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ABSTRACT 

The design p ~ c i p l e  and the data acquisition processing of a fiill-curve computerized deep 

level transient spectroscopy @Lm) system are descnbed in detail. This system is more diable. 

flexible and accurate thau the conventionai methods in the dekirnination of deep Ievel traps in 

semiconductor devices. The pmaduns for the evaluation of the buik traps for p n  junctions and 

for the evaluation of both the bulk traps and interface states for MOS capacitors are fully dis- 

cussed. For MOS capacitors. the aaalysis is based on the rate window concept The method of 

minimiWng the e m r  in determining the trap energy levels h m  the transient capacitance spectra 

is given. We have used the MOS capacitors produced in our Materials and Devices Reseatch 

Laboratory as an example to demonstrate how to use out new DLTS system to determine their 

trap parameters. It is found that the* are two &ep trap levels in the semiconductor bulk and that 

the interface states are distributed in the forbidden gap. 
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CHAPTER 1 

INTRODUCTION 

Semiconductors (such as silicon, etc.) and insulators (such as SiO2, etc.), which fonn elec- 

troaic devices, contain defects in the bulk as weil as at the interfaces when two different materials 

are made in contact with each other. Generally, there are two main types of defects, namely 

chemical defects and physical defects. The chemical defats are due to the incorporation of for- 

eign impurities hto the matenal, whüe the physicai defects are due to the defects of crystallo- 

graphic points (e.g.vacancies, interstitiai, etc.) or the defects in the structure (e.g. stacking faults, 

dislocations, etc.). In general, defects act as aaps which may trap either electrons or holes 

depending upon the nature of the traps. Traps are a h  classified into shallow traps and deep iraps. 

The activation energy levels for the shaiiow traps are generally located far h m  the Fermi-level in 

the forbidden band gap (Le. close to the conduction or valence band edges), while those for the 

deep traps are close to the Fermi-level- Since aU traps tend to capture fiee carriers, they tend to 

result in the reduction of electrical or photo-conductivities. 

D e f m  redting h m  the irreguiar crystdhe structure or impurities inevitably introduced 

into the material are mainly due to the faMcaiion processing. However, impurities intentionally 

introduced into the materiai in ordei to mate deep traps may produce desirable effecis in elec- 

tronic devices. For example, deep traps created by incorporating gold into silicon act as step- 

Stones to promote recombination of minority carriers in pn junctions, thus shortenhg switching 

times. Impurity photoconductivity detector is another important application of the effects of deep 

impurity levels in semiconductors. Deep impurity levels are also of use as temperature sensors in 

thermister-type applications. 

Aside nDm the valuable effects of deep impurity levels, then are other aspects which are 

undesirable. For example, deep impdty levels are almost inevitably present in large band gap 

compound semiconductors, and they can resuit in unàesitable trapping, oscillation, and negative 

differential resistance phenornena that may lead to considerable f$ustratioa to the users of these 



materials. 

Deep impurities leveis an generally characterîzed in temu of capture cross sections or c a p  

hue probabilities for elecûons, holes or photoos. Caphue cross sections are usually determined 

from the Methne measurements, and photon capture cross section fhm the absorption coefficients 

at proper wavelengths. This indirectiy gives information about the concentrations and the energy 

levels of traps. 

There are many mthods availabIe for the measurernents of carrier lifetimes. In general, the 

concentrations of impurities arr measwed electricaily, while ibeir energy levels are detemùned 

opticaliy. In both the electrical and the opticai measurements it is aormaiiy assumed that the 

defect level in question is the oniy imperfection in the material or that the pzesence of the other 

unwanted levels cm be simply ignored since the spectral Lines of deep levels are generally broad. 

However, such assumptions may encounter some difficuities in interpreting results. Furthemore, 

in the presence of severai levels in the forbidden gap or the level distributeci in energy, their frac- 

tional occupancy, depends very much on the recombination paths which may Vary with illumina- 

tion intensity, temperature, etc.. Indeed, the ideal situation of considering only one single 

discrete deep level in the forbïdden gap is most uniikely to happen, and extra effort is needed to 

eiiminate the muiti-level effects from the observeci spectra. 

However, to meet this challenging situation for characterization of deep impurity levels, a 

bias-pulse technique calied the deep level transient spectroscopy(DLTS) bas been developed. 

This method of characterization of deep traps is capable of providing relatively accurate and rapid 

information concerning the capture cross section, the concentration and the energy levels of the 

traps. Unlike most other techniques for the study of deep levels, DLTS emerges as a direct means 

to understand the deep levels in technologicaiiy important semiconductots as weli as a major 

source of technical information about the deep levels. Of course, the interpretation of transient 

capacitance experiments is strongly Linked to the theory of the deep levels in materials. 

The main purpose of the pnsent investigation is to study the measunments of the transient 

capacitance and the ways of interpreting the exptxhmntal results. To know the up-to-date devel- 

opment of this DLTS technique, a brief review is given in chapter II. The design and operation of 

the DLTS system, including a computerized data-acquisition system are described in chapter III. 

Some experimental resuits to demonstrate the use of the DLTS system for the characterization of 

MOS devices and discussion arr given in chapter W. Conclusions are given in chapter V. 



CHAPTER 2 

REVIEW OF THE PRINCIPLES AND APPLICATIONS 

OF DEEP-LEVEL TRANSIENT SPECTROSCOPY@LTS) 

Semiconductors and iosulators used for electronic devices al l  contain impurities and physical 

defects due to stnicturai imguiarities- Some impurities. for example, are htentiondy introduced 

into semiconductors in order to form donor or acceptor centers for producing £iee electrons or 

holes. or to create deepievel ncombination centers to reduce the Lifetime of minority carriers. 

However, some unavoidabie impurities and structurai inegularities are always inevitably incorpo- 

rated into semiconductors or insulators during fabrication processing. 

The incorporation of i m p ~ t i e s  nsults in the formation of trapping states in the forbidden 

gap. These states with energy levels close to the edge of either the conduction band or the vaience 

band are called the shallow-level impurities. while those with energy levels close to the Fermi 

level are cailed the deep-level impurities. Charge carriers in the couduction band or in the valence 

band tend to f& into the impurity levels and aie trappeci until they can gain enough energy to 

escape h m  the trapping centers. 

The characterization of shallow-level impurities is normally c-d out by means of both the 

elecûical and the optical methods. which would provide information about the concentration and 

the energy levels of the impurities. However, for the cbaracterization of deep-level impurities the 

rnethods used are generally related to the effects of the charge carriers trapped in the impurity cen- 

ters. such as those methods involving capaitance-voltage (C-V) characteristics measurements, 

current-tirne, or charge-tirne, or capacitance-time characteristics measurements cornmonly used 

for this p u r p ~ s e ~ ~ ~ ~ * [ ~ ~ !  



In this chapter we review mainiy the method of deeplevel transient spectn,scopy@LTS) 

which, in general, involves capacitance-time characteristics measutements. 

2.1 Basic Principles of DLTS 

To descn'be simply the khavior of deeplevel traps. we consider the capacitance of a one- 

sided abrupt p+n junction. of which the a-si& has a doping concentration Nd, a deeplevel elec- 

troa trap concentration NT and a deeplevel hole tmp concentration PF and both the electron and 

the hole traps are uniformly distributeci tbtoughout the n-side semiconductor with the trap activa- 

tion energy of ET as shown in Fig. 2. L . For simplicity, only the trapping events are considered and 

the generation-recombination events are ignored. 

Fig. 2.1 Electron energy band diagram for a semiconductor with deeplevel &pi. 

Figure 2.1 shows ihat a trap can capture an electron(a) and emit the trapped electron(b), this 

trap is generally referred to as an accepter-like trap; and when a trap can trap a hole(c) and emit 

the trapped hole(d), this trap is generally referred to as a donor-like trap. A trap can assume only 

one of the two charge States, either a filied state which is occupied by aa electmn, or an empty 



state which is unoccupied. 

Supposing that the c a p e  and emission ofelectrons are dominating, then the total electron 

trap concentration c m  k expresd as 

NT = n +No t 

where nt is the concentration of the trappexi electrons (occupied states), No is the concentra 

unoccupied states. Similarly, if the captuce and emission of holes are dominant, then the total 

hole trap concentration is: 

where p, and Po, are respectively the concentrations of trapped holes (unoccupied states) and neu- 

tral traps (occupied traps). 

Fïg. 22 The p+n junction and the depletion layer. 

Depletion region 

In the following, we consider an n-type semiconductor containhg ody electron traps. For a 

l P  

p+n abrupt junction, when a bias voltage V is applied across the junction, a depletion layer of 

width W wiii be formed as show in Fig. 2.2. The depletion layer capacitance per unit cross-sec- 

n I - 

tion area without trapped charge is given by['O1: 

6 



where Vbi is the built-in potential; Vis the bias voItage, positive for forward bias and negative for 
reverse bias, 

P N semiconductor 

Fig. 2.3. The schematic illustration of a majority injection pulse sequence and energy band bending . (a) bias-tirne; 
(b) Capacitance-the; (c) and (d) the energy band bendiag during the pulse and after puise. 



Supposing that a forward bias p u b  AV is irnposed across the junction which is already in 

steady quiescent condition with a reverse dc bias -Vo as shown in Fig. 2.3(a), then the capacitance 

pnor to the application of the focward bias puise is: 

When a pulse I A ~  < 1 Vd is applied, electrons will be injected into the n-side and they will gradu- 

aliy fiil the traps. After a certain period of tirne, the capacitance wiii decrease due to the filling of 

traps. 

