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Chapter 1 

THE CLOSED BOAT: 

A NEW APPROACH FOR SEMICONDUCTOR BATCH PROCESSING 

bV 

E. W. Hearn, E. H. teKaat and G. H. Sch.vuttke 

1.   INTRODUCTION 

The influence of process  generated crystallographlc defects 

in silicon warers or. device yield is well established (1,2). 

The importance of the batch cmcept for modern semiconductor 

mar-facturing.and the resulting degradation of silicon wafer 

perfection daring batch processing has  also been  pointed 

out (3,u).  Accordingly, high temperature processes, such as 

oxidations and diffusions lead  to  interesting  temperature 

effects if  a row of wafers is processed in a  boat.   Such 

effects can degrade the crystalline  perfection of a silicon 

slice.  The amount of degradation introduced into one slice 

depends  on several parameter* such as position of the slic 

in the  row, distance between the single wafer, in the row, 

number of wafers in the  row and diameter of wafers  in th 

row.  Consequently,  the amount of deformation per wafer can 

vary considerably. 
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This paper describes an improved method for heating and 

cooling semiconductor wafers. It is shown that the closed 

boat applied to semiconductor wafer processing minimizes or 

eliminates thermally induced defects in silicon wafers 

processed under manufacturing conditions(5). 

2.   EXPEPIMENTAL PROCEDURE 

57.2mm (2 1/u inch)  diameter silicon wafers  were prepared 

mainly  from  [100]  crystals  grown  by  the  Czochralski 

technique. The wafers were all chemical-mechanical polished 

to a  thickness of approximately 300p. .  Prior to any heat 

treatment the wafers -.ere all  dislocation free as  revealed 

by x-ray topography.    Experiments  were conducted to 

investigate the influence of temperature gradients  on wafer 

perfection.  Such gradients are generated in silicon during 

rapid cooling from high temperature to room temperature. 

For tha  experiments  batches of wafers were  loaded  into 

standard oxidation quartz  boats.  Each batch consisted of 

100 wafers.  A batch contained at least 15  specimen wafers 

positioned  symmetrically  in the center  of the boat 

supplemented by  85  dummy wafers  positioned  around  the 

specimen wafers.   The wafers in the boat were spaced 0.2mm 

apart.  The experiments were done in an oxidizing atmosphere 

__. 



e.t temperatures  of  900oC, lin0oC and 1200oC.   The wafers 

««»re pushed into the hot zone of the furnace without any 

special precautions.  likewise  the  loaded boat was removed 

from the  furnt :e  a ter it had  reached the  furnace 

temperature by palling it rapi'lly cux  to room temperature. 

Thermal  gradients  arising  in wafers during the  critical 

cooling period were measured by a differential thermocouple 

technique.  Diagnostic x-ray chaits were recorded through 

SOT  topography  (5)  and  used to  assess cr-'stallof,i aphic 

perfection of wafers.  Similar measurements ''ere made with 

closed boats.  The closed boat cons'.itJ in its simplest form 

of a standard boat covered by a quartz tube cut in half and 

turned upside down over the standard boat as a roc*' tc close 

the  standard boat.   A standard boat  i  shown in the 

photograph of Fig. la.  An example of a closed boat obtained 

from a standard boat by covering one half of it with a rocf 

is  shown In the picture of Fig. lb.   Sucn boats allow 

simultaneous processing  of wafe;s in open und closed boat 

configuration.  Another type of closed boat, also used for 

the experiments, is shown in Fig. 1c. and Fip,  Id. 

3.   RESULTS 

Drastic radial temperature changes occur in silicon wafers 

stacked in a batch when quickly pulled cut of a high 
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temperature furnace and thuc cooled to room temperature. 

The rapid cooling in the initial period is primarily 

controlled by radiative cooling leading to a radial 

temperature gradient in the wafers. The wafer periphery 

cools faster than the wafer center. Thus thermal stresses 

are set up in each wafer during the cooling period. 

Frequently, the temperature gradient is large enough to 

cause plastic deformation of the wafer. Typical examples of 

difjocation patterns observed in wafers cirter high 

tenperature processing are sh^wn in the x-ray topographs of 

Fig. 2. Such peripheral dislocations were prev.:„sly shown 

to degrade device yield (1). Direct measurements of 

temperature gradients responsible for such dislocations are 

reported in the following. It is also shown that these 

gradients as 'well as their impact on crystal perfection car. 

be substantially reduced if a closed boat is used for wafer 

processing. 

3.1   TEMPLRATUKE GRADIENT MEASUREMENTS 

Direct temperature .aeasurements were made on wafer surfaces 

to obtain quantitative data of actual temperature differences 

developing between center and periphery of a wafer during 

heating and cooling cycles. For the measurements two beads 

of differential thermocouple vere positioned such that  the 





resulting temperature difference between center 

periphery of a wafer could te measured. The output of the 

differential thermocouple went to a differential voltmeter 

and from there to a strip chart recorder. A typical output 

tracing of a heating and cooling cycle of a wafer positioned 

in the middle of a fully loaded boat is shown in FiR. 3. 

