 Theory 

A simple method is described for the determination of minority carrier lifetime from 

the C-t response when the MOS-C is pulsed from inversion into deep depletion. Pulsing 

from inversion instead of from accumulation is commonly used when surface generation 

is to be reduced as much as possible. 

Consider the MOS-C initially biased into heavy inversion. Upon subsequent 

application of a positive voltage step (for p-type substrate), the depletion layer widens into 

the bulk. As the minority carriers are generated within the depletion layer and flow to 

the inversion layer, the width of the depletion layer relaxes back. The depletion layer 

width as a function of time can be monitored as the change of capacitance. 

The positive voltage step AVG can be expressed as 

where QN is the increase of electron charge, <J>p the Fermi potential, and other symbols 

have their usual meanings. Differentiating eq. (4.6.1) yields 

(4.6.1) 

qNA(W-WF) AQn qNAW2 ̂  
+ -2®,, 

C0 C0 2 Kz 0  
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t 1  4 .  1  \ d W -  1  dAQN -n  ( 4 - 6 2 )  

CD 
+ C0 ~dT~ C0qNA dt ~ 

where CD = KjeJW. The increase of electrons is equal to the net generation rate in the 

depletion layer. Thus 

dAQN _ _qni(W-WF) (4.6.3) 

dt 7' 

where xg' is the electron lifetime to be determined. Writing W in terms of the MOS 

capacitance C, eqs. (4.6.2) and (4.6.3) combine to give 

C C2n. 
(l-_) L cF cyv, (4.6.4) 

X „ = 

A 
dt 

where C 1 = CD
1 + C0

_1. 

It is noted that eq. (4.6.4) is exactly same as eq. (4.5.3) in the Heiman method. If 

surface generation term is introduced in eq. (4.6.3), we obtain 

C c\ 
_ Cf (4.6.5) 

' (.£.)-?'C C2ni 

dt Keo C^A 

4.6.2 Experimental Results 

The lifetime values are calculated from eqs. (4.6.4) and (4.6.5) with the measurement 



of C and dC/dt at points on the C-t curve. Table 4.10 shows the lifetime values for 

different choices of t. The resulting lifetime values from eq. (4.6.4) are low for all 

choices of t. When eq. (4.6.5) is used with the s' value from the Zerbst plot, the lifetime 

values are less than 13% different from the Zerbst value. The lifetime values for all four 

devices are shown in table 4.11 at a chosen point of t = 0.5tF. 

4.6.3 Discussion 

It is noted that the lifetime equations derived in this method and the Heiman method 

are exactly same. The only difference is that this method is based on the C-t transient 

response of the MOS-C pulsed from inversion instead of accumulation. 

It has been suggested that surface generation can be neglected if the MOS-C is biased 

from strong inversion and then pulsed into depletion instead of pulsing from accumulation 

into depletion. The reason for this is that for the latter case the entire surface is initially 

depleted and surface generation proceeds at a maximum rate during the early portion of 

the C-t decay. Alternatively, upon pulsing from inversion, the surface is shielded from 

the bulk and surface generation should be negligible, except for generation resulting from 

the lateral portion of the space-charge region. Experimental results, however, show that 

pulsing from either inversion or accumulation give very close lifetime and surface 

generation velocity values. Hence, the assumption that surface effects are eliminated by 

using an inverted surface must be applied cautiously [6]. 

In Huang's original paper, CD » Q, is assumed for deriving the lifetime equation, 

and an MOS-C with oxide thickness of 7000 A is used for his lifetime measurement. The 
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Table 4.10 Lifetime values obtained from the Huang method (W15/F7); 
s'=0.193 cm/sec which was obtained from the Zerbst method, and tF= 494 sec. 

t (sec) Lifetime, Tg' (psec) t (sec) 

eq. (4.6.4) eq. (4.6.5) 

0.2 tF 6.066 8.725 

0.3 tF 5.943 9.236 

0.4 tF 5.441 9.016 

0.5 tF 4.961 9.048 

0.6 tF 4.491 9.459 

0.7 tF 3.654 8.693 

0.8 tF 2.911 9.065 

Table 4.11 Results from the Huang method at t = 0.5tF are compared with those from 
the Zerbst method. 

Device 
( Wafer # / Field # ) 

Lifetime, xg' (psec) 
Device 

( Wafer # / Field # ) 
Huang method 

Zerbst method 

Device 
( Wafer # / Field # ) 

eq. (4.6.4) eq. (4.6.5) 
Zerbst method 

W12/F6 19.224 31.217 29.307 

W12/F7 18.518 33.508 33.507 

W15/F7 4.961 9.048 9.974 

W15/F9 3.606 6.756 6.988 

assumption of CD » CQ, however, was not used here because it is not valid. 

The advantage of this method is its simplicity since no complicated calculations 

are needed. However, the assumption of s'= 0 can give low lifetime values. 

Reliable results can be obtained with eq. (4.6.5), but s' values should be given from other 
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methods. The choice of calculation point on the C-t plot is important because lifetime 

values may depend on the choice. The requirement for the doping concentration is 

another disadvantage of this method. 
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THE VOLTAGE SWEEP METHODS 

5.1 Pierret Method [7] 

5.1.1 Theory 

This is a non-pulse generation lifetime measurement technique which is based upon 

the capacitance-voltage characteristics derived in response to a linear sweep voltage. 

