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l>Bt»r»in«tl- i     !   t   .     Ijg     i  L^rrimr Tr<o«porte.| 

Z.  WainbvrR  , W.  C.  Jolmuon and M.   A.  lampmrt 

Department ot Klectrlcal Knuineering, Princeton TniverHlly, 
Princeton, New Jersey OH34U 

In studying the cliarge transport properties of thin 

insulating tilms it is often difficult to determine whether the 

dominant car*-leri» are electrons or holes. Yet, in the absence 

of tiila knowledge it is impossible to devise realistic models 

for the transport.  In the course of study of breakdown in SlO, 

filma on Si we have developed a p-n Junction technique to solve 

this problem. 

The basic Idea Is Illustrated schematically In Fig. 1. 

Prior to formation of the insulating layer, the silicon substrate 

lias had diffused Into It a shallow p-n Junction, using a p-type 

diffusion on n-substrate for negative surface potential of the 

insulating film (and the reverse of this for positive Insulator 

surface potential) so as to avoid Inversion of the thin layer 

at the silicon-insulator interface,  lie thickness of the 

diffused layer is made much smaller than the diffusion length of 

minority carriers so that this layer can act In a manner 

similar to the base region of .. bipolar transistor.  The shallow 

layer is connected externally to the substrate, and the built-in 

electric field of the p-n junction causes the junction to act as 

a sink for excess minority carriers In the thin region. 

The operation of the structure is show-.'1 schematically In 

Fig. 1(a) for a negative Insulator surface poiintlal.  The 

dominant  ciiarge  carriers  may  be either electrons  transported 

downward or holes transported upward.  It the dominant carriers 

are electrons,  they enter the shallow p-region of  the  Si  as 

minority carriers and diffuse to the junction where they are 

swept   into  tue n-substrate  and  pive   rise  to  the  current   I   . 
n 

To  the extent   that   there   is electron  recombination   In  the p-reglon, 
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partlcuUrly at ih*  oxld« Intvrtaca, thmtm  lm  «lao a aaall currant 

in th« p-circuit and a curraaponding dialnutlun in tha n-circuit 

currant.  On tha othar iiand, if tha dominant carriara in tha 

insulator ara hola«, thaaa, baing «ajority carriara in tha p-ragion, 

will ba ohaically ralaxad and will glva rina to a currant I , with 
P 

nagligibla currant in tha n-circuit.  In such mannar do tha ralativa 

nugnitudaa of tha two current» indicate tha Hign of the carrier. 

Tita configuration shown in Fig. 1(b), uaad for a positive insulator 

surface potential, operataa in a manner analogous to that of 

Fig. 1(a).  The affect of the large kinetic energy of carriers 

entering the narrow-bandgap semiconductor from the wide-bandgap 

insulator 1» discussed below. 

We have applied the above-described technlquo to SiO, 

films thermally grown on Si to a thickness of approximatalv 1000 A. 

The substrate was 5 ohm-cm Si, into which, prior to oxidation, 

had been diffused an 0.5 .m layer of opposite conductivity type 
17    18    1 

laving a surface impurity concentration of 10  -10  cm" .  The 

surface of the oxide was unmetallixed, contact to it being made 

by means of a corona discharge - either positive or negative - 

in dry air at atmofpheric pressure.  The experiment is illustrated 

in Fig. 2.  The shield protects the top contact and the diode 

edges from the corona, and the shield voltage, V , is used to 

control the corona current, I , flowing into the diode.  The 

active surface area of the sample was chosen to provide a 

suitable range of currents from the corona.  The values of the 

current-sensing resistors, K and R,, must be much smaller than 

tue diode internal resistance.  In our experiment the voltage 

drops across K. and R2 did not exceed 1 mV.  The voltages 

ac.uss the resistors were measured with a Keithley Model 149 

Nanovoit.neter. 

The results of the experiment are as follows: 

(1) Positive Chargina [Fig. 1(b)J:  I  - 0, I  - I ,  a B... —a     p    »  n    c» 

indicating electron transport through the oxide - a result 

consistent with other experimental evidence. 
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FIG.   2.     Cross-sectional  view of   the diode experiment  using 

corona charging.     The shield opening was  1.3 mm x  3 mm.     R    -  K, 

1  k... 
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U*> »«•■•tlv Chanini iFlg. !(•)];  Th« results arc 

presented In Flu.   3. Currents «re observed on both sides of the 

junction, with I nceeilve (Inconsistent with holes Injected 

tro« the p-Sl Into the oxide) and 1  positive.  Th« salient 
n 

features of  the data  In Fig.   3 are:   1 -I    and   I        21   .    These 
p c n c 

results are  readily explained by assuming  that  the dominant 

carriers  In the oxide are electrons and that each electron,  after 

entering the Si with at  least  J.l eV of excess kinetic energy,2,3 

generates, on the average, one electron-hole pair.  Thus, for 

each electron entering the Si from the oxide, one hole, on the 

average, leaves the Si through the p-circuit and two electrons 

leave through the n-circuit. 

We have demonstrated that photons arising in the corona 

discharge cannot be the source of the results shown in Fig. 3 

by biasing the shield (Fig. 2) sufficiently positive to divert 

all negative ions from the sample, whereupon I  - 0 and I  - 0. 
_. p        n 
There remains the formal possibility that photons generated by 

the ions settling on the surface may have played a key role. 

However, the result I /'   -0.5 would then require a coincidence 
p n ' 

beyond tie reach of credulity. 

In conclusion, we note tiiat the diode experiments, in 

addition to Identifying electrons as the dominant carriers In 

the SlO_ for both polarities of corona discharge In dry air, 

also iiave demonstrated that the electrons in the conduction band 

of the oxide cannot, on the average, have been substantially 

heated-up at oxide fields up to 1 x 10 V/cm.  The average 

electron In the oxide cannot have gained as much as 2 eV; other- 

wise at least two electron-hole pairs would have been generated 

per incoming electron, resulting In  I /I   • 2/3. 
P n 

Our samples were fabricated it the RCA Laboratories In 

Princeton, N.J., and we express our gratitude to the many staff 

members at these Laboratories who furnished the necessary 

assistance. 
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In   Ita Mrtttff »tw  thim work w«» «Uo partially nupported by 

tl»« Xerox Corporation. 

/Now at   tha   IBM Laboracorlaa,  Yorktown  HaiRlit8,  N.Y. 

1. C-V najMuranantH   indicate  that  thare   ia no  residual  positive 

charge   in Che Si02   following positive corona charging, 

thareby excluding hole  transport as  the dominant  current   in 

the oxide   (results  to be  published). 

2. M.   Lemlinger and E.  H.   Snow,  J.  Appl.  Phys.  40, 278  (1969). 

3. R.  Williams and M.  H.  Woods,  J.  Appl.  Phys. 44,  1026  (1973). 
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fIC,   3.     Diode  currents  for negative  corona charging.     The  average 

liilii   in   the  oxide   in   these  measiirenents was   approxlmatelv   l.J  x   10     V/rm. 
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