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Anomalous resistivities have been observedin the upper portions of Czochralski-grownsilicon crystals
15—25 incheslong. Severalexperimentshave shownthat the anomaliesare due to the presenceof thermal
donors.Thesedonorsareformed in regionsthat are far enoughfrom thegrowth interfacein eachcrystal to
spendappreciableperiodsat temperaturesin the 300—500°Crangebefore crystal growth is completedand
thesystemcooledto roomtemperature.

Dislocation-free silicon crystals up to 3 in. in 2 in. of each end. (Some crystals were cut into two
diameterand 30 in. long are being grown by the sectionsbeforethe resistivity was measured,so that the
Czochralski method in our production facility as a end effects lead to a gap in the dataat the breakbe-
source of wafers for device processing.The crystal tweenthe sections.)The resistivity at the lower endof
boulesare pulled from a silicon melt that is contained each crystal varies in the mannerexpectedfrom the
by a fusedsilica liner, distribution coefficientsmeasuredfor shortercrystals,

Thesecrystals often exhibit anomalousresistivity but at about10 in. from the bottomthereis an abrupt
profiles. Typical examplesof these profiles for both increasein resistivity for the p-typecrystalanda smal-
p-type, boron-dopedcrystalsandn-type, phosphorus- ler but alsoabruptdecreasein resistivity for the n-type
dopedcrystalsareillustratedin figs. 1 and2, respective- crystal.
ly. The resistivity measurementsweremadealong the In annealingexperimentson silicon containinghigh
outside of the crystal boule with a two-point probe. concentrationsof oxygen, Fuller and Logan1) and
Sincethe currentflow is distortednearthe endsof the Kaiser, Frisch,and Reiss2)found that thermaldonors
boule, valid measurementscannot be made within involving oxygenwereformedby annealingat 300—500

50 I ~C and removedby annealingat temperaturesaboveI I 500 °C.On the basis of theseresults, the resistivity

40 _ AS GROWN - anomaliesin the long crystalsare proposedto be due

0AFTER HEAT

TREATMENT — I I I I I I I
- .ASGROWN

QAFTER HEAT

6 TREATMENT —

20 — - 00000000000
>- - 0 .o -

oOO .0
> > - .. . 0 0 —

00
(I) >

- ~ 0 -

0000 ~ NECKED-DOWN REGIO’~ 3

..0 . re 2 - . -

10— ~ I I I I I I
— 24 20 16 12 8 4 0

I I DISTANCE FROM BOTTOM OF CRYSTAL(IN.)
17 DISTANCE FROM BOTTOM OF CRYSTAL (IN) I 0 Fig. 2. Variation of resistivity with distance for phosphorus-

doped silicon single crystal. The crystal diameterwas initially
Fig. I. Variation of resistivity with distancefor typical boron- 2 in. After 11 in. of growth the diameterwasdecreasedto 1/16 in.
dopedsilicon single crystal 2 inchesin diameter, and thenincreasedto 2 in. for thefinal 9 in. of growth.
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to formationof oxygendonors;oxygenis incorporated TIME (HRS)

in the crystalsduring growth asa result of the reaction ~ ~ 35 3~O 2~5 2.0 15 10 05 0

betweenthe siliconmeltandthefusedsilica liner. These 1400 -

donorsare formedin portionsof the crystalsthat are NE~%~~tWO

far enoughfrom the growthinterface(in this particular CONSTANT DIAMETER

case, more than about 10 in.) to spend appreciable 1200 - (2) CRYSTAL -

periodsat temperaturesin the300—500°Crangebefore
crystal growth is completedand the systemcooled to ~ 1000 - . -

room temperature.In p-type samples,the thermal /
donors compensate the boron acceptors, thereby ~ - ‘~cKEDDowN REGION -

i-educing the carrier concentrationand increasingthe
resistivity; in n-type samples,thesedonorsare added ~ 600 - II 7 ~ -

to the phosphorusdonors,increasingthe carrier con-
centrationanddecreasingthe resistivity. The increase
in donor concentrationinferred from the resistivity 400 - ~ -

changewas 7 x iO’~cm3 for the p-type crystalsand
8 x l0’~cm3 for the n-type crystals, well below the 20028 24 I 20 16 12 I I I

maximum changeof 2x 1016 cm3 reported by refs. DISTANCE FROM GROWTH INTERFACE (IN.)
I and2. Fig. 3. Temperatureat the seed end versus distancefrom the