M e n  aii traps are filied with electrons. nt = NT. 

At the moment when AV = O at t = O as shown in Tg. 2.3(b), the capacitance C drops to: 

(2.6) 

Mer AV = O .  the trapped electrms are graduaily re-emitted to the conduction band as shown in 

Fig. 2.3(d). This implies that nt graduaiiy decreases with tune and finaily n, = O . then Eq. 

(2.6) retums to Eq. (2.4) and C becomes Co. The change of the capacitance C with time d e r  

t = O is referrwi to as the capacitance transient, which can be written as: 

or expressed as: 



where l? = qe, , is a constant. 

Thus, fkom Eq. (2.10). the deep-level impurity concentration can be determined by the measure- 

ment of the C-V characteristics. 

Since the change of capacitance with time is due to the emission of the trapped electrons 

from traps, the capacitmce transient retlects the emission process of trapped electrons, and thus 

the emission rate depends upon the trap activation energy ET, the trap capture cross section a,, 

the temperature T and the degeneration fxtor g, (for simplicify, we assume g, = 1 ). Thetefore, 

the capacitance transient spectroscopy can be used for the determination of these trap parametea. 

For impurities with a single ievel of activation energy, the capacitance of a p+n junction after 

the removal of the forward b i s  pulse varies with tirne, and it can be expressed as: 

where nA0) the concentration of trapped electrons at t =O, Nd is the doping concentratioo which 

c m  be considered as the fkee eiectron concentration, se is the trapped electron emission time con- 



stant, which is given by: 

where yn = (Wf ' 2 ) [ ~  c /?2) , ir the body factor, 0 is the electma thermal velocity and 

Nc is the election effective demity of States in the conduction band. For a given semiconductor, 

the body factor is a constant, If the trap concentration is uniformly distributed in the depletion 

region and nt (t = 0) = NT, then Nîcan be expressed as: 

From Eq. (2.1 l), Eq. (2.12) and (2.13). we c m  determine the trap energy levei ET, the trapped 

electmn emission time constant r, and trap concentration NT thmugh a series of proper C-t mea- 

surements at various temperatures. 

The capacitance transient spectroscopy is a powemil method for the determination of deep 

level trap parameters. Recently, the automated data acquisition techniques have been widely used 

to replace the very timeîonsuming and tedious single-shot measurements by using a dual-gated 

integrator or a double boxcar. AU those techniques provide detailed information about capaci- 

tance as a function of thne as a spectm. This is why it is genediy refemd to as deep level tran- 

sient spectros~opy(DLTS)~~~-~~. 



2.2 Vitrious Techniques for DLTS 

1. Boxcar DLTS 

Boxcar DLTS is an automated data acquisition method for the capacitance transient measwe- 

ments. The basic concept of this method is the rate window. To a capacitance Qcay c m e ,  a rate 

window is set at time r = tl and t = t2. The capacitance at the two points C( tl) and C( t2) are 

taken by a boxcar which outputs a diffeteatial signal. Thus 

Figure 2 4  illustrates schematically the process of this technique. With a rate window set at 

A t  = t2 - t ,  , 6C varies with temperature and reaches a peak 6Cm, at a cenain temperature 

when the emission tirne constant r, is in the same oder of A t  as shown in Fig. 2.4(a). This indi- 

cates that re changes with the temperature according to Eq. (2.12). The SC,, peak shifts dong 

with the temperanire as the rate window A t  changes as shown in Fig. 2.4(b) 

Figure 2.5 is an Arrhenius Plot which is drawn based on the relation between rate window 

and temperature at which the peak occurs with this rate window. 

Experimentally, the capacitance decay waveform is compted with noise. and DLTS is to 

extract signal h m  the noise in an automated manner. The boxcar DLTS technique is one of the 

correlation techniques. It is a signal-processing method in which the input signal is multiplied by 

a reference signal, a weighting function w(t) and the product is averaged by a iinear fiiter. The 

output is 

The input signal f (t) is in fact C(t) given by Eq. (2.11). Equation (2.15) can be rewritten as 



CAPACITANCE TRANSIENT 

(a) 

,Rate window 1 At(I) = t z - t i  

Rate window II At ( I l )  < At (0 

fite window At(IZ) c A t ( U l )  

(a). The DLTS signal derived fiom the capadance change at tirne tl and t2. At high temperatures, the time 
constant is much smaller than the window, and at low temperatures the time constant is much larger than tfie window, 
while a peak is seen when the emission rate falls within the window; (b). Shift of the peak of DLTS signal as the rate 
window is va~ied[~q*['*]. 



For boxcar DLTS, the weighting fiinction is de- as: 

and At is the rate whdow width which equals ( t ,  - t2) . The DLTS signal then is obtained fiom 

Eq. (2.16) and Eq. (2.17) as 

h m  
data. 
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DiEerentiating Eq. (2.17) with respect to r, and setting it to zero, we obtain 

which is the .ce for the maximum output sigaai SC,, at a certain temperature. From Eq. (2.12), 

we obtain 

1 
The emission rate is en = - , hence 

Te 

or en =  AT%^ [(UT) /kTJ (2.22) 

where A = yp, , is considend as constant, Thus, h m  Eq. (2.22), we can also obtain 



or in the form 

Thus, from Eq. (2.23) or Eq. (2.24) and Arrhenius Plot, we can obtain AET. 

DLTS 

A 

LP-256- 1 
10 min scan 
Injection puise 
O.Susec/8mA 
-6V BIAS 

Temperature (K) 
Fig. 2.6. I).pical experimental DLTS spectra fm hole craps in n-Ga&- The two traps are labeled A and B and have 

energies measunxi h m  the valence band of OMeV and 0 .766  rrspectivcly [afrer Miiler. et aLr'q]. 

Assuming nt (O) = NT. substituthg r, ficm Eq. (2.19) and lenuig tl / tz  to be y, then put- 

M g  ai i  together into Eq. (2.18). we obtain 



The boxcar technique usually nads  5 to 10 Arrhenius Plot points, each of which requires 5 

to 10 temperature sweeps (bm 5-10 AC - r plots witû different rate windows by changing tl, t2). 

The sampling time cau be variecl in three ways: (1) vary tz with tl fixed, ; (2) vary tl with tt 

b e d ,  and (3) vary tl and t2 with t2 I q fixe& Way (3) is pmferred because the peaks shift with 

temperature without much change in curve shape show in Fig. 2.6 . 

For a typical Y = 2 in Eq. (2.25) , 

The minus siga represents the fact that 6C < O for majorityarrier traps. 

II. Double-Correlation DLTS 

One of the main refinements of the boxcar DLTS technique is Double-Correlation DLTS 

(DDLTS or D-DLTS) ~nethod~~],  in which a double-pulse capacitance transient and a double-cor- 

relation are used to obtain a higher sensitivity for the detection and anaiysis of deep level traps. 

Figure 2.7 shows that in D-DLTS, two pulses of different heights are used to charge the space 

charge region (SCR). The weighting function gives the output signal 

In the k t  correlation, the capacitance transients after the two pulses are relaed to form 

AC ( f i )  and AC ( t 2 )  at correspondhg delay times after each pulse. In the second step, 



[AC ( t  1) - AC (t2) ] is used in the same way as AC for boxcar DLTS to resolve the emission 

rate through a temperature scan. 

Fig. 2.7. Schematic illustration of the pulse s b a p .  capacitance signal and conelation weighting tùnction as used in 

DDLTS [after tefewe et a1Ji91]. 

The D-DLTS has the foliowing advantages over the boxcar DLTS: 

(1). Ail the traps in the rate-window are exposed to approximately the same electric field and thus 



a smear-out of the time constant due the field dependence is avoided; 

(2). The D-DLTS leads to the subtraction of studious signals and drift to reduce the measunment 

noise. 

The D-DLTS measuement though requires either a four-chaunel tmxcar integrator or an 

extemal modification to a two-channel boxcar integrat~&201. 

III. Lock-in Amplifier DLTS 

Better signal / noise ratio can be achieved by using a standard lab instmment - lock-in ampli- 

The lock-in amplifier uses a square-wave weighting function s h o w  in Fig. 2.8 with 

periods set by the fkequency of the lock-in amplifier, The DLTS output peak is observed when this 

frequency bears the proper relationship to the emission tirne constant at the temperature. Figure 

2.8 also shows the signals in both directions, which can be expanded by adjusting the tune base 

generator. The T is the pulse period. A minimum delay time Td = 0.1 T, is normally suffïcient 

to eliminate the overioad problems[s2q. 

For the weighting function 

~ h e  output is given by[201*[211 

where G is the lock-in ampiüier and capacitaace meter gain. 

Differentiating Eq. (2.29) with respect io r, and setting it to zero, \ ,, can be determined 

from the transcendental equation: 
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For a typical delay t h e  Td = O. 1 T, the trap concentration is gïven by 

The active energy level MT c m  be obtained h m  the Anhenius Plot 

N. Correlation DLTS 

Aithough the DLTS descriid before are of correlation techniques, Miller et e1.IZ1 estab- 

Lished a lower noiselsipal system based on correlation and optimum mer theory. The block dia- 

gram of the system is shown in Fig. 2 9 .  

Input signal 
Integrator 

Multiplier 
Baseliae restorer -+ * Output 

Cl 

L 
I 

TRIGGER FUNCTION 
OUTPU79 GENERATOR 

Fig. 2.9 The block diagram of a correlation spcmme8er [ a h  Milkr et al.[P1]. 



