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Electrical conductivity of semi-insulating polycrystalline silicon and its 
dependence upon oxygen content 

James Ni and Emil Arnold 
Philips Laboratories, Briarcliff Manor, New York 10510 

(Received 8 May 1981; accepted for publication 17 July 1981) 

An explanation is given for the strong dependence of electrical conductivity of semi-insulating 
polycrystalline silicon films on oxygen content. The proposed model assumes a shell structure 
such that each Si grain is surrounded by a layer of Si02, the thickness of which is related to the 
oxygen content of the film. The conduction proceeds by tunneling of thermally generated carriers 
through the oxide layers separating adjacent grains. The model properly predicts the dependence 
of the low-field conductivity on both oxygen concentration and temperature without any 
adjustable parameters. Evidence for oxide barrier lowering for barrier thicknesses < 5 A is 
observed. 

PACS numbers: 73.60.Hy, 73.60.Fw, n.80.Ng 

Semi-insulating polycrystalline silicon (SIPOS) films 
have gained considerable attention in recent years becasue of 
their use as passivation layers for silicon devices. 1.2 The 
structure of a SIPOS film is believed to be a two-phase mix­
ture of polycrystalline Si and amorphous Si02 •

3
-

5 The elec­
trical properties of SIPOS films are very sensitive to the over­
all oxygen content,6 and their resistivity increases by some 
five orders of magnitude when the oxygen concentration 
changes from zero to 50 at. %. The conductivity is ohmic for 
applied fields < 1 X 105 V /cm but becomes field-dependent 
at higher fields. 

Models for the electrical conduction mechanisms ofSI­
POS films were proposed by Tarng7 and by Hamasaki et al. R 

The former used a symmetrical Schottky barrier model, 
while the latter treated the system as a homogeneous amor­
phous semiconductor.9 Neither description, however, ad­
dresses the dependence of the electrical properties on oxygen 
content. It is the purpose of this letter to suggest a model for 
SIPOS films that specifically relates the conductivity of this 
material to the oxygen content. The first-order model cor­
rectly predicts the dependence of the low-field conductivity 
on both the oxygen concentration and temperature without 
any adjustable parameters. 

The proposed structure of an annealed SIPOS film is 
shown in Fig. 1. The present model is based on the assump­
tion that each Si grain is surrounded by a thin Si02 layer even 
at low oxygen content, so that Si grains are always isolated 
from each other. Underlying this assumption is the follow­
ing qualitative consideration of the thermodynamics of the 
Si-O system. The oxygen concentration in SIPOS greatly 
exceeds its solubility in silicon, so that when silicon crystal­
lites begin to form during annealing the excess oxygen must 
segregate outside the grains.5 Infrared absorption spectra in­
dicate that the excess oxygen in annealed films is present 
mainly as Si02, although some lower oxides may also be 
present. 5

•
6 Since the Si-O bond is energetically more favor­

able to form than the Si-Si bond, the maximization of the 
number of Si-O bonds will favor the structure that has the 
largest interfacial area for the formation of the Si-O bonds. 
Hence, we conclude that oxygen in SIPOS exists mainly in 
the form of SiOz surrounding each Si grain. The present 

"shell" model may be contrasted with the "mosaic" struc­
ture proposed by Hamasaki et al. 3 consisting of a random 
mixture of Si and Si02. In the latter structure the Si regions 
become connected for larger amounts of Si, at which point 
percolation should control the conduction through the lay­
er. \0 Since no percolation threshold has been observed ex­
perimentally, we again conclude that the Si grains are isolat­
ed from each other at all oxygen concentrations. 

With the aid of the shell model we can relate the oxygen 
content in the SIPOS film to the average thickness of the 
Si02 layer surrounding each grain. To facilitate the calcula­
tion we use the idealized unit cell structure shown in Fig. 
l(b). In a given volume of SIPOS, the experimentally deter­
mined atom fraction x of oxygen is related to the volume 
fraction V 2 of Si02 by the following equation: 

V2 = [1 + (2p2M/PIM2)(I/x - 3/2)] -I, (1) 

where PI' P2 are the densities and M I, M2 the molecular 
weights of Si and Si02 • The thickness D of the Si02 layer 
separating two adjacent Si grains is given by 