Consider a linearly varying voltage applied to the gate of an MOS-C of a polarity to drive 

the device into depletion. When the sweep rate is sufficiently slow, the equilibrium C-VG 

curve is obtained. But when the sweep rate is so high that it can be considered a voltage 

step, the pulsed MOS-C deep-depletion curve is obtained. Fig. 5.1 shows the C-VG 

characteristics at different sweep rates. 

The basic principle of this method is as follows. During the voltage sweep, the 

depletion region continues to increase as the semiconductor provides more acceptor ions 

to offset the charge being placed on the MOS-C gate. An increase in the depletion width 

in turn decreases the observed capacitance and increases the minority carrier generation 

rate. As time passes the generation rate within the semiconductor becomes sufficiently 

large so as to precisely balance the rate at which charge is being added to the gate. 

Under this dynamic steady-state condition, the capacitance will be saturated. 

A mathematical expression of this method is derived as follows. For dVG /dt = R, 



Low sweep rate 

Intermediate 
'sat 

High 

0 VG 

Fig. 5.1 Schematic C-VG curves for an MOS-C at different linear sweep rates. 

a constant sweep rate, differentiation of eq. (3.4.6) becomes 

£? = J-<aN (5.1.1) 
dt C„ A dt dt Ke dt 

Using the generation rate expression, eq. (3.4.8 b), and eq. (3.4.11) leads to 

We know that when the device enters the saturation regime, the depletion width is 

given by Ws4t and no longer changes with either voltage or time. Hence eq. (5.1.2) can 
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be written as 

1 qn{W ~WF) 
R = J-r ' 7 F + • (5.1.3) 

X, 

Using eq. (3.4.11) gives 

i qK En. i i 
R = _[1j_L1(_L-_) + qns'] 

C c c 
Tg sai 

or, rewriting this equation slightly, yields 

q K e n .  C F  q n s '  
R = s 0 '(—-1) + . (5.1.4) 

' c... c 
g o 

Eq. (5.1.4) gives a direct relationship between the linear sweep rate, R, and the 

generation parameters xg' and s'. An example of an R vs. (Q/Csat-1) plot for the linear-

sweep method is shown in fig. 5.2. The plot of R vs. (Cp/Csal-1) yields a straight line 

of slope qlC-eon/CpCotg' and intercept qnjs7C0. 

5.1.2 Experimental Results 

In the experiment, a series of C-VG curves at different linear sweep rates are taken. 

The Csat values are found from these curves, and the generation lifetime xg' and surface 

generation velocity s' is obtained from the linear slope and intercept of a plot of R vs. 

(cycsal-i). 

The lifetime and surface generation velocity values from this method are shown in 
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Fig. 5.2 A plot of R vs. (Cp/C-1) for determination of xg' and s'. 

table 5.1. For all devices the lifetime values are 60 to 70% lower than the Zerbst values. 

Further, the method does not give reasonable surface generation velocity values for some 

devices. 

5.1.3. Discussion 

A non-pulse MOS-C xg' measurement procedure, based upon observing the 

capacitance-voltage characteristics derived in response to a linear sweep voltage, is 

introduced. 

Advantages of this method are that neither the device area nor the doping concentration 
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Table 5.1 Results from the Pierret method are compared with those from the Zerbst 
method. 

Device 
( Wafer # / Field # ) 

Pierret method Zerbst method Device 
( Wafer # / Field # ) 

xg' (psec) s' (cm/sec) xg' (psec) s' (cm/sec) 

W12/F6 10.247 -0.099 29.307 0.039 

W12/F7 10.293 -0.105 33.507 0.050 

W15/F7 3.964 0.043 9.974 0.185 

W15/F9 2.759 0.146 6.988 0.273 

need be known. Above all, its interpretational simplicity is the most important 

advantage of this technique. 

The disadvantage is the length of time necessary to acquire the data because this 

method requires multiple saturating C-VG curves. For those devices with high 

lifetime values it is found that very slow sweep rates are required with resultant long 

measurement time. For all devices in our experiment, for example, the measurement 

time with this method was up to 10 times longer than that with the Zerbst method. 

Pierret and Small [8] describe a modified linear sweep method which uses a 

feedback circuit, reducing the data acquisition time. The capacitance is preset to a 

certain value, and the linear sweep rate adjusts itself through feedback to maintain this 

preset capacitance value. 

Finally, non-applicability of the technique is readily determined from the form of 

the observed C-VG characteristics. Failure of the characteristics to properly saturate, 

whether caused by significant surface generation at the Si-Si02 interface under the 
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gate, lateral effects, semiconductor breakdown, or oxide leakage, clearly imposes a 

structural-related limitation on this technique. 

5.2 Tiwari Method [17] 

5.2.1 Theory 

In the Zerbst method, a voltage step is applied to the gate of a MOS capacitor, and 

the resulting C-t transient response measured. But in the method being proposed here, 

a combination of a step and a linear sweep is applied to the gate, that is, VG(t) = VA-Rt 

for a p-type substrate, where R is the sweep rate. This is shown in fig. 5.3 (a) and the 

resulting C-V characteristic is shown in fig. 5.3 (b). A wide depletion region created by 

the initially applied step voltage decreases due to both carrier generation and voltage 

sweep. 