The horizontal axis in this figure is the time axis in 

minutes and the vertical axis is the temperature axis in 

degrees centigrade. The zero or center line represents a 

zero gradient. The thermal gradient is recorded as the 

deviation to the plus side of the center line for the outer 

rim if the wafer is hotter than the center and to the Blnui 

side if the converse is true. Two tracings are represented. 

The upper curve (Fig. 3a) is generated with the beads of the 

thermocouple not touching the wafer surface but being as 

close to it as possible. The lower curve (Fig. 3b) is 

ne^sured with the beads torching the wafer surface. Mo 

•ifnifieant differences are noticed between the two 

techniques. A slight difference in the output curves is 

erved for the heating cycle. The cooling cycle output 

CUrv«i are practically the same whether or not the beads are 

in contact with the wafer surface. j.n subsequent 

experiments it was found that such variations in the heating 

cycle gradients were due to the response time of the total 

setup consisting of thermocouple beads, wires,  boat and 

10 



  

HEATING 

COOLING 

HALF HEIGHT 
WIDTH 

PEAK HEIGHT 
i 4- 

IMm.i 

TIME 

Fig. 3a.    Heating and cooling curves -- 
thermocouple not touching wafer. 

TIME 

Fig. 3b.    Heating and cooling curves — 
thermc .-ouple in contact with wafer surface. 
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wafer load,  since only the cooling cycle is of interest in 

this experiment, the peek heights of the cooling curves are 

used as the important parameters.  It should be noted that 

such  measurements pose some experimental difficmties. 

Several configurations of touching, not touching the „afer. 

drilling holes into the *afer. or using various glues to 

attach the beads to the surface were tried but were not 

successful. To prevent the silicon-platinum reaction  (at 

about  SOOoc, to oc.ur „hen the tnermocouple beads touched 

the wafer surface the siiicon wafers had to be slightly 

cxidized for such measurements.  The best configuration was 

found to be the one with the beads not touching the wafer 

surface but being very dose to it.  The temperature 

gradient  was  measured for  the  two  different boat 

configurations shown in rigs, la and lb.  Figure , shows the 

cooling curves for the center wafer of a fuUy loaded 

standard boat placed into a furnace at 9=0°C and withdrawn 

to air after equilibrium „as reached.  The thermocouple 

output  of the curve  labelled  "no  top" shows  a negative 

temperature  difference  r>f  ^~ u.nrerence  of approximately  150oC.   This 

indicates  that the center«: ^f  *.u    r centers of  the wafers m the stack are 

hotter than their outer rims. The curve labelled "with top- 

shows a reduction of the thermal gradient by a factor of 2 

1/2 to 3. Thxs curve was generated upon cooling the wafer 

stack with a top placed on the boat as shown in Fig. ib.  It 

12 



p»~— 

was found that the maximum thermal gradient of the center 

wafer varied with the number of wafers in the stack put into 

the boat. The experiments showed also that for our boat 

configurations the thermal gradient approached a maximum 

temperature for a stack of fifteen wafers. 

TIME 
IMin. I 

fig. 4.      Cooling curve for standard boat (no top) and 
covered boat (with top). 
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3.2   CRYSTAL PERFECTION DURING BATCH PROCESSING 

■ 

Observation shows that thermal stresses generated in silicon 

wafers during the cooling period of hot wafers stacked in a 

row can be large enough to exceed the yield stress of 

silicon and consequently generate dislocations in the 

periphery or the wafers (Fig. 2). The magnitude of the 

stresses can be estimated from the simple expression azaELT 

(Ref. 7), where j is the thermal stress in the wafer 

generated during the cooling period as a result of the 

temperature gradient AT. E equals 1.5 x lO12 dyn/cm2 and is 

the average Young modulus (8), while a is the coefficient of 

linear expansion (9) and is approximately I x 10"6 K"1. 

Accordingly a  thermal gradient  of  lb0oC is  already large 

enough (0.9 x. 109 dyn/cm2) to exceed the yield stress (O.M 

9      2 
x 10 dyn/cm ) of silicon (10) and to introduce dislocations 

in agreement with the experimental observation.  In practice 

the situation is ap.-ravated through the occurrence of stress 

risers as a result of mechanical damage around the periphery 

of the wafer.   Consequently,  flats and notches or other 

peripheral damage (such as small broken out chips as  a 

result of handling)  promote the nucleation of dislocations 

for even  smaller temperature  gradients.    For  higher 

temperature  treatments considerably larger tVt     can arise. 