WEIGHTING FUNCTIONS FOR 



" = J O  [As ( t )  +n ( t )  w ( t )  ] dt 

can be matched ody when 

w ( t )  = s ( t )  (2.33) 

This means that the optimum weightiag hction has the sam shape of the noise-£ke signal itself, 

and therefore. for the DLTS system, w ( t )  should be a decaying exponential function. 

Figure 2.10 presents a cornparison of weighthg functiom for boxcar, lock-in amplifier and 

correlation DLTS. It is obvious that the weighting fimction largely affects the informaion coiiec- 

tion and hence the resulting noiselsignal ratio. 

The optimum weighting fuaction for correlation DLTS makes the best signal/noise ratio 

among the three techniques. Later, some re~earcherd*~'*~~*~~ t1 have analyzed the correfation 

method and c o b e d  that correlation DLTS has a higher signal f mise ratio than either boxcar or 

lack-in DLTsI~O~. In other han& they ais0 found that since the smali capacitance transient rides on 

a dc background, it is not sutncient to use a simple exponentiai because the weighting f u n ~ t i o d ~ ~  

and the base line r e s t o r a t i ~ n ~ ~ ~ ~  are required. 

CC-DLTS 

The basic ciifference between the Constant Capacitance DLTS ( CC-DLTS ) and the others is 

that the capacitance is held constant during the carrier emission measurements. In the meantirne 

the applied voltage is the transient xesponse through a feedback cir~uit[~*-~]. A block diagram of 

an improved CC-DLTS system is shown in Fig. 2.1 1. 

Just as the capacitance decay curve contains the trap information in the constant voltage 

method, so does the tirne-varying voltage in the constant capacitance method. Because the SCR 

width is held constant and the resulting voltage change is d k t l y  mlated to the change in the SCR 

charge in CC-DLTS, an equatioa valid for arbitrary NT is given 



Equation (2.34) shows that the Vt reiatiomhip is exponential in the, the p ~ c i p l e  of DLTS 

can then be used in CC-DLTS to get a AV - L/T plot in order to fïnd out +, and A&. NT. The 

CC-DLTS has advantages in G R  center depth prohüag and interface charge tltea~urernents[~~] 

due to its high energy resolution and its abiiity to sdve spatial distniuted charge densities. CC- 

DLTS can also be rehed by combining with D - D L T S ~ ~ ~ .  However, the most successful 

improvement of this technique is the new designed fast tespondkg f d a c k  c u ~ u i t [ ~ ~ .  which 

enables the CC-DLTS system to mach a stable value in 0.2m after a switchhg event so as to be 

practical in the deeplevel measwements. For the DLTS analysis on MOS. the CC-DLTS even 

provides a slightly simpler formulation for the interface-state density caIculationsc3~. 

l MHz FEEDBACK 
CAPACITANCE CIRCUIT 

METER 

I I 

Vs DLTS 
CIRCUITCUIT DATA 

Fig. 2.1 1. The block diagram of an impoved CC-DLTS system [aber Shiau, et alPa]. 



2.3. Computerized DLTS 

1. Full Cnrve Acquisition Cornputer System 

As the fast and cheap digitai apparahis and computer k a m e  avaiiable in the late 70's, Wag- 

ner et el.[381 initiateci computer application to DLTS. Figure 2.12 shows a simple bIock diagram 

of a computer DLTS system. 

1 
I 

TEMPERAIZTRE CRYOST' 1 SAMPLE CAPAclTANCE 
CONTROLIER I . METER - 

Fig. 2-12 The block diagram of a simple computet-controUed DLTS system [aber Jack, etcJ3''] 

The entire C-t curve is obtained at each of dinerent temperatures by digitizing and s t o ~ g  the 

capacitance wavefonn (represented by a reasonably large number of digital data points), and only 

one scan of sampling temperatures are needed for DLTS measurements, which dramatically 

reduces the experiment ti.~ne~'~l( In conventional DLTS, such a scan of temperatures can just pro- 

duce one of the 5-10 points in the m e n i u s  Plot ). 

II. Fuii Curve Analysis Methad 

Standard equipment and computer software have simplified the experimental processcal. A 

digital filter can be employed to smooth the data waveform stored in the disk so as to improve the 

signailnoise Figure 2.13 indicates the fiinction of the digital filter. 

The computerized hill-cwe digital data acquisition technique has made various ways for fdi 



curve analysis. The easy way to use the W-CUN~ data which are coiiected at a certain tempera- 

nire is to simply choose difEesent &ta points as C ( t  1) and C ( t2 )  to get AC. Repeating this 

process with varyhg the rate window a number of tims without hinher experîments can Lead to 

one point in the Arrhenius plot, the d y s i s  procedure is the sam as that in boxcar DLTS [38-391 

The method though needs a wide rate window, i.e. large (ri - t2) for accuracy, which Mts the 

usage efficiency of datac33]. This method &O needs improvement in the noidsignal ratio. 

m 0 U T  mLTER 

Temperature (K) 

Fig. 2. L3 (a). Filter characteristics usai in the digital filter routine of the analysis program. the period is given in 
degree; (b) IUustration of the effect of the Ghrr procedure appiied on noisy DLTS spectra [after Hoizlein. a al.[419. 



In oder to deal with non-exponentiai or mdti-exponentiai decays and improve the signallaoise 

ratio, a number of analysis methods have b a n  developed. 

1. Fast Fourier 'handoms ( ) 

The Fourier transfomi has the pmperties that make it usefid for the analysis of exponential 

tmnsients. The basic principles of this method is d i s c w d  as foilowing 142-433 

The FFT method proved to fit single exponentid accurately through many fits for both synthe- 

sized &d experimental data. One very important feature of this method is that it is very fast (A 

typical fit to a 256-point transient requires about 2.5 sec. of microcornputer time in the early 80's). 

However, FFI' is not stable when applied to non-exponentiai or multiexponential cases (see 

Table 2.1). Lately, this problem was somehow imProved~441 by decomposing a capacitance tran- 

sient of a two-exponential waveform with two Fourier transforms. 

2. The Methal of Moments 

The method of moments was aansplanted to the DLTS data anaiysis h m  biochemicai stud- 

ies[421 which had the similar problems in that they dealt with sums of expooential in levels of 

noise comparable to those common in DLTS. This method was M e r  i ~ n ~ r o v e d [ ~ ~ .  

The Observed response function F ( t )  is assurneci to be the convolution of an idealized, 

delta-funcüon response f ( t )  and excitation function H ( t )  as given by 

F ( r )  = H ( u ) f ( t  - u) du 

and the idealhd response f ( t )  is assumed to be the sum of the muiti-exponential with the form: 



where the amplitudes Ai aad emission rate constants ai are the paramiers to be extracted by this 

methoci, 

u, = [ SF ( r )  dt 

With Iseaberg and Dyson's theoryC46-4n, the individual time constants can be determined 

from the set of G, 'S. using 

A cornparison of the boxcar, FFï' and method of moments in Table 2.1 shows that the method 

of moments is superior for both simulated and experimentai data. It was later enhanced by adding 

a fast Fourier transfonn to irnprove the base-line offset determination and to facilitate its removal 

fiom the data prior to application of the method while incorporating the meaa displaced ratio 

algorithm for noise reduction. 



Table 2.1 'ïhe activation -es in eV and cross sections in cm2 f i  the discerni'ble aaps, as obtainal by the thrce 
methods: boxcar. moment and FFT [afkr Kirchner, etc.- 1. 

I Trap energi*es and cross section for di&nnt methods I 
METHOD Trap 1 Tra~ Tra~ Trap IV Trap V 

HBML 1 EBUELZ HL10 HL3 HB4MZA 

Refs. 0.78lû.94 0.83/0.825 0.83 0.59 0,4410.42 
s x 10?4 x IO-" 2 x IO-"11 x IO-" 2 x IO-l3 3 10-ls 3 10-14/3 10-l~ 

Boxcar 0.55 0.74 0.7 1 0-25 0.39 
1 x 1 10-1~ 6 x 10-" 41 1 o-~ '  1 x 10- 

Moment 0.84 0.82 0.80 0.53 0.46 
4 x 10-l5 2 x 10-'3 8 x 1 0 - l ~  5 x 10-I6 4 10-l~ 

FFT 0.87 0.98 unsta ble 0.13 0.19 

5 x  IO-'^ 1 x IO-" 8 x 1 O-= 3 x 1 0 ~ ~  

3. Temperature Dependent Puise-width DLTS 

Supposing that a p n  junction bas two âeep levels with activation energies AETI and M m .  

A saturation pulse will fiil up traps in both levels, but a certain shorted pulse can leave the deeper 

level uncharged so that the DLTS signals on the latter case only contains the trap information of 

the one with less activation energy. Comparing the capacitance transients from pulses with ciiffer- 

eut widths gives a way to study multi-level traps. 

In practice[481, the capacitance transient is also approximated by a multi-exponential function 

of time with the form 

By applying various puises with widths of six orders h m  10 p s  to 1s upon an AI,GaI, 

GRINSCH-SQW laser diodes. three trap levels were successfidly obtained in the measurements, 

amoag which two leveis had a very srnail energy difference of 0.049 eV. The experimental pro- 

cess is explained in Fig. 2.14. 