The initial part of the C-VG curve from VA to VB is the transient non-equilibrium 

response, whereas for voltages less than VB the equilibrium C-VG curve is obtained. The 

voltage AV (=VA-VB) is dependent on the generation lifetime and thus from it xg' can be 

found. The equilibrium C-VG curve can be used to determine parameters like oxide 

thickness, XQ and semiconductor doping concentration, NA. 

In a good MOS capacitor, the transient time is determined mostly by the bulk 

generation lifetime, and not by the surface generation. Ignoring, therefore, the effects 

of surface generation, the equation describing the rate of change of depletion width, W, 

for an applied sweep VG(t) = VA-Rt starting at t = 0 is obtained from eq. (5.1.1): 
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Fig. 53 (a) Gate voltage VG(t) applied to the MOS capacitor, (b) The resulting 
variation of the C-VG characteristics. 
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qnfw-wp) 

dW 
dVr KeW 

(5.2.1) 

where xQ is the oxide thickness. Integrating from any voltage Vx (which corresponds to 

a capacitance C, and hence depletion width W,) to any voltage V2 (corresponding to Q 

and W2), such that VA^VJ, Vb <V2 as shown in fig. 5.3 (b), we get 

K e n  K e  W . - W - - W  ,  
' ° -(VV,) = (W2-Wt) H- (-±^c0+WF+W) ln( J J) (5.2.2) 

' 1 2 1 Ke u ' 8 W.-W--W ^ A g 00 1 F g 

where Wg = Xg'RCo/qnj is an effective generation width. From the measured plot, any 

two points (Q, V,) and (Q, VJ in the transient region can be chosen and eq. (5.2.2) 

solved numerically by iteration to find Wg and hence tg'. 

For the derivation of eq. (5.2.2), only bulk generation was considered, but this may 

cause an error in the result Therefore it is necessary to consider the case with s'. If 

an s' is introduced in eq. (5.2.1), eq. (5.2.2) becomes 

Ke Ke W -W -W +s't' 
- * 0 .<y2-Vx) - (W2-W^(-^X0+WF+W^s'x'g) ln(_L_L_i_£) (5.2.3) 
<faw, koeo " " • ' w.-w.-w+s'x'; 

5.2.2 Experimental Results 

From the measured C-VG plot, Tg' can be calculated by numerical iteration with eq. 

(5.2.2). First, lifetime values have been calculated by choosing several values of W1 and 

V2, for both eqs. (5.2.2) and (5.2.3). An example of this method is shown in table 5.2 
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with different choices of Y1 and V2. The lifetime values for the choice of (Vlf Vj) are 

stable and are less than 26% different from the Zerbst value which is Tg' = 9.974 psec. 

The lifetime values with eq. (5.2.3), which has an s' term, are slightly higher than those 

with eq. (5.2.2). Both equations give results close to the Zerbst values. Table 5.3 

shows the results for all four devices. 

Table 5.2 Lifetime values from the Tiwari method with different (Vj, V2) for s'= 0 and 
for s'= 0.185 cm/sec obtained from the Zerbst method (W15/F7). 

V, (V) V 2 (V)  
Lifetime, xg' (psec) 

V, (V) V 2 (V)  
eq (5.2.1) eq. (5.2.2) 

4.5 2 11.596 12.550 

4 2.5 8.396 8.990 

3.5 3 9.293 10.058 

Table 5.3 Results from the Tiwari method are compared with those from the Zerbst 
method for Vj = 4.5 V and V2 = 2 V. 

Device 
( Wafer # / Field # ) 

Lifetime, Tg' (psec) Device 
( Wafer # / Field # ) 

Tiwari method 
Zerbst method 

Device 
( Wafer # / Field # ) 

eq. (5.2.1) eq. (5.2.2) 
Zerbst method 

W12/F6 32.133 33.807 29.307 

W12/F7 30.712 32.793 33.507 

W15/F7 11.596 12.550 9.974 

W15/F9 5.189 5.485 6.988 

5.2.3 Discussion 
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In this method, the transient variation of capacitance of a MOS capacitor in response 

to a voltage sweep applied to the gate is measured. This results in a saving in the time 

taken to complete the measurement In our experiment the measurement time was 

reduced up to 33% compared with C-t measurement. The equilibrium C-VG plot which 

is needed to compute the lifetime and other useful MOS parameters is simultaneously 

obtained, saving time further. Although the calculations for the determination of xg' 

from this transient plot are more complicated than for a pulsed transient, it poses no 

disadvantage for a computer-aided system which can solve it rapidly. 

The disadvantages of this method are that the lifetime values may depend on the 

choice of voltages for the calculations and that s' can not be obtained. Doping 

concentration is also required. 

5.3 Lin Method [16] 

5.3.1 Theory 

A high-speed C-VG technique using both forward and reverse C-VG sweeps has been 

developed for the determination of both minority carrier lifetime and surface generation 

velocity. 