As a rule of thumb we find AT approximately 0.2To , where T 

14 



is the temperature of the wafer in the furnace in centigrade 

before cooling.   Exact measurements  of  the  temperature 

gradient measured for the range 700 to lOOQoc are summarized 

m Fig. 5.   The effectiveness of the closed boat (Fig.  lb) 

in reducing  temperature gradients compared to the open boat 

(Fig.  la) is  evident.  A series of  x-ray  topographs  - 

showing  the   influence  of  such  gradients  on  crystal 

perfection - is given in Fig. 6.  The good perfection of the 

silicon wafers before heat treatment is shown in Fig. 6a.  A 

silicon slice taker from the center of the open boat after a 

quench from 1100-0 to room temperature is shown  in Fig. 6b. 

The wafer  periphery  is  highly  dislocated.    An x-ray 

topograph of a similar wafer but heat treated in the closed 

boat at 120GOC is shown in Fig. 6c. Note that  this time the 

perfection  is  excellent as compared  to  the  wafer 

heat treated at only ilOOoc in the open boat.  However, some 

dislocations are generated in the vicinity of the wafer flat 

indicating residual mechanical damage in this area. 

A further improvement car, be achieved by adjusting the wall 

thickness of the closed boat. Such a boat is shown in 

Fig. 1c and excellent results wen obtained with it. An 

example is given in Fxg. 7 contrasting two wafers 

heat treated at 1200OC. The topographs are recorded af-r a 

quench  from 1200°C to room temperature. Figure 7a shows the 

Closed Boat 15 
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Fig. 5.      Tomperaturc gradients during cooling for center wafer 
measured between 700oC to 1000oC for standard boat 
(no top) and covered boat (with top). 
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x-ray topograph of the „afar heat treated in the open boat 

and Fig. 7b displays the  x-ray topograph of a similar wafer 

heat treated in the closed boat corresponding to Fig. ic. 

WhUe the water quenched in the open boat shows profuse 

dislocation generation the wafer processed ir, the closed 

boat of Fig. lc retail Itt original perfection.  Note that 

even scr.tch.s present in the wafer surface generate only 

very small dislocations in support of the excellent cooling 

properties of this bo.t.  Noteworthy also isthat the 

topograph, shown in Fig. 7a, is a composite topograph. The 

wafer contained a considerable amount of v.arpage in addition 

to the dislocations  as a result of the high temperature 

processing.   Thus it is seen that closed boat processing 

reduces.or eliminates substantially, warpage due to fast 

cooling of wafers.  This is .i-ussed in more detail in the 

following section. 

3.3  WAFER WARPAGE DURING BATCH PROCESSING 

A body of homogeneous material should be free of thermal 

stress and deformation after passing through a transient 

temperature cycle as long as its stress-strain relationship 

stays within the elastic range. As shown in the preceding 

section thermal stresses set up in wafers during batch 

processing in a standard boat exceed quite often the yield 
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stress during cooling.   Consequently, piestio defor.etion 

ooours in the «afers partielly relieving the™el stress. : 

Since ther^l stresses are only  partially  relieved , 

reversed stress distribution arises in a wafer after cooling 

which now - with thä uafer at room temper,ture _ ^^^ ^ 

relieved hy plastic defecation. The wafer being , thin 

pUte will reueve such strains by buying or warping. 

Consequently, a heat-cycled wafer may lose its plane shape 

wh.ch is a requirement for succe.sfu! photolithographic 

Processing. This is shown very deariy in ^ com?osite 

x-ray topograph of Fig. 7a. 

The dosed boat is also very successful in reducing such 

"-page in heat-cycled silicon wafers. This can be seen 

from .he following data. Quantitative warpage data of 

wafers  processed in different boats were obtained .,y 

measuring t'ie  e^^va^-i«^   c 
g       elevation of  a wafer before  and after 

heat treatment above  an optical PI**  u. 
upxicai n«t.  Warpage results  are 

shown for 57.2mm wafers in Fie  ß  Tn r- 
" üg. 8.  In Fig. 8 the warpage is 

plotted on the vertical av;e =,.   r- 
ertical axis as a function of wafer position 

in  the boat which is the horizontal axis  Tho 
«POTTU axis.  The measurements 

summarized in Fig. , compare warpage ^.^ ^ ^ 

standard boat (Fig. la, versus the dosed boat obtained hv 

Putting a roof on £he standard boat <Fig. lb) and als0 

versus the closed boat corresponding to Fig.  lc.  The 
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Fig. 8.      Wctrpage measuremt-nts for 57.2mm diameter wafers. 
Note difference in warpage for different boats. 
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warpage is saen to dacreasa from a maximum of 750pm obtainad 

in tha opan boat to approximataly 250,,» for tha boat with 
roof.  This it a decrease by a  factor of 3 ^   .^^^^ ^ 

tha dacraasa ir> tamparatura obsarvad for tha olosad boat 

compurad to the opan boat <riE. 5). No „ar.page is 0[)served 

aftar processing the wafers in tha cios.d boat shown in 

Fig. 1c. This indica.es that warpage in silicon wafers as a 

resuit of heat -.yding can be substantiaily reduced through 

proper boat selection. 