Fig. 2.14 Curves A, B. C D. E and F correspond 0.1, 1.10, 102 ld and lo4 t h e s  capture time constant of bI trap. 

respectively. Cuve B corresponds to the averaged or weigbted capture t h e  of curves A and C, As ioag as the 

applied pulse width follows a curve between curves A and C, a decomposition of the DLTS signal for the shallower 

trap can be obtained [ a f k  Wang, a 

Supposing that we have two trap level with emission rate el ,  and el6 which codd only be 

seen as one trap el in a conventionai rate-window fbU-width pulse DLTS. Fit., by nIliag th shal- 



lower trap el, with a certain namw pulse, a DLTS signal peak can be obtained in the DLTS spec- 

tra, and the active energy AETla can be obtained for the shallower trap. The second step is 

foilowing with a wide eaough puise 6iling both traps whose DLTS peaks are mixed in an ordinary 

transient. The new DLTS spectra peak is then compared with the former one appears in the k t  

step. For the latter DLTS spectra is a Mnlt of two traps, the substitution of the two DLTS spectra 

wiii give the solo curve for the deeper trap, therefore, the active energy Uri can be evaluated 

for the deeper trap. 

Equation (2.39) for this case is rewritten as 

Clo - exp-(el, - t )  + Clb - exp (-elb - t )  

where ela and elb c m  be obtained by generai aoalysis on the Arrhenius plot shown in Fig. 2.14. 

The amplitudes CI, and CI, are proportional to the concentration of each component, and the 

height of the DLTS peak is also proportional to the trap concentration, 

From Eq. 3.38 and Eq. 3.39 , Ci, and CIb are easily fined. 

4. Multi-point Correlation DLTS. 

For a broad response iinewidth of the conventional DLTS standard peak as a function of tem- 

perature severely restricts the energy resolution of deep level defect measurements. the multi- 

point correlation DLTS was in~ented[~~]  and then i ~ n ~ r o v e d [ ~ ~ ~  . It is actudïy an n-th order 6iter- 

ing correlation method. More than two points are! taken in the capacitance decay curve instead of 

two to get the AC curve. The multi-point comlation DLTS with n 2 3 aiiows obtaining more 

narrow individual DLTS peaks, which is shown in Fig. 2.15 with simulated DLTS spectnim. 



Fig. 2 15 Simulated DLTS spctnun for the energy level MT = 0.49eV as a hinction of the normaüzcd temperature 

T/T- with r = 2 and n as a parameter [a* hwwsk i .  

5. Parsmeter Evaluation DLTS 

The former describeci methods either somehow simply foliow the conventional DLTS anaiy- 

sis method me multi-point correlation DLTS and temperature-dependent pulse-width DLTS) or 

use rate window as the basic concept for the data-acquisition ( FET and moment method). Since 

we have Eq. (2.39) as a general mode1 for capacitaoce transient of more than one deep-levels. 

numerical resolution based on a fdi-curve-data acquisition has fidi utilization of the data. 

After some early on linear predictive modeling for the analysis of DLTS measure- 

ments, Nener et ai.[%] established a method to evaluate the activation energy MT, capture cross 

section a,, and density of deep-tevel traps NT Born the capacitance transient, caiied parameter 

evaluation DLTS. Figure 2.16 shows the schematic diagram of the automated DLTS system. The 

tempera- scan was taken with the step of 5K 

Taking advantage of the N1-cwe-data acquisition system (fast digital capacitance rneter, fast 

cornputer, etc.), this method simply uses one of the manue data modeliing methods to evaiuate the 

desired parameters in Eq. (2.39) with assuming one, two or even more trap levels. 
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Fig. 2-16 The block diagram of the automated digual DLTS WSDm [aftcr Nener. et~!~l] .  

The parameter evaiuation with the help of an automated digital computer system has impres- 

sive advantages over the methods mentioned above: 

1). This technique requires only a single temperature scan; 

2). It c m  resolve multiexponential transients; 

3). The whole system is automated and the calculations c m  be programmed in a computer; 

4). In contrast to FFI' and method of moments, this method works dûectly in the time domain. It 

is no longer necessary to estimate and remove the basehe before analysis; 

5). No weighting function is needed in the data anaiysis. which will benefits the signallnoise ratio. 



III. MOS DLTS 

DLTS has been successfully used for the determination of balL and inteîface traps for MOS 

systems. The p ~ c i p l e  of DLTS for MO6 systems are briefly descn i  as ~ o I I o w s ~ ~ ~ ~ ~ :  

MOS system has buik traps in semiconductor substrate, charge states in semiconductor-oxide 

interface and inside the oxide. They are inevitably induced to the MOS during the fabrication 

processing. Consider an MOS capacitor with an n-type Si substrate (Assuming that the oxide 

charge state is negügiile foc its s d  amount). As iîiustrated in Fig. 2.17(a), a reverse bias V, is 

applied to the MOS to keep the Si substrate in deep âep1etion. The traps with the active energy 

ET > ÉIFS are empty. In Fig. 2. U@), A fonvard puise Vp changes the substrate h m  a deep to 

a weak depletion or accumulation, so that the injected electrons are captured by the interface and 

buik traps which are between Fermi-levels l fFs  and l?FS. After V' is removeà, the newly 

captured electrons are emined fiom both interface and bulk traps as show in Fig.2.17(c). MOS 

capacitance transient then consists of interface trap emission as weii as bulk trap emission. 

The electron emission h m  bulk traps in an MOS system is identical to that in a pn junction, 

except that the capacitance of an MOS includes both oxide capacitance and semiconductor deple- 

tion region capacitance in series. 

Supposing that the boxcar DLTS is applied, and a discrete level bulk a a p s  are considered for 

simplicity, the capacitance comlation signal AC,, for the bulk traps can be expressed by: 

AC,, = -S (en) - ~ N * ( E * )  

€sC,,Nd 

where ' ( e n )  = eV ( d n t l )  -exP (*nt2) 

and C,, is the capacitance of the oxide. 



(a) Steady m e  

(b) Captute pmcess 

Fig. 2.17 Sequence of the bias voltages and W t i n g  capacitance transients. Energy banding and electron occupancy 
of  interface states and bulk traps in an MOS capcitance with an n-type substrate with a quiescent bias V, (a), in the 

trapfilling process with a bias Vb = (Va + Vp) (b), and in the mission pocess with the quiescent bias Va(c). 



en = 4~nNcexp( ( E ~ -  Ec) ) the correlation signal Ac -ha to its maximum valve kT 

wheu en = in (t2/ti) / (t2- t l )  * 

The energy level and the capture cross-section. the concentration of bulk iraps can then be cal- 

culated from an Arrhenius plot of the emission rates obtained by various tl and tz7 using the sme 

procedure used for the pn junctions discussed eady in this chapter. 

2. Electron Emission Fmm Interface states 

Assuming that the interface trap density is Dit, and the capacitance produced by q% is 

much smaiier than oxide capacitance CHF . The total capacitauce of the MOS 

where & and EL are the Fermi-Ievels for fkee electmns at the end of the capture pmcess 

and in the emission process. respectively. If 4 is not strongly dependent on energy, the energy 

Eit, m a r  which gives the maximum S (en (E) ) can be written as: 

and the energy distribution range Mit at half-maximum of S (en ( E )  ) is estimated as: 



Assuming that Dit varies slowly in the energy width of 3kT around Eit. ,,, the Di, (E) 

term c m  be taken out of the integral of Eq. (2.44). Then we have 

Therefore, EiS ,,, Dit and capture cross section O, can ali be calcdated h m  Eq. (2.43), Eq. 

(2.45) . Eq. (2.46) and Eq. (2.47). using the same method used for the case of buk traps, by a 

senes of temperature sans. 

3. Distinction Between Interface States and Buik h p s  

Equation (2.44) indicates that the AC versus T plot of the interface States is directly reiated to 

a 
the energy distribution within the energy window between EFS and & . which are the Fermi- 

Ievels at the Si02 / Si interface for the reverse bias V, and for the bias voltage with the pulse V' 
respectively. The change of pulse voltage V' wiil bring the changes of the shape and the tempera- 

ture for the peak of the A C  versus T plot In contrast, a bulk trap has a certain active energy level 

so that its emission rate is constant at a certain temperature regardless of the changes of the pulse 

voltage. Therefore, the shape and the temperatme for the peak of AC versus T plot for a bulk 

trap should not change with the pulse voltage. 

A AC - T c w e  of the MOS capacitor-MOS DLTS spectra may contain several peaks: one 

or more than one for the buk traps and another one for the interface traps. The one which 

responds to the height of the pulse voltage with changes of the shape and the position dong the 

temperature is treated as interface traps. while the one which does not change in position and 

shape with the pulse voltage belongs to bulk traps. 

4. Effects of Minority-carrier Ceneration 

For an MOS capacitor, the minority-carrier generation can interfere with rnajonty carrier DLTS 



spectrum, especiaiiy at high temperahues and at high QIP (electronhole pair) generation. The 

correlation signal AC due to the minority a m e r  generation increases with increment of the qui- 

escent bias voltage V, in the negative direction, the signal due to emission d a s  not. And the gen- 

eration usuaiiy occurs at high tempemues, so that its effects to AC,, - T c m  (DLTS spectra) 

are also at high temperatures. This provides a mesure for eliminating the effits of minority-car- 

rier generation to the aaalysis of MOS DLTS. 