Consider the C-VG curve for a p-type MOS-C using a triangular voltage sweep, as 

shown in fig. 5.4 (b). The difference between the forward and reverse sweeps in the 

deep depletion region is due to generation of minority carriers. The forward C-VG sweep 

(accumulation to deep depletion) is flatter while the reverse C-VG sweep (deep depletion 
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to accumulation) is sharper as a result of minority carrier generation occulting during the 

sweep. 

Doping concentration is usually determined by applying the differential C-VG method 

in the depletion region: 

N(W) = — 1 (5.3.1) 
qKjc.0 d(l/C2)/dV 

where N(W) is the impurity concentration as a function of the depth W in the 

semiconductor and W=Kse0(C1-C0'1). These formulae are based on the depletion 

approximation. During the forward C-VG sweep, part of the incremental gate voltage is 

used to support the generated minority carriers. Therefore the true doping concentration 

is 

A1/ _ qG(W)Al 

2 G Cn (5.3.2) 
N( W) = z 0 

<7*eo AC -2 

where G(W) is the minority carrier generation rate within the depletion width W and At 

is the time required for increasing AVG. 

Doping concentration Nj(W) from the forward C-VG sweep and N2(W) from the 

reverse C-VG sweep are obtained from eq. (5.3.1): 

2 AVr 
n.qv) = 1 

AC 2 

(5.3.3) 

AW = 
2 AVC 

qKeo AC 2 
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Reorganizing eqs. (5.3.2) and (5.3.3), we obtain 

qG(W) = CJt [1-^^] 
^ A^j(W0 

(5.3.4) 
N J W )  

qG(W) = CJt [———--1] 
* N(W) 

where R = dVc/dt. 

From eq. (5.3.4), the minority carrier generation rate within the depletion width W 

is given by 

CJt NAW)-NJW) 
G(W) = [ 1 i__] . (5.3.5) 

q JV,(W0+N2(W) 

Eq. (5.3.5) can be modified to directly relate to the C-VG data by using eq. (5.3.1): 

CJt U.-U. _ 
G(W) = _( 2 ') (5.3.6) 

q 

where Uj and u2 are the slopes of the forward and reverse C-VG curves at the same 

capacitance C. Considering the general equation for minority carrier generation, 

n.(W-WF) 
G(W0 = __—-—— + nts' (5.3.7) 

we obtain 

CJt Uj-U, nKz„ i i 
_(_L_L) = ' ' "(—-—) + ns' . 

q u2+ Mj i' C CF 

(5.3.8) 

A plot of C0R(u2-u,)/q(u2+u1) vs. (1/C-1/CF) gives x ' from the slope and s' from the 
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intercept (fig. 5.4 (c)). 

5.3.2 Experimental Result 

From the plot of C0R(u2-u])/q(u2+u1) vs. (1/C-1/CF), lifetime values are calculated 

using the slope and intercept of the plot. The results are shown in table 5.4. The 

resulting lifetime values are up to 49% lower than the Zerbst lifetime values while the 

surface generation velocity values are 3 times as high as the Zerbst values. 

Table 5.4 Results from the Lin method are compared with those from the Zerbst method. 

Device 
( Wafer # / Field # ) 

Lin method Zerbst method Device 
( Wafer # / Field # ) 

xg' (psec) s' (cm/sec) xg' (psec) s' (cm/sec) 

W12/F6 22.547 0.083 29.307 0.039 

W12/F7 18.878 0.100 33.507 0.050 

W15/F7 5.135 0.219 9.974 0.185 

W15/F9 4.097 0.771 6.988 0.273 

5.3.3 Discussion 

A method based on a C-VG measurement using a triangular voltage sweep is 

presented for determination of the minority carrier lifetime and surface generation 

velocity. The major advantages of the method are measurement speed and simplicity 

of implementation. The experimental results showed that the measurement time can 

be reduced about 36% compared with C-t measurements. 
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The complicated data treatment (including the use of differentiation for Uj and u2) is 

one of the disadvantages of this method. The experimental plot of C0R(u2-u,)/q(u2+Ui) vs-

(1/C-1/CF) can be non-linear, and it will cause problems in determining the lifetime and 

surface generation velocity. 

5.4 Gorban Method [11] 

5.4.1 Theory 

This is a method for determining the generation lifetime and surface generation 

velocity of MOS-C structures based on non-equilibrium C(VG) and dC/dVG measurements 

using the linear voltage sweep technique. 

Consider a linear time-dependent voltage applied to the gate of an MOS-C of a 

polarity to drive it into depletion. The expression relating gate voltage rate of change 

with time to inversion charge and depletion width rate of change with time is given in eq. 

(5.1.1), and repeated here: 

- ± wJUL-fOk) + <5.4.1) 
dt Ca 

A dt dt K e dt 
( J  s o  

Using the relation W = Kse0(C "'-Co"1), the generation rate can be written as 

G(t) = -d®N = CoR (NaK^q Co dC + (5.4.2) 
dt q C3 dVG 

where dC/dVG = (l/R)dC/dt. Considering the general equation for minority carrier 
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generation, 

(5.4.3) 

G(t) can also be written be as 

(5.4.4) 

Combining eq. (5.4.2) and (5.4.3), we obtain the general expression for determining 

generation lifetime and surface generation velocity. From the slope of the G(t) vs. 