Temperature gradients and their confe,uencas are more severe 

*or larger diameter wafers.  This is shown for 75m. diameter 

wafers and different boats in fig. 9. Again it is obvious 

that warpage is substantial in wcfers processed  t, standard 

boats and that it is  reduced through processing in the 

-osed boat.  According to rig.  , warpage is about four 

times as large for 75m. wafers as compared to the 57.J™ 

wafers when processed in the standard boat of rig. la.  The 

closed boat in rig. ,„ reduces the uarpage contiderab,v ^ 

not  suffi.iently.   Urge  diameter wafers  are  more 

affectively cooled using the thic. wall boat shown in 

F^g. lo.  Similany good results are obtained if the simple 

boat shown in rig.  lb  (originally designed  for 57.7mm 

"^ers) is pulled rapidly  into a furnace end-cap that is 

wrapped with a stainless steel foil as shown in rig. 10. 
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Fij?. 9.      Warpage moasurcmcnts for Tßmm diameter wafers. 
Note that warpage is four times as large for 7.r>m'n 
wafers compared to 57.2mm wafers when processed 
In open boat. 
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Note  that all warpage measurements presented in Figs. 8 and 

9 relate to heat cycles of 1200oJ. 

H.   BATCH PROCESSING OF SILICON SLABS 

Presently square  or rectangular  shaped  silicon wafers are 

not used routinely in semiconductor manufacturing except for 

solar cell fabrication.  The processing of large rectangular 

wafers -  slabs - can pose  oome severe temperature problems 

if the open boat is used but such problems disappear in  the 

closed boat.  This is  shown for slabs of 115mm and 57mm and 

of  0.375mm  thickness.    The slabs were cut with the wafer 

surface  of <110>  orientation.   The wafer surfaces were 

prepared  using  the  same  chemical-mechanical  polishing 

technique as'for 57.2 and 75mm diameter slices.   The slabs 

were loaded into boats with their long axis parallel  to the 

boat axis.  For open boat processing 15 wafers were standing 

side by side spaced 3mm apart.  The closed boat was of the 

type  shown  in  Fig. 1c.   The  bottom part of  this boat 

contained also 15 slots, each at a distance of 3mm for slab 

loading.  X-ray topographs were made of the slabs before and 

after  heat treatment.     Typical  examples  of  wafer 

perfection before and after processinp. are shown in Pig. n. 

The  advantage of closed boat  processing compared to open 

boat processing is also supported through this experiment. 
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5.   DISCUSSION 

Measurements reported in this paper demonstrate that a row 

of regular spaced wafers (batch) stacked in a boat is 

susceptible to drastic temperature changes whenever the boat 

is quickly pulled out of a furnace at high temperature and 

cooled to room temperature. Such changes can be reduced if 

a closed boat is used. The closed boat is very simple in 

design and almost trivial in its implementation. In its 

simplest form the closed boat uses a quartz tube cut in half 

and put on the standard boat as a roof. A further 

improvement of this simple approach is the use of the 

furnace end-cap wrapped with a metallic foil (Fig. 10). The 

reflectivity pf such a foil can be adjusted by perforating 

the foil. The combination of simple closed boat and wrapped 

furnace end-cap technique can be used to achieve maximum 

cooling rates for any wafer size and load without 

introducing crystal defects or warpage into the wafers. 

To overcome yield losses due to high temperature induced 

slip, the semiconductor industry has generally accepted slow 

cooling of wafers. Slow cooling of Wafers requires fairly 

sophisticated and automated equipment. The slow cooling 

technique is also at a disadvantage compared to the  closed 

28 
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boat when sharp furnace gradients terminate the flat zone of 

the furnace.   Measurements  on several empty furnaces 

indicated to us that quite often gradients larger than I00«C 

accompany the termination of a flat zone in a furnace.  In a 

slow cooling process - particularly with the standard hoat - 

it is no surprise that such gradients are fext by the wafers 

when  the  boat  is  programmed  to move  slowly at a 

predetermined rate out of  the  furnace.   Contrary,  the 

closed  boat  is pulled rapidly within a few seconds out of 

the furnace and consequently  it is not influenced  by such 

intrinsic gradients. 

It  is also our experience that primarily the cooling rycle 

is detrimental to wafer quality.  This may seem surprising 

because the wafers experience  a similar gradient whenever 

they  are  pushed into  the furnace (Fig.  3). However, this 

effect can be understood by realizing that during heating 

the wafers .xoerience the gradient at a lower temperature 

than in the cooling cycle.  In addition,  it is necessary to 

realize that similar temperature gradients cause different 

stresses  depending on the direction  (sign) of the gradient 

(Fig.  3).   Stresses  in a  thin plate due  to a radially 

dependent temperature gradient  almost vanish for hot  edges 

and cool center because under such conditions a plate can 

freely expand (11). 
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Mechanical danjage arour.d the wafer periphery such as chips, 

broken etches, flats and notches,and surface scratches occur 

always as a result of wafer handling. Such damage causes a 

localized stress in the wafer. The additional stress 

necessary to generate dislocations in this area is now 

smaller by the stored amount. The result is normally a 

preferential generation of dislocai-ions in mechanically 

damaged areas. Such dislocation sources are also 

effectively controlled through the closed boat technique. 