The MOSFETTs bave an advmtage over MOS-capacitors for DLTS rneasurement~[~~~ in two 

aspects: l)with a three tenoinal MOSFET. minority-carriers are coiiected by the reverse biased 

sourceldrain to avoid the effects of minority-carrier generationT in the meantirne, rnajority-carriers 

are captured by pulsing the gate for the interface trapmajonty-carrier characterization in the 

upper half of the band gap; 2)with the sourcddrain forward biaseâ, an inversion layer forms 

ailowing interface traps to be füled with minority-camiers while the rnajority-cimiers flow to the 

source / ciraio. Therefore, the lower haif of the band gap can also be explored without the minor- 

ity-carrier geaeration. 

Many DLTS applications have been developed in MOS devices by many researchers with lit- 

tle change in the conventional DLTS. The CC-DLTS provides a slightly simpler formula for the 

a n a ~ ~ s i s [ ~ ~ ~ .  But the entire curve analysis methods have difEcuities to be used in the MOS inter- 

face-state density detection for the interface-state densities distribute contïnuously with respect to 

activation energy, which makes a different mechanism in the transients. and the DLTS spectra 

contain both interface state and bulk trap emissions. Lately, the multi-point correlation method 

has been successfully applied for bulk trap and interface state measurements for MOS system 

with improved sensitivity. 

Several researcher~~~~-'~~ have used the DLTS as the most efficient tool in investigating the per- 

formances of solar celi and other semiconductor devices. Various DLTS systems are recently 

commerciaüy available as a whole package for more and more DLTS applications in electronic 

industries. 



DESIGN OF A COMPUTERIZED DLTS SYSTEM 

3.1. Design PrinapIes 

To buüd a fiill-cume computerized DLTS system, two key piews of electnc apparatus, 

besides a fast computer and the generaüy necessary measurement instruments, are required for the 

sy stem. 

1. A fast capacitance meter-Capacitance measuernents involve an integration process which 

takes a certain amouut of the to be completed. A fast capacitance meter has a short measurement 

time and responds quickly to minimiie the time gap between two data. 

II. A memory card-A one-by-one data transportation h m  the capacitance meter to the com- 

puter could make a C-t curve nonsense, because its processing time is variable . A memory card 

stores a number of masurement data directly and reieases them in a whole package to the com- 

puter Later when needed. This can secure the time gap between two stored data to be known and a 

true C-t curve. 

A GPIB ( General Rupose Interface Bus ) card is also required for the computer to control 

and to operate the whole system automaticaiiy. AU electronic components and hardware of the 

system are cornmerciaiiy available and some are chosen fiom o u  Iaboratory. 

3.2. The Details Of The DLTS System 

The block diagram of the system is shown in Fig. 3.1. The system consists of t h e  sub- 

systems: 

1. The direct measurement subsystem. 

(i). Air Product cryostat.: This cryostat is capable of creating a laboratory interface of various 

temperatures h m  15 K to 480 K. It is operated in conju11ction with a temperature controller and 

a themocouple so that the temperatme cm be stabiiized and adjusted to any predetermined 



value. Our experiments are performed at temperatures h m  50K to 3 1SK with 5K a step. 
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Eig. 3.1 The block diagram of the system. 



(ü). Booaton mode1 7200 capacitance meter. This meter has a fast response feanire. The specin- 

cations for capacitance measutements a ~ :  

Resolution: 0 . 0  1 pF for range O to 2 pF; 

0.01 pF for range 2 to 20pF; 

O. 1 pF for range 20 to 2ûûpF; 

1 PF for range 2 0  to 2000pF; 
Accuracy: 0.25% of readuig + 0.2% of full scale. 

By zeroing a standard capacitance or setting the capacitance under a quiescent bias condition 

Co to zero, the capacitance output wiil directly equai to AC so that the measurement range can be 

kept as s m i l  as possible (as long as AC'S are inside the rneasurement range) to obtain better res- 

olution and accuracy. 

(üi). SRS SD335 function generator and HPSSOIA pulse generator: The sample is applied with 

the assigned quiescent bias Va and puise voltage Vb - Va through the test terminal marked 

"High" on the capacitance meter. Hem, V' is the capture voltage. The pulse amplitude and dura- 

tion are pre-set and adjusted to any assigned values. The error rate is 0.1% for the range chosen. 

Figure 3.2 shows the bias voltages appiied to the sample. The pulse duration is fiam 5ms to 

200ms. 

Tm - pulse duration 

Fig. 3.2 Schematic diagram showing the magnitudes and duration of the voltages appiied to the sample. 



IL The data aquîdtion subspBtcm 

Siace the Bwnton 7 2 0  capacitance mter is not equipped with a memory carci, the digital 

data directly converted fmm the capacitance meter can ody be Cransferred to the computer one- 

by-one. Therefore, Tektronùt 320 oscilloscope is used to take the analog signal h m  the capaci- 

tance meter and then convert the signal to digital data. These data are then stored in a bdt-in 

memory card with a capacity of one thousaad 8-digit data. The time gap between two data can be 

monitored by the oscilloscope. This pmvides an excellent maos of avoiding the unwanted one- 

by-one data trausportation. The data transportation takes place only after the one thousand desired 

data have been recordai in the memory card with the time gap properly adjusted between two 

data 

III. The computer subystem 

A 486 PC computer with a Turbo Ctc program compiler is the system controiier and raw 

data terminal. A GPIB card is installed in the system as a medium for the communication among 

the computer and other apparatus. A set of general fiuictions are pre-defined in the card, which 

makes the control software much easier and the operation faster. The computer automatically 

controls the whole system in a t h e  sequence. It sen& cornmands to and receives data h m  the 

GPIB bus and puts every set of raw data into a corresponding opened file for M e r  numerical 

analyses. Here, each of the AC - t curves is saved for 5 times. 

3.3. The Cornputer Progrsms 

A system-control program has been developed in Turbo for the automatic system opera- 

tion of the capacitance decay c m e  measurements for both of the MOS capacitor and the p-n 

junction. The program is organized in logical blocks shown in Fig. 3.3, and the program is given 

in Appendix 1. The data processing program for the DLTS of the MOS capacitor is organized in 

a different way €rom the program for the DLTS of p n  junction. 



Setup capacitance metu, osciUoscope 
and palse generator 

I 

I Open an assigned file and 
store the set of data (5 thes) 

Sig- 3.3 The logical procedure of the conml program- 

1. Data processing program for the MOS capacitor. 

The differential capacitance inside a rate window at a temperature T is 8cIT which is 

directly taken h m  the raw data file, Le.. SClz = [AC (t,) - AC ( t ,  ) J 1 , whiie AC ( t )  is the 
T 

raw data The 6 ~ ' s  h m  a temperature scan with one of the rate windows under a certain bias 

condition are stored in the same file with a certain 6ie name to fonn a DLTS spectra ( 6C - T 
curve). A data wave-fonn averaging fùnction is added to the data processing program to elimi- 

nate the noise of the system. The outline of the program procedure for the data processing of 



MOS analysis is shown in Fig. 3.4 which is the lopical blocks of the program. The andysk prin- 

ciple is based on the boxcar DLTS. Data processing and analysis for the MO6 capacitor are dis- 

cussed in chapter 4. 

Open each of the 5 raw data fiie and compute 
6 ~ ~ 1  = A C [ t , w ]  - A C [ t 2 u ) ]  

1 T=To(5actostart) 1 
4 Do irl, 10 for 10 diffemt b i s  conditions > 

I 

JI 

L 

1 Save the averaged 6C (j) 

Yes If iS10 

Fig. 3.4. The logical block diagram of the data pcocessing program for the MOS data analysis. 

II. Data processing program for p n  junctions. 

The method of the parameter evaiuation cm be used in our computecized DLTS to take the 

advaotage of the fulli:urve digital data. The numerical analysis program outliw is developed. 

Before running the numerical analysis program, the raw data is also averaged to reduce the noise 

level. The general expression for a multi-level trap transient of a p-n junctioa after the application 



of a pulse can be expressed as: 

where Co is the capacitance under the quiescent 

(3.1 1 

bias condition; Ci is the constant for j-th trap 

ievei; ej is the emission rate of j-th trap level; M is the numkr of trap levels. For mathematical 

simp ticity, all the parameters in Eq. (3.1) are replaced by a(j), where j b ni = 2M + 1 and m is 

the number of parameters. 

For M=l, Le., in the case of one deep level, Eq. (3.1) can be simplined to: 

a(j) apparently has physical meanings: a(I)=C(t=O); a(2)=CrC(t=O) and a(3)=en, which is the 

emission rate. 

For M 2 2. Le. in the case of more than one deep levels, Eq. (3.1) can be simplified as 

where 

CU = a(1) = capacitance under the quiescent bias condition 

C(t=O) = a(1)-a(2)-a(4)- -----0.-a(m-1) 

Assuming that each data point (Ci, fi) has the same standard deviation 6, then the Chi-square 

fitting can be used to minimiie this deviation. 