(Cf/C-1) curve one can deduce xg', and from the intercept on the ordinate, the value of 

s' can be found: 

An example of the G vs. (CF/C - 1) curve is shown in fig. 5.5 at three different 

sweep rates. 

5.4.2 Experimental Results 

In this method G(t) vs. (Cp/C-1) plots are obtained from a series of C-VG 

measurement at several different sweep rates. Table 5.5 shows the resulting lifetime and 

surface generation velocity values at three different sweep rates from fig. 5.5. Both 

T = J 0 ' 
* CF (slope) 

(5.4.5) 

s, _ (intercept) 
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Fig. 5.5 G(t) vs. (Cp/C-1) curves at three different sweep rates. 

lifetime and surface generation velocity values are almost constant with respect to the 

sweep rate. However, we have low lifetime and high surface generation velocity values 

compared with the Zerbst values. 

The results for all four devices are shown in table 5.6 where average values are given. 

The lifetime values are up to 34% lower than the Zerbst values and surface generation 

velocity values up to 56% higher than the Zerbst values. 

5.4.3 Discussion 

The method for determining the generation parameters from C-VG curves measured 
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Table 5.5 Lifetime and surface generation values at different sweep rates (W15/F7). 

Sweep rate (V/sec) 
Generation Lifetime 

ig' (psec) 
Generation Velocity 

s' (cm/sec) 

High (8.33xl0'3) 6.382 0.281 

Intermediate (6.25xl03) 6.078 0.210 

Low (5.00x103) 6.529 0.198 

Table 5.6 Results (average values of results at three different sweep rates) from the 
Gorban method are compared with those from the Zerbst method. 

Device 
( Wafer # / Field # ) 

Gorban method Zerbst method Device 
( Wafer # / Field # ) 

xg' (jisec) s' (cm/sec) V (Psec> s' (cm/sec) 

W12/F6 23.018 0.061 29.307 0.039 

W12/F7 22.310 0.060 33.507 0.050 

W15/F7 6.329 0.229 9.974 0.185 

W15/F9 5.369 0.415 6.988 0.273 

in linear voltage sweep conditions is developed. This method permits an essentially 

simplified treatment of experimental data. Another advantage of this method is the 

fact that the doping concentration is not needed. 

The disadvantage of this method is the long measurement time to obtain saturating 

C-VG curves. For high lifetime devices, for example, the measurement time was up 

to 10 times longer than that with the Zerbst method. The measurement time with this 

method can be reduced by taking only one saturation C-VG curve instead of multiple 

C-VG curves, but it is still longer than that with the Zerbst method. 
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5.5 Kuper Method [12] 

5.5.1 Theory 

The Kuper method is based on measuring both the current and the capacitance of an 

MOS-C in response to a depleting linear voltage sweep, started in inversion. It is a 

simple and fast method to obtain the generation lifetime. 

As previously discussed, when a fast depleting voltage is applied to the gate of an 

MOS-C a non-equilibrium depletion layer will arise and minority carrier generation will 

start in this region. The minority carriers will flow to the surface to form an inversion 

layer and the majority carriers will flow to the back contact where they add to the 

external current. 

A mathematical expression for this method can be derived in the same way as for 

Calzolari method. The only difference is that this method uses a linear voltage sweep, 

therefore, dVoA^R, i.e. a constant sweep rate. The external current density, I, can be 

written as 

/ = - + **1) . (5.5.1) 
dt dt 

The relevant expression for the rate of change of the inversion layer charge is eq. (4.4.3), 

repeated here as 
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*1 = - (1-J-) - W< . (5.5.2) 
dt C C, • 

8 r 

The high frequency capacitance of the depletion layer is introduced by writing: 

DQ" - DQ° *• = - CJL . (5.5.3) 
dt d$s dt D dt 

An expression for d^dt is derived from eq. (4.4.5), 

V0 = VFB - , (5.5.4) 

which gives 

*1 -j-
dt dt C0 

(5.5.5) 

Using eqs. (5.5.1), (5.5.2), (5.5.3), and (5.5.5) and rearranging terms results in: 

dVG 
I-C 1 

— = qK.jE. ri. (l-J-)J- + qns' . (5.5.6) 
/-* * s~i / * i 

1 _ c c tF x 

~c~ *"0 

With eq. (5.5.6), one can graph (I-CdVo/dtVO-C/Co) vs. (1/C-1/CF) from the capacitance 

and current measurements. The generation lifetime xg' and surface generation velocity 

s' are calculated from the slope and intercept of the linear part of the curve. In fig. 5.6 

the corresponding capacitance and current responses to a linear sweep voltage are 

presented along with the resulting plot of (I - CdVo/dt)/̂  - C/CQ) VS. (1/C - 1/CF). 
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5.5.2 Experimental Results 

Experimentally, the plot of (I-CdVG/dt)/(l-C/C0) vs. (1/C-1/CF) is obtained from the 

capacitance and current measurements as a function of gate voltage. The generation 

lifetime xg' and surface generation velocity s' are calculated from the linear slope and 

intercept of the plot. 