An excellent example of such control is shown in Fig. 7b. 

One of the most striking observations about peripheral 

dislocation generation as a result of ope-, boat processing 

may raise the question why the bottom of the wafer - which 

is protected by the boat - shows as many defects -ter 

cooling as the upper part of the wafer - which is nox 

protected (Fig. 2). The answer is obviously that the 

peripheral stress is the same around the circumference of 

the wafer and,consequently, the defect pattern in the wafer 

reflects the symmetry (orientation) of the wafer. This is 

clearly seen in the topographs of Fig. 2. Preferential 

dislocation generation is initiated in damaged areas. 

According to our measurements wafer warpage is another 
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disadvantage of the open boat batch processing and likewise 

a function of temperature gradients generated during the 

cooling cycle  just like  dislocation generation.   An 

additional  parameter that can affect wafer warpage is  the 

surface quality of the wafer.  Chemical-mechanical polished 

wafers showed less tendency to warp than mechanical polished 

wafers. Differently polished front and back surfaces on one 

wafer were also found to influence wafer flatness adversely 

in the open boat processing.  Again we found that such 

parameters are favorably influenced through the closed boat 

technique. 

6.   SUMMARY 

Temperature gradient measurements and x-ray topography are 

us^d  to characterize  silicon wafers  processed in a  row 

(batch)  through high temperature  cycles.   Experiments are 

performed wirh the furnace at 900°C, llOO^C and 1200OC.  For 

rrocessing. the wafers are loaded  in standard and modified 

quartz boats.  Temperature gradients that occur in wafers 

during the heating cycle while  the boat is pushed rapidly 

into the hot  zone of the  furnace and during the cooling 

cycle while it is rapidly pulled out of the  furnace are 

measured and related to crystal perfection in the wafers. It 

is shown that a closed boat can reduce such gradients and 

thus substantially improve cyrstal perfection in heat-cycled 

wafers. 
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Chapter 2 

A NEW FAST TECHNIQUE FOR LARGE-SCALE MEASUREMENTS 

OF GENERATION LIFETIME IN SEMICONPUCTORS 

by 

W. R. Fahrner and C. P. Schneider 

INTRODUCTIUN 

The I    II     of Hfettae ln „„eon m u, „, ^ ,.,„ , ,„ri lmportance 

Since Ih. bMic paper by ZerU..«1» ,miX)rtnnt oon.ribu.ion,, to the Hterature 

have been made by others.'^'  Large-acale ■■ .,. „ mlnorUy carr|er 

mm, have become den.rabte for many .W    Tlle u8ual ..^.^ 

descried by Zerbst, l8 too cumteraome for ■arge-acaie moaauremenb,.    .aater 

technKmes«5' very often do no, give the aame resuUa aa a Zerba, pb...   Tbia 

Paper deacribea a .echriqae capable of rapid meaauremenU of genera.ion life- 

time with good precision.   Three clightly modified meaaurement aetupa uaing 

thia tachtiique aiiow coverage of the wide apectrum of lifetimes in silicon which 

are of practical interest.   The measurements are carried out on metal oxide 
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semiconductor (MOS) capacitors.   (We used thermally grown oxides 1000 to 5000 

angstrom (A) thick.   The <100> oriented substrates (mostly p-type) lad resistivities 

of 1 to 20 ohm-centimeter (O-cm),   Aluminum dots were evaporated onto the oxide 

to form MOS capacitors.)  A voltage, V , is applied to a metal dot, and a steady- 
a 

state inversion regime is established.   Then a voltage step or pulse, Av , is 
a 

added.   This creates a depletion layer underneath the dot, thus reducing the value 

of the total measured capacitance and Increasing the (absolute) value of the \oltage 

drop across the interface.   The time difference, t, between switching (t=0) and 

reaching a preselected percentage of thu equilibrium valuo is printed or displayed 

on a counter.   This value is fitted to the thermal generation model by computer. 

THEORETICAL 

In the theoretical analysi«;, we write the applied voltage as the sum of the 

voltage drop, V    , across the oxide and the surface potential, 0  : 
ox s 

V   + AV   = V     ^  . [1] a a       ox       s l ' 

Differentiation with respect to time and the use of equations 
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and 

dQD/dt = CD-d08Alt [4] 

yields 

<q ' f8i ' NA/2) d(1/CD)/dt 

+(CD * q * NA €8i/2 * CJ ' ^C2
D)Mt 

ni/cox) d Qj/dt = o. [5] 

The integration of Eq. [5] requires knowledge of the generation current, 

^n = dQj/di-   Mo3t commonly, the thermal generation model 

dQI/dt=qnl(xD-xDf)/2TMth [61 

is adopted.   This model is not always valid.   Discrepancies are found, expecially 

for long-lifetime silicon at the end of the C-t return curve, where a faster 

generation mechanism might exceed the decreasing thermal generation.   The 

origins for these deviations may be channel injection, enhanced generation due 

♦j inhomogeneities, or defects in both the oxide and the silicon. 