+ where a  is the paranieter vector [a(I), a(2), ..., a(m)], N is the number of data points, Ci is the 

experimental &ta at ith point, and ~ ( t ~  8 ) is Eq. (3.1) . 
With the aid of the Levenberg-Maquart method and the standard of nonlinear lest-square 

routine, we cm ob& 

where 8u is the increment of the current al, and 

a'kl =au (1 + h) k = l  

avki = a&[ k # l  

The parameter evaluating procedure is then as foiiows: 

i. Take M=I and Eq. (3.2) as the moàel: 

ü. Pick an initial guess for 8 and C f ,  while a(l), a(2) are fiom the experimentai data directly, a(3) 

is roughly estimated as - ; O is the average fluctuation of Ci.; 

2 9 
üi. Compute X (a) ; 

iv. Pick a modest value for X in Eq. (3.6) , Say h s0.001; 

2 + 
v. Soive the linear equation Eq. (3.6) for 82 and evaluate X ( a  + O&) , and cornpute 0 with 

+ 
the new a ,  using 



1 * 2 
vi. If x (2+68) -X  ( 8 ) ~ r i 0 ~ ~ , ~ o t o s t e ~ v i &  

2 2 + 
vii. If x (0 + 62) > x (a) , increase A by a factor of 10 and go back to step o; 

2 a If x (a + 62) < X2 (if) , decrease by a fwtor of 10 and go back to step v: 

-3 
10 , go back to step ü with an inczea~ed new Q by a factor of 3R ; 

If lQ(0.5v, 0 . 5 ~ ~  ( 8 ) )  - 11 < 0.1, go back to step ii with a d e c d  by a faetor of 2B; 

2 + ix. othemise. for the d e  of thumb, a typical value of X (a) for a "moderately good fit is 

2 * 21 2 + Therefore, if ( X  (a) - 0.50 < O. I X  (a) , we have a -omble solution for the parameter 

evaluation; 

x. Start fiom step i with M=2 and Eq. 3.3 as the model, cany out the whole pmcess fiom step ü 

to step ix; 

xi. Compare the quantities of the incomplete gamma function Q for the models of M = 1 and 

M = 2, the model with a Iarger Q is a better d e l .  

The block diagram of the numencal program is shown in Fig. 3.5. 



-4 Input the initial ) and a with M = 1 f= 
m I 

1 Compute f (a) ., let X s0.001 I 
Soive Eq. (3.5) for 6iî 

Compute X2(h +Sa) and the new a 

10A k = 0-lh 

Fig, 35. The btock diagram of the aumerid program for the evaluation of the parameters evaluation DLTS. 



EXPERIMENTAL DATA PROCESSING AND 
DISCUSSIONS 

In this chapter. we descrii the experimental data processing using MOS capacitor samples 

and discuss the resuits. The MOS capacitor samples were fabncated in our Materials and Devices 

Research Laboratory. The Si02 films were deposited on n-type. <100> orienteci, 2 4 R c m  siii- 

con wafers as substrates at 30°C using a mimwave ECR plasma ~~stern~"~.  The substrates 

were cleaned by the RCA mthod with 17xlo6n - cm deionized water. Prior to loading, the sub- 

strates were dipped in a reduced HF/H20 solution(lll00 cm3) to remove the native oxide on the 

substrate surfaces. Aluminium counter ektrodes of 86d in thickness and 7x 10-~cnz~ in area 

were vacuum-depsited through a shadow ma& to form MOS capacitorç. 

4.1. Steady C-V Characteristics 

The Bwnton 7200 capacitance meter is programmeci to automaticaiiy carry out the mesure- 

ments of the high frequency C-V characteristics. The voltage applied to the MOS capacitor 

sweeps firom -8V to 8V in order to obtain both the strong forward and the reverse bias conditions 

for capacitance measurements. The fiequency at which the capacitance is measmd is 1.OMHz. 

Because the minority-canier respome tirne is about 0.01-1 second[lol, the rise rate of the applied 

voltage is set at O. Wsec so that the C-Vcharacteristics can be treated as steady high frequency C- 

V characteristics. Figure 4.1 shows the C-V chatacteristics at m m  temperature(T=299K). 

Assuming that the interface charge capacitance is much less than the oxide capacitance Co, 

and cm be igwred, the MOS capacitance C can be expressed as: 



Fg. 4.1. The high hquency C-V characteristics of the MOS capaciw at T = 299K . Cm= = 677 pF, 

Cm, = 224pEand C ( V = O )  = 523pF. 

where Cs is the capacitance of the depIetion region of the semiconductor. When the MOS capac- 

itor is strongly forward-biased, C reaches its maximum value Cm, which, in fact, is equal to 

C when the MOS capacitor is strongiy reverse-biased, its capacitance becomes the minimum ox ' 

value Cm,. With the measured maximum and minimum values of the MOS capacitance, the 

capacitance of semiconductor in the smng reverse bias condition, CSR, c m  be expressed as: 



Wïth the howu value of CSR , the dophg concentration of the n-type semiconductor for the 

1721- MOS capacitor can be detetmined by . 

where qi, ,, is the surface potential in strong inversion, which is quai  to 2@F9 in which $F is the 

Fermi level of the n-type semiconductor with respect to the intrinsic fermi Level. Op is given by: 

where ni is die intrinsic concentration of the semiconductor. Practically, +i, ,, is slightly larger 

than 2@,[39b1. Thus, an empirifal relationship between CSR and Nd has been developed for sile 

icon at room temperatufe1731. With CSR known, the doping concentration of n-Si can be deter- 

mined by the expression: 

where A is the ana of the electrode of the MOS capacitor. Using îhis equation, CSR is in F and A 

in cm2 and Nd in cm-3. For the MOS capacitor sarnples used for this iavestigation, the elecuode 

-2 2 
area A = 7x10 cm . The measured values of C,, and Cm, are, respectively, 677pF 

and 224pF. The calculated CSR h m  Eq. (4.2) is 334.83pF and Nd fiom Eq. (4.5) is 

4.79 x 1 0 ' ~  cmg3 for the temperature of 2WK. 



4.2. Capautance Ttaasient Measurements 

Afkr a quiescent bias voltage (a strong reverse bias voltage) is applied to the MOS sample 

and the quiescent capacitance Co is measured, a forward bias voltage is superimposed to the qui- 

escent bias voltage and applied to the samp1e. This fornard bias pulse redis in the filhg of both 

the in ter f i  states and the buik mps. As soon as the removal of the pulse at t = 0, the capaci- 

tance C (t) wiii gradually decay because of the thermaiiy-activated dettapping process. In this 

section, we shall descni  the data collectiug and procwing in our DLTS system, 

Because that the memory card in the digital oscilloscope can store only 1,000 data at once, 

the typical capacitarice decay cwes  appeiwing on the screen of the digital scope are Lüre the one 

in Fig. 4.2 (a) if a whole decay c w e  contains only 1,000 data points. Figure 4.2 raises a problem 

for the one-thousand-data-point data coilecting technique: For a whole decay curve, the fast 

responding part of the curve gives iofonnation about the traps with activation energy closer to the 

conduction band edge, and the slow responding part about deep levels with activation energy 

closer to the Fermi-level. The number of data points for the fast responding part of the decay 

cuve could be too s m d  for the fiuther anaiysis (With t S ts, the curve in Fig. 4.2 (b) contains 

only ten data points). If the one-thousand data points are only for the fast responding part of the 

curve, Le. the c w e  before t I 5 in Fig. 4.2 (b), then the slow responding part of the decay curve 

will be lost. 

To secure the information for ail-round energy levels of bulk traps and interface states above 

the mid-gap in detaii and in best resolution, and to provide a way to improve the signailnoise 

ratio, we rearrange the data coiiecting pmcedure as foilows: 

1. Apply one of the assigned bias conditions on the sample after an assigned temperature has 

been stabilized: 

a. Apply a quiescent bias voltage on the sample and set the capacitance meter at zero. This 

dows the capacitance meter to display and to transfer the measurement data on 

AC = c ( t )  - c (O) ; 

b. Since A C  is much srnalier than C (O) , it is possible to use a smaller test range of the 

capacitance in order to have a better resolution. For exampie, the test range of the capacitance 



t (sec) 

Fig. 4.2. (a).Typical full A C  - t curve for T = 210K (b). the part of the c w e  h m  t = O to t = td. The t h e  gap 
between two data points is 2ms for both of (a) and (b). 



meter can be  set to 0.ûûOpF - 2.000pF for m e s  in Fig. 4.2 to get the best resolution of the 

capacitance meter, which is 0.001pF ratbet than O-OlpF for test range up to 20.ûûpF; 

IL Adjust the settings of the digitai OSCiUoscope untii only the part of AC - t cuve before ts 

wodd appear on the smen (der to cum in Fig, 42 (b)) within the iÙil range(1,ûûû data points) 

anci, store them in the memory card built in the oscilloscope; 

III. Transfer the digital &ta !hm the memory card to a cornputer, open a data file to store the 

data This step is repeated four mon times so that this part of AC - t cunre is recofâed five times 

by five separated data ûies. Therefore. a data point c m  be later averaged to d u c e  the signal 

noise; 

IV. Adjust the settings of the oscilloscope so that the part of AC - t c w e  before td wili M y  

appear on the screen, and repeat step III; 

V Adjust the settings of the osciiioscope until the c m e  on the m e n  becomes flat to store 

the whole capacitance decay cuve7 which gives more detail information for the deeper level traps 

and the effects of rninority-canier injection. Then repeat step III. 

4.3. Determination of Temperatures for the Peaks in DLTS Spectra 

The mechanism of interface states is dinenni h m  that of buik traps. so that the method of 

parameter evaluation of DLTS for p a  junctions no longer applies to the DLTS analysis for MOS 

systerns. Thus, we have to use the rate window method with rehement by the automated fidi 

decay c w e  acquisition technique. 

The conventional rate window methods as describeil in chapter 2 have a limited number of 

assigned rate windows and differentid capacitance data. With our new data coilecting technique, 

we can have as many data points as needed in one temperature scan so that the choices and the 

number of rate windows are unlimited This gives another advantage of this system over the con- 

ventional ones. 