The lifetime and surface generation velocity values from the method are shown in 

table 5.7. It is found that the lifetime values are very low compared with the Zerbst 

values, while the surface generation velocity values are very high. For the device 

W12/F7, for example, the lifetime with this method are 44% lower than the Zerbst 

lifetime value while the surface generation velocity is 20 times as high as the Zerbst 

surface generation velocity value. 

Table 5.7 Results from the Kuper method are compared with those from the Zerbst 
method. 

Device 
( Wafer # / Field # ) 

Kuper method Zerbst method Device 
( Wafer # / Field # ) 

tg' (psec) s' (cm/sec) xg' (psec) s' (cm/sec) 

W12/F6 18.347 1.057 29.307 0.039 

W12/F7 18.702 1.016 33.507 0.050 

W15/F7 5.398 1.598 9.974 0.185 

W15/F9 4.830 1.898 6.988 0.273 

5.5.3 Discussion 

In this method a linear sweep current-capacitance method is proposed which 
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retains the advantages of the method of Pierret and Calzolari, i.e. simple calculations and 

no requirement for knowing the doping density. Another advantage compared with 

already existing methods is the small time needed for a complete lifetime measurement. 

The experimental results showed that the measurement time can be reduces up 33% 

compared with Zerbst method. 

The disadvantage is the fact that both capacitance and current need to be measured. 

With our test system this made the measurement time longer because it can not measure 

the cuiTent and capacitance simultaneously. Another disadvantage is the fact that s' 

values with this method do not agree with those with other techniques. 
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A MODIFIED ZERBST METHOD 

6.1 Introduction 

The Zerbst method is a widely used and known to be quite accurate technique for the 

determination of the generation lifetime in a semiconductor. It consists of applying a 

voltage step to the gate of an MOS-C which produces a state of deep depletion, and 

measuring the relaxation of an MOS-C to its equilibrium inversion state. The lifetime 

is then calculated using the slope of the linear region of a Zerbst plot of -d(Q>/C)2/dt 

versus (Cp/C-1) [1]. However, the full capacitance-time (C-t) measurement, the 

fundamental input of the Zerbst method, is time consuming for devices with long 

relaxation (recovery) time. The recovery time and therefore the measurement time of 

a MOS-C may exceed 1 hour at a temperature of 27°C. 

As far as the measurement time is concerned, the methods of Rabbani [14], Schroder 

[6], Heiman [2], and Huang [4] have no advantage over the Zerbst method because they 

also require the full C-t curve. Furthermore, they can not give surface generation 

velocity s', though their evaluations of the lifetime are simple. Time-saving alternatives 
V 

are the methods of Tiwari [17], Lin [16], and Kuper [12]. Though the Tiwari method 

offers the advantages that measurement time can be reduced up to 40% compared with 

the C-t measurement techniques and the lifetime values with this method are very close 

to those with the Zerbst method, it can not give s'. The methods of Lin and Kuper are 
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faster than the Zerbst method, but are considered unreliable as shown in the preceding 

chapter. 

A new method proposed here has the ability to determine the generation lifetime in 

less than one half of the full C-t measurement time without significant loss of accuracy. 

The new method is based on the Zerbst method, using a linear approximation of the C-t 

plot. 

6.2 Theory 

The Zerbst analysis is valid only over the part of the C-t curve that corresponds to 

a linear section of the Zerbst plot. When examining the C-t curves, we noted that they 

could frequently be reasonably well defined by a straight line over a major portion of the 

C-t plot. Consider approximating the C-t curve by the linear approximation [6]: 

C (t) = A t + B (6.2.1) 

Differentiating eq. (6.2.1) yields 

E.= A (6.2.2) 
dt 

Therefore by monitoring the change of dC/dt with respect to time, a point, t = tA, can be 

picked in the region where the dC/dt is flat (constant) within some preselected percentage 

(fig. 6.1 (b)). At t = tA the capacitance is then approximated as 

C (tA) = A tA + B (6.2.3) 

Fig. 6.1(a) shows the linear approximation of the C-t curve at the selected point with 
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0.1% flatness. Using eqs. (6.2.2) and (6.2.3) also gives 

A - *11 
dt 

B = C(tA) - A tA (6.2.4) 

° C('*} - if1-•'* 

The recovery time, tF, can be obtained by extrapolating the linearly approximated C-t plot 

to the final capacitance, CF: 

C(tF) = CF = A tF + B 

/ .  % - C p ~ B  (6-2.5) 
F A 

Since the linear approximation fit is not usually satisfactory below about tp/3, tA should 

be greater than tp/3 for a good approximation. Once the assumption of tA > tF/3 is met, 

then the Zerbst plot around tA can be formed (fig. 6.1 (c)): 

Cf 1 d . Co. 0 Co . 
— -1 versus -—(—) = 2— A 
C dt C2 C3 

As in the normal Zerbst method, the lifetime xg' and surface generation velocity s' can 

be obtained from the slope and the intercept of the Zerbst plot: 
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2niCo 
NaCf (slope) 

K e N a (intercept) 

Wo 

6.3 Experimental Results 

An example of the application of the above is given below. Using the experimental 

C-t plot shown in fig. 6.1 (a), the following parameters have been obtained; CQ= 210 pF, 

CF = 82.7 pF, Na= 1.94X1017 cm"3, tA = 210 sec with 0.1% flatness, A= 4.8xl0"14 F/sec, 

B = 5.8xlO'n F, and tF = 514.2 sec. Lifetime and surface generation values are 

calculated the slope and the intercept of the Zerbst plot shown in fig. 6.1 (c): 

tg' = 11.247 psec s' = 0.215 cm/sec. 