In the case of channel injection or injection due to inhomogeneities. a simple 

model for do/dt can be assumed, namely. 
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iVl"W^*«V 

where I -< 
I   for C < C, 

iO otherwise 

Note that Eq. [6] does not contain any surface contribution I   = n   • q • s 
s        1     ^       ( 

In a comparison of |( and 1^, B0 values in the order of 10 to 700 centimeters per 

second (cm/sec) were reported.1     These data are obtained from techniques 

based on switching the MOS structure from accumulation to deep depletion.   By 

switching from Inversion to deep depletion, as done In this technique, one obtains 

80 values in the order of 10" cm/sec.   The reason for the reduction Is the 

screening of the surface by an Inversion layer.   The llfetlir es are found to be 

In the range of 1 nanosecond (nsec) to 1 millisecond (msec).   The space-charge 

width. xD, depends on the doping concentration. N     and the applied voltage. 

Assuming typical values xD - 10"4cm »x^. s0 ■ 10 cm/sec. and T ■ 50 micro- 

seconds (psec). one obtains Ul^ ■ 10. whereas, with the "Inversion screened" 
_2 

80 value of 10    cm/sec ,   I8 Is small compared with 1      even for very long 

lifetimes and small space-charge widths. 

In this paper, we adopt the thermal generation model.   The reason Is shown 

below, where Eq. [51 is solved for different models for the generation current 

dQj/dt.   Combining Eqs. (5) and [6], we obtain 
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co.; CD 

CDf-CD c2 •D"»^; ^ dt. m 

This equation can easily be solved by normalization (replacing C    by C  /C^, 
D D    Df 

^R' Cox by Cox/CDf, and CDf hy ^ Änd by chanKinK twlce the variable C       i 

1/XR " 1/,/r^R' where "R B XD/xDf ^d *R " ^8/^  f-   The final result is 

■^ * <CD/COX ^,n '^ " " = "k • [81 

where 
n. 

f   =—^ 
R      2 NT 

Df 

ox 
(t - .0) 

This is the basic equation for the meapurement of the short lifetimes (low- 

frequency measurement). 

When the MOS capacitance is measured with a high-frequency signal, the total 

capacitance is C = C     C   /(C     + C   ).   In this case, Eq. [7] can be rewritten 

dCR    _Cf      "i 

CR«1-^    * 
C       2TNA ' ox A 

(9) 

and its solution is 

In R 
1 -C 

H CR       tf 
(101 

Lifetime 37 



t? 

lb 

to 

T 

w c01/co* ■ 0 1 

•cCM/co» • 0 3 

•cD«/co» -06 

oCcM^o» - 0 7 

•Coi^o« • 0 9 

;T^J 

-3 -2 «R 

Fig.  1.   Relaxation of the surface potential jL for different values of 
R 
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Fig. 2.   Relaxation of an MOS capacitance already in inversion 
to which a voltage step is applied. 
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Fig. 3.   Relaxation of the capacitance for I       ■t, +al .  AO-^O 
Gen      th        o 
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where CR is the normalized capacitance. CR = C/Cf.   Equation [10] Is 

essentially the same as Helman's reault.(5)   Helman. however, did not use 

this result, but Its differential form (Eq. [91).   Furthermore, he switched 

from accumulation to Inversion.   For silicon with lifetimes T :> 10 /*ec. a 

Heiman plot gives satisfactory results only during a very short range of the 

measuring time, as shown below.   Equation (10) is used here to measure longer 

lifetimes (high-frequency measurement     Both Eqs. (8) and [10] are plotted 

in Figs. 1 and 2.   In Fig. 1. we reverse the ÖR axis because we do the same 

in the measurement (cf Eq. [12a). below).   Equation [5) has been integrated 

for several other modes of relaxation.   Of these, we present one example 

(Fig. 3). where we add a constant current to the thermal current.   The parameter. 

^ is a measure for the contribution of these additional currents; or - 0 means 

a pure thermal generation.   It can be seen that for C    ^ 0.9. if the t    axis 
■ R 

is expanded or compressed, the curves will be similar.   On the other hand, a 

variation of r has the same effect.   Thus, an additional generation current is 

equivalent to a reduction of the lifetime in the thermal generation model.   This 

observation is valid for any reasonable generation current that decreases 

towards zero when the capacitance approaches C . 

We use Eq. (10) (high-frequency measurement) to demonstrate this technique. 

When we measure two capacitance values CR(t) and CR(to) at the corresponding 

times t and t#1 we can calculate r. because the other parameters involved are 

easily available.   Cox and Cf can be obtained by standard C-V measurements. 