The modified DLTS procedure based on the rate window concept is as foliows: 

1. Coilect the full AC - r curves in the way described in section 4.2 to ensure that ali needed 

data are acquired; 



II. Irnprove the signaVaoise ratio by averaging the five AC data taken at exactly the same 

tirne in the five AC - t decay curves ac-d at the same bias conditions and same temperature; 

III. Apply a namba of carefiilly chosen rate wiadows to the AC - t curves h m  the temper- 

ature scan to obtain 6C - T, i.e. capacitance transient cucves. SC is C ( t l )  - C (t,) for a rate 

window ( t , ,  5); 

IV. For any of the 6C peaks appearing in a SC - T curve for a specinc rate window, the tem- 

pera- at which the 6C pe& ocairs and the me window are used to plot a point in an Arrhenius 

plot; 

Properly chosen tate windows give a complete Arrhenius plot for the determination of 

deep level parameters. For instance, rate window (tl, t2) bas Tl as the temperature at which the 

6C peak occurs. The peak SB to another temperature T2 when the rate window is changed to 

( t l ' ,  t2') . Assuming that the capture cross section b, is independent of the temperature, 

Eq.(2.23) for the energy lcvel AET of traps c m  be rewritten as: 

where Ec is the energy level of the conduction band edge. 

Equation (4.6) indicates that the resolution of MT is defmed by the resolution of the reading 

of TI and T2. Practicaiiy, an error on the reaning of the temperature for the occurrence of 6C 

peak is Uievitable and tbis is caused mainiy by: 1). signal noise; 2). the uncertainty of the reading 

of the temperatures at which 6C peaks occur; 3). the measurewnt errors. The <hird cause can be 

distinguished simply by comparing the data, By averaging the AC - t  data, the signal noise cari 

be minimized. The final resolution for AC reaches M.0016pF (the fluctuation of the saaight 

line of AC- t  curve after the decay process), which is close to that of the capacitance 



meter(0.00 1pF). Apparentiy, the key for the  sotu ut ion of deep level parameters is how to pcop 

erly determine the temperature at which the 6C peak occurs. 

Experimentaüy, a temperattue scan cm only be taken at a number of tempefahue points 

within the scan range rather than a perfkct continuous scrm. When the scaa is at temperatures 5K 

apart in our experiments, for a particdm rate window, a SC,, pealc cm occur at a certain tem- 

perature point TO , as well as at two temperature points Tg and Tg + SK which happen to share 

the same 6C,, peak if 16C (To) -SC (To + SK) 1 5 0-0032pF. The temperature for the 

6C peak can then be taken as To for the former case or as To + 2.5K for the latter. Appat- rnax 

ently, when a solo To represents the tempera- for the 6Cm, peak, the actual temperahue for 

the SCm, peak for the particular rate window couid be at anywhere within the range of 

To f 1 .ZK, and To + 2.5 K codd represent those within the range of T ,  + 2.5KI 1 .=K. The 

experimentai uncertainty of the temperature for AC,, peak, 6T, is then 1.2% for any of the 

temperature readings for AC,, peaks. 

In the meantime, the resolution of the readings of AC of the decay curve transfemd to the 

data nles also Mts the resolution of the readings of the temperatme for 6Cm, peaks. If a rate 

ln 2 when t2 = 2tl , e, (To) = - and Km, (To) = 0.25A , when A! is approximately 
I 

constant, 

Theoreticaily, the Merence between 6C at temperature To and that at T, + 6 T P ,  Le, 

A (6C) = 6C ( To f 6 T) - 6C (To) , which can be evaluated by: 
max 



As we have the mcertainty of capacitance readings A (6C) = 0.0032pF for capacïtance 

measurements at aU temperature points, tûe fluctuation of SC can cause an ernw 62" on the tem- 

pera- readiog To for the 6Cm, peak. The errw 62" cm be expressed as a fiuiction of 

A (6C) /6Cm,, To and the activation eaergy level of the deep level MT. Fmm Eqs. (4.8) and 

(4.9), we can d e  

A (6C) /6C 1 = const 
max 

If AET » 2kT0, Eq. (4.10) can be approximated to: 

Equation (4.11) strongiy indicates that the SC ( T )  - T c m e  appears with the 6Cm, peak 

occurrhg in the low temperature range with 6T a 8T. In other words, the resolution of the deter- 

mination of the temperature for the SC,, peak calcuiated by Eq. (4.8) should not be larger than 

1.2% which is the experimental uncertainty of the temperature reanings for SCm, peaks. A 

pre-prwessiag procedure is developed to set the highest temperature for the occurrence of the 

6C ~ R X :  peak so that the resolutim of the temperature reading, 6T, equais the uncertainty of tem- 

perature reading, 6T. The procedure is as foilows: 



. . 
1. Set a -d rate window to get a ~ c ( T )  - T curve with the lowest temperature T2 

for the ocamence of a chosen peaL; 

II. Set another rate window to give a nasonably low temperature TI for the pealr; 

III. Obtain AET h m  Eq. (4.4). This AET WU be mhed later. 

W. Substitute A (6C) 0.0032pF and 62"' = 1.ZK into Eqs. (4.8) and (4.9) to calcalate 

To. A peak occmïng at a temperature higher than To cannot be reaà with a molution larger than 

1.2% due to the fluctuation of AC. 

The DLTS using tbe Anhenius plot to determine the activation mergy of deep levels usualiy 

deals with the emx proceshg with presuming no emrs in tempe- readiog and the Arrhenius 

plotting. Our DLTS me&& can determine the trap parameters by the Arrhenius plot foiiowing 

the tic,, peak pfocessing with known emrs in the Arrhenius plotting due to the uncertainty of 

the temperature readings. 

A 6C,, peak can occur at dinerent temperatures with various rate windows. For example, 

a peak can occur at TI and T2 at two comsponding rate windows, the errors on the temperature 

readings are 6T1 , 6T2 with 8T1 5 1 Z K ,  6T2 S 1.25K. In general, for these temperature read- 

ing errors, the correspooding emr for UT can be calculated fiom Eq(4.6) as: 

Because that the experimental uncertainty of the temperame reading is hed, when we have 

16 Ti 1 5 1 .uK, 16Tzl S 1.25K, 6 (MT) has a ptedictable value. For example, Tl > T2, T2 

is the lowest temperature at which 6Cm, peak accurs with maximum rate window. And Tl is 

obtained by the pre-processing procedure as To h m  Eq. (4.8). This ensures that neither 6T1 nor 



8 T2 is larger than the mcertainty of temperature readings which is 1.2% Equation (4. L2) then 

cm be used to accuratdy calculate the emr rates of ihis modd on the detemination of ewrgy 

level parameters with the data pre-processing procedure denning the temperature range (TI,T2). 

The reason that TI sbwld be as close as possible to the up-bound of the temperature range de6ned 

More is that Eq. (4.12) rrquùes the maximum \TI - T21 for the minimum 6 (MT) . 

4.4. The Effects of MinoritpCarrier(h01e) Generation 

Figure 4.3 shows the generatîon and the flow of minority-camiers(holes) by diffusion. Vari- 

ous quiescent bias Va's are assigneci for DLTS measmements to distinguish the effects of hole 

generations on majonty carrier emission h m  either bulk traps or interface States. Va varies h m  

very strongly to mildiy reverse-bias (Va = -3 5 V, -3.OV, -2.5 V, -2.0 V) wbie the capture volt- 

age Vb is kept at -1.OV. so that the effects of hole generation cm be clearly seen in the DLTS 

spectra With tl = 2ms and t2 = 2tl , a DLTS spectrum with severai peaks is shown in Fig. 4.4. 

Gate 
Quasi-Neutrai Region 

Electrode 
Substrate 

1 Electrode 

Fig. 4.3. Schematic illustration of minority-carcier flow through MOS (n-Si) by diffusion. 



In Fig. 4.4, pealt 1 is in the very low temperature region and is not affeded by the b i s  condi- 

tions. therefore it can be exduded h m  the effects of minority-carrier generation. Peak J slightly 

decreases and shifts towards a lower temperature with hcreasing Va h m  -2.W to -2.OV (the 

change is tw mal1 to k cleady seen in Fig. 4.4), whüe no further change is obsemed when Va 

changes h m  -2SV to -3.OV and -3JV. Later this peak is p v e d  to be that due to the intefiace 

States. Peak K does not show clear change with increasing Va nOm -2.OV to -3.W. Only peak 

G in the high tempetature @on constantly hcreases with inczeasing V, in the negative direction 

without shifting in temperature. Thus, peak G can be considered to be due to the hole generation. 

The effects of the hole generation on DLTS spectra is at tiîgh tcmperatwe region (over 250K) so 

that it does not affect the DLTS spectra of interface states and semiconductor bu& traps. which 

can be seen in Fig. 4.4 as pealrs I, J and K are in the low tempera- region(be1ow 250K for the 

rate window at t ,  = 2ms, t2 = 4ms). 

0 ! 8 1 I 1 I 1 1 i 8 1 I 1 
50 1 O0 150 200 250 300 350 

Temperature (K) 

Fig. 4.4. DLTS spectrum of the MOS capacitor wiih an n-type Si substrate. Peak 1, J* and K do not change much 

where peak G significantly drops when Va changes h m  -2.5V to -2.0w 



4.5. The Distinction Between Bu& Wps and Intenace States and for 
the Determination of Their Parameters 

1. Distinction between Bdk 'Ikps and Interface States 

As discussed in Chapter 2, the peak due to the interface states in the DLTS spectra shifts 

dong the temperatute but that due to buik traps do not when the capture voltage changes with a 

constant quiescent bias (or the quiescent bias changes with a constant capture voltage). In Fig. 