The results for four devices are given in table 6.1. 

Table 6.1 Results from the modified Zerbst method. 

Zerbst method Modified Zerbst method 

Device 
V 

(psec) 
s' 

(cm/sec) 
Measurement 

time (sec) 
V 

(psec) 
s' 

(cm/sec) 
tA (sec) & 
flatness (%) 

W12/F6 40.11 0.061 2400 42.35 0.065 828 sec, 0.1% 

W12/F7 35.85 0.053 2400 47.09 0.065 1008 sec, 0.5 % 

W15/F7 10.93 0.209 700 11.25 0.215 210 sec, 0.1% 

W15/F9 8.02 0.306 500 8.12 0.309 141 sec, 0.1% 
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It is noted that with 0.1% flatness Tg' and s' values with the modified Zerbst method are 

less than 7% different from those with the Zerbst method. When 0.5% flatness is used 

for W12/F7, xg' is 31% higher than the Zerbst value while s' is 22% higher. It is also 

shown that the selected time, tA, with this method is 1/3 to 1/2 for the Zerbst measure

ment time. 

6.4 Discussion 

The Zerbst method used for the measurement of minority carrier generation lifetime 

in MOS-C's has been modified. The suggested fast method avoids the time-consuming 

full C-t measurement by using the linear approximation of the C-t curve around a selected 

time, tA. In this way the measurement time can be reduced by a factor of 2 to 3 because 

the C-t transient after tA is not needed. Therefore this approach can provide fast 

quantitative results when a lot of devices are to be measured. Further, xg' and s' values 

obtained with this method are within 7% of the Zerbst values. 

The final capacitance CF is required in the lifetime calculation. This makes the full 

C-t measurement inevitable. Since CF is almost constant for capacitors over a wafer, 

however, only one full C-t measurement for a capacitor is needed. 

The disadvantage of this method is the fact that if the devices do not have flatness 

less than 0.1% the results may be more than 30 % different from the Zerbst values. 
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CONCLUSIONS 

Various MOS-C methods for the determination of generation lifetime and surface 

generation velocity in semiconductors were examined. They have in common the 

determination of the number of the free carriers generated per second in the 

semiconductor as a function of the depletion layer width when the MOS-C is in a non-

equilibrium state. The generation lifetime xg' is obtained from the linear dependence of 

the generation parameters on the depletion width. 

The methods were divided into two groups: pulsed voltage methods and voltage 

sweep methods. In the pulsed voltage methods, a voltage pulse is applied to the MOS-C 

to drive it into deep depletion. Generation lifetime is then determined from the C-t plot 

by graphical analysis or approximate expression for the capacitance-time relationship. 

The Calzolari method is based on measuring both the current and the capacitance of an 

MOS-C during the return to equilibrium after the application of a depleting voltage step. 

Most of the voltage sweep methods are based on the C-VG characteristics derived in 

response to a linear sweep voltage or a combination of a step and a sweep voltage. The 

Kuper method, however, uses the C-t and I-t measurements in response to a depleting 

linear voltage sweep. 

Lifetime values obtained from the various methods are compared with the lifetime 

values derived from Zerbst plots, since this method is widely used and known to be quite 
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accurate [23]. The Zerbst method has found wide acceptance, recent implementations 

of this generation lifetime measuring technique have used computers to extract the 

relevant data from the experimental C-t and Zerbst curves [24]. Fig. 7.1 shows the 

comparison between the lifetime values derived from the Zerbst method and those 

obtained from the pulsed voltage methods. As shown in fig. 7.1 (a), the Calzolari 

method shows 34 to 43% lower than the Zerbst lifetime values. With the assumption of 

s'= 0 the lifetime values with Schroder, Heiman, and Huang methods are 34 to 50% 

lower than those with the Zerbst method. However, if the s' values obtained from the 

Zerbst plot are introduced in the lifetime calculation as shown in fig. 7.1 (b), the resulting 

lifetime values are very close to the Zerbst values. Compared with the Zerbst lifetimes, 

the Rabbani method gives slightly high lifetimes with the assumption of Wg=W-WjW2 

and s'= 0 while low lifetimes with Wg=W-WF and sV 0. 

The Zerbst method assumes constant doping concentration values in lifetime 

calculations. If the concentration is nonuniform, then the theory should be modified to 

take this into account. The Calzolari method needs both C-t and I-t measurements. 

This is a major disadvantage because either a more complex test setup for simultaneous 

C-t and I-t measurement is required or twice as long as the Zerbst measurement time is 

required. For the Rabbani, Schroder, Heiman, and Huang methods the choice of the point 

on the C-t curve is important because the lifetime values may depend very sensitively on 

this choice. However, the best result from the C-t curve is usually obtained at t = 0.5 

tF. 