From these values, N   Cat. be calculated,   n  has a room temperature value of 
A 1 

10       -3 
1.4x10     cm    .   Fort   we choose the onset of the step or pulse <t   =0). o o 

Rather than measure the capacitance after a fixed time t, we select a fixed 

capacitance  value, e.g., C    = 0.8, and measure the *lme, t, between switching 

and reaching the selected capacitance leve..    Figure 4 shows a schematic C-t 

plot and the measured time interval. 

An analog technique M used in the low-frequency case.    Instead of C   , a 
R 

si)ecific change of ^     (and its time duration) is measured.   Only the counting 

of the time is slightly differrnt, for example, we count now between t ■ 0 and 

the time when iR = 0. 2 x (*R(0) - 1) (Fig. 5).   This alaration is caused by the 

experimental jonditions (see below). 

EXPERIMENTAL AND RESULTS 

As shown in Figs. 6a and 6b. the first, high-frequency, measurement setup 

essentially consists of a 1-MHz capacitance meter, two power sipp'ies, two 

memories, a voltage comparator, a plotter, and a printer.   Care must be 

taken that one does not switch the voltage through zero, because the majority 

carrier response is much faster than any switching time.   This setup can be 

used for relaxation times T = 2T N./n   i 100 msec.   This lower limit is 
A    i 

caused by the transient time of the bridge. 
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Fig. 5.   Representative-i-t plot, t   = 0. 
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A similar «etup is used for T-values > 1 m«ec (Fig. 7).   The block diagram of 

(7) 
this setup has been published by Princeton Applied Research, N.J.       In this 

case, the output of a lock-In is proportional to C   .   For T^ 1 sec ,   the plotter 

most be reulaoed by an oscilloscope.   We use a Tektronix sampling oscilloscope. 

which can be connected to a digital counter.   We count the time between t - 0 

and the Instant €„ " 0.8 x (1 - Co(0)) (as an example). 
R n 

The third setup is used for the "short" lifetime case T < 4 sec.   As shown in 

Fig. 8, it consists of a series combination ol the MOS capacitor, C, and a 

standard capacitor, C . >>C.   The voltage drop, V i, across C ^ is measured 
st st st 

with an operational amplifier.   The large parallel resistor, R, defines the d-c 

potential for the amplifier.   The condition R >'» l/wC . yields the upper limit 
st 

for the measurable T values:   T <<R • C    • 2 ff.   It is favorable to choose a 
st 

large value of R rather than of C ,, because an increase in C „ Implies a loss 
st' st 

in resolution.   We can write 

^-voAy/a/c^iAy. 

vsrvc/c8t' [n] 

However, C is a mixture of the high- and low-frequencv capacitance and relaxes 

finallv to C    .   Though it might be possible to calculate C (t) analytically, we 
ox 

prefer a different, more convenient, interpretation.   We write the voltage drop, 

VMOSI aCr08S C " 
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Flg. 7.   Block diagram of the "medium" lifetime case. 
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Fig. 8.      Block diagram of the "short" lifetime case. 



^« 

V = V     +0   . M06       ox       a 

Thus, 

V   - V    + V      + 0   . a      st      ox       s 

Becauae C    and C     are linear capacitors, 
B t OX 

st       St        OX        ox 

V. = V.i<1 + C.t/Co,c' * »,' 

and, finally, 

«s = va-v>t(i.c8t/cox). |12b, 

By measuring Vgt, we know t^ and can use Eq. {8].   Note that, in Eqs. [11] 

and [12), Va assumes two different values.   For this reason, we do not obtain 

the same final values before and during the pulse as in Fig. 4, but two values 

aa shown in Fig. 9.   The time measurement is again performed with a digital 

counter connected to a sampling scope.  The advantage in using the scope and 

counter is the speed and accuracy of the reading.   The error in reading without 

the counter can be larger than 100%. especially for small AV   signals.   Figure 
a 

10 Phows how the «me marks of the counter are set.   The left time mark is 

set at the onset of the pulse wid Indicates the start of the counting (left arrow). 
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The stop time mark can be seen at the end of the pulse (right arrow).   Vhe time 

of an 80% vertical transition between the zones is measured as indicated by the 

heavy line.   Note that we are within the upper limit for the RC     (107O x lo"7F) 
Si 

combination, as shown by the slight tilt of the last horizontal line. 

In Figs. 11 and 12, the results of two measurements are fitted to the thermal 

relaxation curve described by Eq. [10).   Good agreement is obtained in Fig. 11. 

whereas, for the long-lifetime silicon in Fig. 12. the agreement is merely 

satisfactory.   This is in accord with the general observation that in this range 

(T * 1 msec) the error becomes 100%.   A Zerbst plot (Fig. 13) taken from 

Fig. 11 gives T = 2.5 x 10"3 sec and so = 3.7 x lo'* cm/sec.   Ml technique 

yields T = 1.3 • 10"J sec with Cox -- 130 pf. Cf - » pf. CR(0) = 0.339. and 

t = 1060 sec for a selected level C  (t) = 0.8. 
R 

These experimento were related with different samples.    Following are typical 

result« obtained: 

r (Zerbst) ■ 420 /isec - r (this technique) ■ 252 ^sec. 
T (     "    ) = 144 ^sec - T (   " "      ) = 108 jisec, 
r( )-5.6/*8ec - T(   " "       ) = 4.6Msec. 
fi     "    )=     lm8ec-r(   " "       ) = 850 Msec. 