4.5, the three peaks in the DLTS spectra 1, J and K are due to bullt traps and interface states, 

except peak G in Fig. 4.4, which is sepamteci for the effects of hole generation. Peak J in Fig. 4.4 

starts shifting when V, changes h m  -2.N to 3 0 q  implying that a proper reverse bias for the 

distinction between buk traps and interface states can be set in thk range. 

Fig. 4.5. Variation of DLTS spectra of interface states @eak J shihs dong the temperature) and ihat of buUc traps 
(peak 1 and K do not shift) with capture voltage V' 
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Setting reverse quiescent b i s  Va = -2.5 V and changing the capture puise V' fYom -1.6 V 

to -2.2V with a step of 0.1 V, we obtain the DLTS spectra for the rate window at tl  = 2ms, 

' 2  = 4ms, which are shown in Fig. 4.5. 'Ibis figure shows clearly the DLTS spectra at various 

puise voltages. The peaL J s e  to higher temperature as Vb inmeases in the reverse direction 

due to interface states, while peaks 1 and K do not shift. The three peaks are then sorted as: I and 

K are that due to buik tqs,  J is that due to interface states. 

Ir. Determination of Bdk 'Ikp Parameters 

Figure 4.6 shows the Anhenius plot of in(c,/?) - l/kT for the bvlk traps with the bias 

conditions Va = -2.5 V, Vb = -1 .OV. For peak K in Fig. 4.5, the k t  rate window is set ai 

( t I, t2 )  = ( 15s, 30s) and the temperature at which peak K occurs is f m d  at T = 160K. The 

second rate window is set at ( t l ,  t2) = ( 1 s, 2s) in order to get a reasonabiy low temperature 

Fig. 4.6 Arrhenius plot for the determination of energy levels of bulk traps wiih Va = -25V and Vb = -1 .OV . 



for the peak to occur at T = 17% From Eq. 4.6, âET îs estimated as 0.4068 eV. By using this 

estimated AET in Eqs. 4.7 and 4.8 with AC,, = 0.1920pF , To = 255I for peak K. The + 
is estimated as 0.1277eV for peakI by choosing rate windows at (25s, 50s) and (1s. 2s) with cor- 

responding temperatures T = SZSK. 65R, mpxtively, for the occurrences of the 6Cm, peaks. 

Wlth AC,, = 0.1728pF. the up-bomd of the temperature for peak I is calculaîed h m  Eqs. 

4.8 and 4.9 as T' = 95K. The Atrhenius plots are therefore drawn within the temperature range 

(57.5K. 95K) and (L6ûK. 255K) for peak I and K, respectively, by properly setting rate windows. 

Table 4.1. The activation energy levels, the capture cross sections, the ûap densities and their possible errors for bulk 
traps of the MOS capacitor . 

Table 4.1 gives the energy levels, the hap densities, the capture cross sections and their pos- 

sible errors in the determination of the parameters of the two buîk traps. The er= in the calcu- 

lated energy levels h m  Eq. (4.12) are within the maximum enor in temperature reading 

6TI = 6T2 = 1.25K. The capture cross sections are h m  Eq. (2.42) for which the coefficient Y 

for the n-type silicon is: 



The trap densities are caicuiated by Eqs. (2.40). (2.41) and (2.43). which can also be 

expressed as: 

III. Determination of Intertace State P-etefs 

The energy distributioa and capture cross section of interface states are detenained by setting 

Va = -2.2 V and changing Vb h m  -1.0 V + -20V by a step of 0.2V. For each of the bias con- 

ditions, the activation energy of interface states and capture cross section are detemiiaed using the 

Fig, 4.7. Arrhenius plot for interface states under various bias conditions. 



same methods Dsed for the detemination of the buik trap parameten. When V6 > -l.OV, peak J 

and peak I bterfere each other so that the temperatures and the heights ACmUTs for the peaks can 

not accurately k nad Whea V' = -2.1 V, the ACmQX is too small to be accurately measured 

for the Arrhenius plotting. 

Figure 4.7 is the Arrhenius plots at various bias conditions. When Va is kept constant , the 

Iarger the V6 in the reverse direction, the higher the emission rate of electrons fiom deeper inter- 

face states. Therefore, the various puise conditions can give a series of Adenius plots for the 

determination of interface state parameters at dinerent energy levels. 

Ec- ET(eq 

Fig. 4.8. The energy distribution of capture cross section of the intedace states. 

Figure 4.8 shows the energy distri'bution of the capture cross section indicating that the cap- 

ture cross section does not change much while the activation energy of the interface states 

increases h m  - -0.1659e V to - -0.3474eV. 



Table 42. nie parameters of interface States. 

Fig, 4.9. The energy distributioa of interface state density measured h m  the conduction band edge. 
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Table 4.2 gives the parameters of the interface States. The energy levels are in the range of 

about -û.l659eV- 4.3474e V. With Eq. (2-47) and the ACrnm ( T )  - T relations at the rate 

window ( t l ,  t2) = (2ms, 4ms) (randomly picked) for ail the six puise heights, we can obtain 

the energy distn'bution of interface density D. (ET) which is shown in Fig. 4.9. 
r t  

However, the Dit - ET distribution cm be obtained by the high fkquency capacitance-volt- 

age method, but this method has the disadvantage that oniy the Dit (El) for ET close to the mid- 

gap of forbidden zone can be determined. For similar MOS simples, chau[''] has reported that 

-2 -1 
Dir - 6.0x10~~em eV at around the midgap. Our d t  detennined by the DLTS mtûod is 

Dit = 1.23~10~~cm-~e~-~ at 0.3474eV below the conduction band edge, which is comparable 

to Chau's r d t  It shouid be noted that Eq. (4.40) indicates that D. (ET) tends to decrease with 
tt 

increasing AET = E, - ET. 



CONCLUSIONS 

A DLTS sysfem has been designeci and built for the measurements of capacitance transients 

with the aim of determinhg the trap parameters in semiconductor devices. This system is relia- 

ble, fast, autornated, flexible aud easy in handling data acquisition. Analyticai methods have also 

been developed for the determination of the trap parameters for p-n junctions and MOS devices. 

Our new data coilecting techniques have one major advantage, that is, we can have as many 

data points as needed in one temperature scan so that the choice and the number of tate windows 

are unlimited for the analysis of an MOS device. The p m e t e r  evaluation through numencal 

methods cm be applied to the analysis of a p n  junction. 

The density of interface states of an MOS system c m  be determined by the measuremeat of 

the high-kquency capacitance-voltage characteristics-a conventional method. But this method 

can determine oniy the density of the interface states close to the midgap in the forbïdden zone. 

Our method is far better than the conventionai method, we c m  determine the energy distribution 

of the density of interface states as weli as trap deosities in the semiconductor bulk by oniy one 

temperature scan. 
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Appendix 

Appendix 1 An Example of the Contml Program 

#include<iostreamb 

(#includectirne.h> 

#include "c:\Vip&\\cfiinc.h" 

#inchde "c:\vipib\\chpib.h 

#inchde <stdio.b> 

#define isc '7L, 

#define scope 701 

#define srqihe 1 

#de fine cmeter 7 18 

// void initializeo 

void cmetersetupo; 

void readouto; 

int error; 

class timer 

I 
double s m e n d ;  

public: 

tirnedo); //construtor 

-îimer\(l); //destmcto 

1; 
tMer::timer() 

f 
start=(double) clcxk0; 

// cout<c"stm= "<start<<S\n"; 



tirnec :- timer0 

( 

end=(doubIe) clocko; 

coutc~end="«endc~4\n"; 

coutct'elapsed timez"<<(end-start)/CtK-TCK cCT\n"; 

1 
maino 

{ 

long i; 

long j; 

char *codes 

/fvoid readouto; 

timer ob; 

for (j= 1 ;j<=,lj++) 

{ 

codes="DT:SOURCE CH2"; 

error=I00UTPUTS(~~ope,codes, 14); 

codes="DAEENC ASCI"; 

ertor=I~UTPUTS(~~ope,codes, 12) 

if (j=l) 

( 

codes="BI 0 VO B O ;  

e r r o f = ~ ~ ~ ~ ~ S ( c r n e t e r , c o d e s ,  10); 

//initialize 0 ; 

Ilcmetersetup O; 

//trigger 0; 

1 
// c0ute.i; 

if Q=2) ( 

codes= 'W BI 10 VO TM" 

Il if (i=2) ( codes="BI 15 VO"; 



emK = IûûUTPuTS(cmeter,codes, 14); } 
if Q-3) { 

codes="TR O VO IM 

emr=IOOUTPUTS(cmeter,codes, 13); 1 
codec1'r)~STAR 1"; 

emor=IûOüTPUTS(scope,codes, IO); 

codes="D~STOP 1ûW" 

error=IOOUTPUTS(scope,codes, 13); 

codes="CURV?" 

erro~=IOoüTPUTS(scope,codes,5); 

readouto; 

1 
1 
void readouto 

Boat reaùings[1000] 

int i; 

int numvalues; 

numvalues= 1000; 

em~IOENTERA(~~ope~eadings,&numvalues); 

printf('\\n the readings are:\\n"); 

for (id); i<numvafues; icç) 

{ 

printf("%f \\S. mdhgs [iY256) 

1 