Three types of experimentswere performed to solid—liquidinterfacefor a constantdiametercrystalanda necked-

confirm the hypothesisof thermaldonors: first, post- down two-part crystal.

growth annealingexperimentsin which the resistivity temperatureof a particularpoint at any time depends
anomaliesare eliminated; second,temperaturemeas- onlyon its distancefrom thesolid—liquid interface,and
urementsas a function of distancefrom the growth not on its distancefrom the top of the crystal*. A 2 in.
interface; and third, experimentsin which the tem- diametercylinder of single crystal silicon 2 in. long,
peratureprofile of the crystal puller is alteredto keep with a 3/16in. diameterholedrilled throughthecenter,
the temperatureof any part of the crystalfrom falling was used as a seed. A quartz sheathcontaining a
below 600°Cbefore the system is cooled to room platinum/platinum—13%rhodium thermocouplewas
temperature. placedin the centerhole. The outputfrom the thermo-

The data for resistivity versus crystal length after couplewasrecordedwith a stripchartrecorderduring
heat treating the boules for 4 hr at 650 °Care also growth.The largeseedwas dippedinto a 4 kg meltand
given in figs. 1 and 2. The after-heat-treatresistivity single crystal growth was continued for about 3 in.
varies in a manner expected from the distribution After 3 in. of growth each crystal examinedbecame
coefficientsfor boron and phosphorusmeasuredfor twinned and then polycrystalline. The change from
shortercrystals. The disappearanceof the resistivity single crystal to twinned crystal to polycrystalline
anomaliescan be attributed to the removal of the materialshouldnot affect the temperatureprofilesand
thermaldonors,which accordingto the dataof Fuller macroscopicheat flow conditions. Crystal diameter
andLogan1)would require much less than 4 hr at wasmaintainedby varyingthe pull rate. Temperature
650 °C. profiles were measuredfor boron- and phosphorus-

During the growth of several crystals, the experi- doped crystals grown at various seed and crucible
mentalproceduredescribedby Brice andWhiffin3) was rotation rates.
usedto measurethetemperatureatthe seedendof each The longitudinal temperatureprofile for a 26 in.
crystalas a function of length of materialgrown. This long, 2 in. diameterboron-dopedcrystal is shown in
techniquedoesnot directly yield a temperatureprofile,
which is a plot of the temperatureas a function of * This assumptionwas verified by comparing the temperature

data measuredat 2 in. and4 in. alonga 4 in. longseed. For both
position alongthecrystalat a fixed time. However,the thermocouplesthe temperatureplotted as function of distance

method doesyield a profile if it is assumedthat the from the interfacewas thesame.
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fig. 3. It canbeinferredfrom the datathat approxima- upperportion shows a changein resistivity indicative
tely the top 12 in. of crystal droppedbelow 500 °C that the temperaturedroppedbelow 500 °C,yet the
beforecrystalgrowth wascompleted,andthatportions overall profile is quite similar to that of a constant
of the crystal remainedbelow 500 °Cfor as long as diametercrystal.
2 hr. According to the results of Fuller andLogan’), a In order to verify that donor formation occurs in
substantialconcentrationof addeddonors could be portionsof a crystalthat are in the 300—500°Crange,
generatedin the top portionof the crystalduring this severalcrystalswere grownin a puller which hadbeen
time. Theresults depictedin fig. 1 canbeexplainedon modified to maintain the entire length of the crystal
the basisof this model, above600 °Cuntil cooling to room temperature.The

The temperaturedata for a necked-downtwo-part resistivityprofilesobtainedin this caseindicatethatno
crystal are also given in fig. 3. The diameterof this thermal donors were formed, since the as-grown
crystal was initially 2 in. After 11 in. of growth, the profilesarenotanomalousanddo notdiffer significant-
diameterwas reducedto ~- in. and then increasedto ly from profiles measuredafter post-growthannealing
2 in. for the final 8 in. of growth. The profile in this at 650 °C.
instanceis almost the same as that of the constant
diametercrystal. It is apparentthat the temperature References
profile is dependenton the thermal environment I) C. S. Fuller and R. A. Logan, J. Appi. Phys.28 (1957) 1427.

dictatedby the puller rather than on the crystal dia- 2) W. Kaiser,H. L. Frisch and H. Reiss,Phys.Rev. 112 (1958)

meter.The resistivity profile plottedin fig. 2 is that of a 3) J. C. Brice and P. A. C. Whiffin, Solid-StateElectron.7(1964)

crystal grown under “neck down” conditions. The 183.