Fig. 7.2 shows the comparison between the lifetime values derived from the voltage 
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Fig. 7.1 Comparison between the lifetimes obtained from the pulsed voltage methods and 
those derived from the Zerbst plots : (a) with s'= 0. 
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Fig. 7.1 Comparison between the lifetimes obtained from the pulsed voltage methods 
and those derived from the Zerbst plots : (b) with sV 0 for some methods. 
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Fig. 7.2 Comparison between the lifetimes obtained from the sweep voltage methods 
and those derived from the Zerbst plots : (a) with s'= 0. 
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Fig. 7.2 Comparison between the lifetimes obtained from the sweep voltage methods 
and those derived from the Zerbst plots : (b) with sVO for some methods. 
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sweep methods and the Zerbst method. It can be seen that most of the voltage sweep 

methods give very low lifetime values compared with the Zerbst lifetime. However, the 

Tiwari method gives good correlation with the Zerbst lifetime. From the fact that all 

voltage sweep methods except the Tiwari method do not require doping concentration 

values in lifetime calculations, it can be inferred that higher doping concentration values 

than the one used in the Zerbst method might be introduced in the voltage sweep 

methods, thus resulting in lower lifetime values. The doping profile, as shown in fig. 

4.2, implies the possible variation of lifetime depending on the doping concentration. 

Table 7.1 compares slopes of the linear regression plots shown in fig. 7.1 and fig. 7.2. 

Although all the techniques do not give lifetime values close to the Zerbst lifetime, they 

show a similar trend. The trend shows that the low-level contamination devices have 

high lifetime values while the high-level contamination devices have low lifetime values. 

Therefore the lifetime can be used as an indication of contamination level. 

Pierret and the Gorban methods require very long measurement time since it needs 

multiple saturating C-VG curves. In the experiment the measurement time was up to 10 

times longer than that with the Zerbst method. 

It has been known that the long measurement time can be reduced by taking 

measurements at elevated temperatures [5]. By raising the device temperature from 27°C 

to 40°C, the C-t measurement time was reduced by 71%. However, it should be noted 

that the temperature can not be raised much higher than this because the quasi-neutral 

bulk generation components become dominant. 

Fig. 7.3 shows the comparison between the surface generation velocity values derived 
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the Zerbst method and those obtained from other methods. 
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from the Zerbst method and those obtained from other methods. Although each 

measurement technique shows very different surface generation velocity values, the 

overall trend is the same. The low-level contamination devices have low surface 

generation velocity values while the high-level contamination devices have high values. 

The choice of a particular method can be determined by several factors such as 

measurement time, accuracy, measurement setup, and data treatment. Table 7.2 shows 

a ranking of the lifetime measurement methods based on our experimental results. 

Several factors, accuracy and measurement time in particular, are considered to decide the 

ranking. Having established the Zerbst generation parameters to be quite accurate, these 

values are used as a comparison of accuracy with all the other techniques. Since it is 

based on the experimental results for 4 devices, the ranking may be changed depending 

on device characteristics and measurement conditions. 

The Zerbst and Calzolari methods have the highest ranking because of their closely 

agreeing lifetime values and the fact that s' values can be obtained. Though the 

Calzolari method gives slighdy low lifetime values compared with the Zerbst values, the 

difference can be acceptable if the variation of doping concentration, as shown in fig. 4.2, 

is considered. In particular, the Calzolari method does not require the doping 

concentration in the lifetime calculation. That is a major advantage. The Rabbani, 

Tiwari, and Gorban methods consist of the second highest ranking group. Although they 

have lifetime results close to Zerbst values, s' values can not be obtained with the 

Rabbani and Tiwari methods, and very long measurement time is required with the 

Gorban method. The third group consists of the Heiman, Huang, Schroder, Kuper, and 
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Lin methods. The Heiman, Huang, and Schroder methods can give lifetime values close 

to Zerbst values but can not have s' values. The Kuper method gives too high s' values 

and the Lin method has problems in determining the lifetime and surface generation 

velocity. The Pierret method has the lowest ranking because of its too low lifetime 

results and very long measurement time. 

Finally, a fast and reliable analysis of the generation lifetime has been examined. 

The modified Zerbst method avoids the full C-t measurement by using a linear 

approximation around a selected time. This results in a considerable saving in the time 

taken to complete the measurement, which is a significant advantage when a large number 

of capacitors is being probed. 

Table 7.1 Slopes of the linear regression lines drawn in fig. 7.1 and fig. 7.2. 

Measurement 
methods 

Lifetime (psec) Measurement 
methods o

 II \
 sVO 

Rabbani 1.228 0.790 

Schroder 0.612 0.833 

Calzolari NA 0.676 

Heiman 0.608 1.015 

Huang 0.621 1.056 

Pierret NA 0.297 

Tiwari 0.991 1.049 

Lin NA 0.673 

Gorban NA 0.715 

Kuper NA 0.573 
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Table 7.2 Ranking of lifetime measurement techniques. 

Ranking Measurement techniques 

1 Zerbst, Calzolari 

2 Rabbani, Tiwari, Gorban 

3 Heiman, Huang, Schroder, Kuper, Lin 

4 Pierret 
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