D=d[(l-v2 )-1/3-1J, (2) 

where d is the average size of the Si grains. 
Because of carrier trapping in surface states at the Si­

Si02 interface, a space-charge region will exist within the Si 
grain. II The surface-state density n, required to deplete the 

Si CRYSTALS 

FIG. I. Proposed "shell" model for SI­
POS. Each Si grain is surrounded by a 
layer of Si02• The idealized cell struc­
ture used in the calculations is shown in 
(b). 
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entire grain is (for d::S bulk depletion width) 

ns ~d INd - Na 1/6, (3) 

where INd - Na 1 is the difference of donor and acceptor 
concentrations in the Si grains. Thus a density of 1 X 1012

_ 

cm -2 surface states with energies near the midgap is suffi­
cient to deplete a 50-A grain with a net doping..;; 1 X 1019 

cm- 3 and to pin the Fermi level deep within the forbidden 
gap. Accordingly, we assume that each Si grain behaves like 
a quasi-intrinsic semiconductor. The conduction proceeds 
by tunneling of the thermally generated carriers within the Si 
grains through the oxide barriers separating adjacent grains. 
Since the energy separation between the valence bands of Si 
and Si02 is appreciably higher than that between the respec­
tive conduction bands, intercrystalline transport at low 
fields will proceed mainly by electron tunneling. The net 
tunneling current density in the x direction is 12 

J = (41TemJh 3)J D (Ex)dEx J [fiE) - fiE + eV2)]dEyz ' (4) 

wheref(E) is the Fermi factor, D (Ex) is the transmission 
probability of the barrier, m I is the effective mass of the car­
riers in silicon, and V2 is the portion of the applied bias that 
appears across the oxide barrier. The integration extends 
from the bottom of the silicon conduction band to all higher 
energy levels. For small barrier voltages the energy depen­
dence of D (Ex) can be neglected. In the WKB approxima­
tion, D = exp ( - 2X8), where X =(8~m2tP Ih 2)1/2, tP is the 
barrier height, and m 2 is the effective mass of the electron in 
the forbidden gap of the oxide. 12.13 The current density then 
becomes 

J = (41Te2mlkTV2Ih 3) exp ( - Eg /2kT) exp ( - 2X8), 

(5) 

where Eg is the silicon band-gap energy, and we have used 
the low-bias approximation: 

fiE) -fiE + eV)~ - eVaf(E). 
aE 

The average electric field in the film is 

F= (VI + V2 )1(d + 8), (6) 

where VI is the voltage drop across the Si grain. The voltage 
VI is determined by the conductivity of the intrinsic Si 
grains, so that the current density may also be written as 

J~2(21TmlkT Ih 2)3/2(epVl/d) exp (- Eg /2kT), (7) 

where p is the mobility of electrons in silicon. Combining 
Eqs. (5) and (7) we see that 

VI/V2~(21TmlkT)-1/2(ed Ip) exp ( - 2X8) < 1, (8) 

so that nearly the entire applied voltage appears across the 
oxide barriers. The apparent low-field conductivity of the 
film is therefore 

u = J IF = 41Te2h -3mlkT(d + 8) 

xexp( - Eg/2kT) exp ( - 2X8). (9) 

Figure 2 shows the conductivity of experimental SIPOS 
films as a function of the oxide barrier thickness 8 (the latter 
calculated from the known oxygen content and Eqs. 1 and 2). 
The 5000-A-thick SIPOS films were formed over Si02-coat-
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FIG. 2. Low-field conductivity of SIPOS at 300 K vs separation between Si 
grains o. The corresponding oxygen content is shown at the top of the figure. 
An average Si grain size of 45 A is assumed. The slope of the solid line 
corresponds to a barrier height of 3.0 eV. 

ed Si wafers by chemical vapor deposition from SiH4 and 
N20 and annealed at 9OO·C in a dry nitrogen atmosphere. 
The average Si grain size for films deposited under these 
conditions3 is -45 A. The oxygen concentration was mea­
sured by an electron microprobe analyzer and is also shown 
in the figure. At the higher oxygen concentrations an expo­
nential dependence of the conductivity on barrier thickness 
is observed, as predicted by the model. The slope of this 
relationship is proportional to the square root of the barrier 
height tP. Using Eq. 9 and m 2 = 0.42 mo (Ref. 13) we obtain 
tP = 3.0 eV, in good agreement with the accepted value. 14 

The slope decreases for 8 < 5 A, possibly because of a de­
crease in the barrier height resulting from the rounding of 
the barrier edges by image forces or band-gap grading. 