Furthermore, we examine how a nonthermal generation mechanism affects the 

leliability of this technique.   This is done by shining controlled intensities of 

light on the sample or by using mechanically or chemically stressed substrates 
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Fig. 11.    C-t plot of a sample fitted to the thermal relaxation curve. 
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Fig. 12.    Same curve as in Fig. 11, taken from another sample. 
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Fig.  13.    Zerbst plot for the sample of Fig. 12. 
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Fig.  14.    Fteiman plot for the sample of Fig.  12. 
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for the MOS fabrication.   The general result iB as followe.   Whenever a 

reasonable Zerbst plot is obtained, a lifetime results which agrees with the 

value of our technique.   However, when the Zerbst plot fails, car technique 

still reports at least an "effective" lifetlne, which ran be used for process 

monitoring. 

In Fig. 14, we show an example of a Heiman plot.   (We define a Heiman plot 

as the T vs t curve,   where T has been obtained from a C-t plot with the procedure 

proposed by Heiman;     of Eq. [9].)  The data are taken from the sample used 

ii. Fig. 12.   It can be seen that the agreement is poor. 

It is possible to make the measurements and the data evaluation even more 

expedient bv calculating, rather than measuring, C   (0).   For this purpose, we 

use the following model:   a fast-increase dV   of the applied voltage displaces a 
a 

charge dQ ■ C(V )x dV   across the capacitor, C.   Only the majority carriers 

can follow, and a spaed charge q • N    • dx     matches dQ.   Thus, C consists of 

the series combination C     and €   ./x_, with the initial condition x     ■ x     or C = C 
OX 81     Dl Lll W I 

for t ■ 0.   ^Because of this Initial condition, we cannot assume f ./x   >>Cr SI       l' 

as done bv others ( ) in solving Eq. [7].)   The solution of the differential 

ox 

equal' .n 

N    • q • dbc   , ■ (l/C      + xVc ,)'   ■ d V A Dl ox      Dl   si a 
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If 

NA • q x2Dl/(2 ' C8i) + NA q "Dl^ox = AVa + VL^J ^ NA ' q ' XDo/Cox 

We obtain a depletion capacitance 

CD(0) = C81/XD1 

and 

CR(0) = (Cox,CD(0)/(Cox+CD(0)))/Cf ^ 

We check this -nodel by switching an MOS capacitance with AV>  values ■ 
a 

1, 2, 3... 10 volts (V).   The bias V   is 20V and 40V.   The results and the comparison 

with the theoretical values according to Eq. [14] can be seen in Fig. 15.   As 

expected, there is no measurable difference between the 20V and 40V measurements. 

The systematical discrepancy between the experimental and theoretical values can 

be explained by the error in determining the doping concentration.   Different 

14 US 
measurements give a value between 8 • 10     and 1.3 • 10    /cm .   The same 

model can be used to calculate 0_,(O).   It must be emphasized that this model 

ignores some effects that might reduce the value of C   (0).   Among these, the 

lateral current paths and the finite thickness of the inversion laver, probably, 

are most important. 
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SUMMAHY 

A new fast technique for Urge-scale measurements of silicon 

lifetimes is described.   The error limit, compared with a Zerbst 

plot, is less than 20% for r ^ 10 Msec and increases to -100% for T ^ 1 msec. 

This error limit can be reduced by choosing a smaller stopping level C  (t). 

For the long-lifetime case, the measurement time is determined by the setting 

of the selected level and by the T value of the silicon itself.   For the short- 

lifetime case, it is determined by the time required to find the optimum pulse 

frequency.   The com jter time can be disregarded. 

1. - 

0.9 L    cR(o) 
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0.7 - 

0.6 —            • j 
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Fig.  15.    C   (0) vs AV     experiment:   theory:   solid line.   C      - 123 
ox       " pf 

A ■ 1. 765. IP"2 cm
2. and N- 9 x 1014 cm"3. 
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NOTATION 

Symbols 

c measured capacitance 

c( 
minimum capacitance of high-frequency C -V curve 

CD 
depletion capacitance 

c 
ox 

oxide capacitance 
■ 

"i inversion capacitance Subr.criptä 

c
8, 

standard capacitance a applied 

», 
surface potential ox oxide 

Va 
applied voltage f final, in equilibrium 

V 
ox 

voltage drop across the oxide th thermal 

S inversion charge Gen generation 

QD 
depletion charge 8 surface 

NA 
doping density R in reduced units 

€    . 
SI 

dielectric constant of silicon D depletion 

q elementary charge 

XD 

T 

depletion width 

lifetime 

time 

s surface generation velocity 
o 

n intrinsic carrier density 
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