Figure 3 shows a plot of the conductivity versus recip­
rocal temperature for a SIPOS sample containing 19% oxy-
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FIG. 3. Low-field conductivity ofa 
SIPOS film containing 19 at. % oxy­
gen vs reciprocal temperature. 
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gen. The slope in the high-temperature regime is 0.56 eV, in 
good agreement with Eg/2 predicted by Eq. 9. The preex­
ponential factor is approximately four times larger than that 
given by Eq. 9. At lower temperatures the activation energy 
decreases, indicating the presence of a competing transport 
mechanism. Among possible modes for electron transport in 
this regime are hopping conduction through localized states 
in the Si grains,8 and lateral conduction in the oxide or along 
the Si-Si02 interfacial regions. 

It thus appears that tunneling of thermally generated 
carriers through narrow Si02 barriers that surround the de­
pleted Si grains can account for the low-field conductivity of 
SIPOS films over a wide range of oxygen concentrations. No 
percolation threshold can be seen at low oxygen concentra­
tions. Apparent lowering of the Si-Si02 barrier is observed 
for barrier thicknesses < 5 A. At the highest oxygen concen­
trations, the conductivity may be governed by the bulk prop­
erties of Si02, possibly modified by local field enhancement 
near the Si-Si02 interfaces.4 At oxygen concentrations be­
tween - 10 and 40 at. % the present first-order model gives 
a satisfactory description of electron transport and requires 
no adjustable parameters. A more elaborate calculation may 
be required to account for the factor-of-four discrepancy in 
the preexponential factor. 

The authors are indebted to B. Rossi for valuable assis­
tance with the preparation of SIPOS films and to A. Sicig­
nano for the electron microprobe analysis work. 
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Reliability of pulsed electron-beam-alloyed AuGe/Pt ohmic contacts on GaAs 
c. P. Lee, B. M. Welch, and J. L. Tandon a) 

Microelectronics Research and Development Center, Rockwell International, Thousand Oaks, California 
91360 

(Received 23 March 1981; accepted for publication 21 July 1981) 

Reliability of pulsed electron-beam-alloyed AuGe/Pt ohmic contacts on GaAs has been studied 
and compared with thermally alloyed contacts. Electron-beam-alloyed contacts have excellent 
surface morphology and low contact resistance, but are not as reliable as thermally alloyed 
contacts; the specific contact resistance deteriorates with thermal aging at 250 ·C. The 
degradation is explained by the interdiffusion and compound formation in the metals during 
aging. 

PACS numbers: 81.4O.Rs, 66.30. - h 

The use of electron beams and lasers for the formation 
of ohmic contact on GaAs has recently been of great inter­
est. 1-4 Unlike conventional thermal alloying, which requires 
the entire sample to undergo heat treatment for a consider­
able amount of time, lasers and electron beams can very 
quickly provide energy to selected, localized regions. With 
pulsed electron beams and Q-switched lasers, one can instan­
taneously (..;; 100 ns) raise the temperature of the metal GaAs 
interface to a much higher level than the temperature ob­
tained with conventional alloying methods. This short time, 
much shorter than required for the creation of nucleation 

"Present address· Royal Melbourne Institute of Technology Melbourne 
Vic. 3001, Australia. 

sites, inhibits the formation of surface irregularities, and 
thus yields much better surface morphology. Although good 
ohmic contacts with low contact resistance have been re­
ported from using these techniques, 1-4 the reliability of the 
contacts, which is essential for device applications, has not 
been established. In this letter the reliability of electron­
beam-alloyed AuGe/Pt contacts on GaAs is presented and 
compared with that of thermally alloyed contacts. 

The contacts consisted of - BOO-A AuGe and - 300-
A Pt deposited bye-beam evaporation. The n-type layer, 
which had a sheet resistance of about 340 n /0, was pre­
pared by ion implantation in semi-insulating GaAs. The 
peak carrier concentration was about 5 X 1017 fcm3

• Test 
patterns were defined by photolithographic and liftoff tech-
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