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In this letter we demonstrate the use of oxygen as a dopant in silicon to create semi-insulating, 
crystalline silicon films grown by chemical vapor deposition. The films contain oxygen 
concentrations that exceed the peak solid solubility of oxygen in silicon by several orders of 
magnitude, yet they remain crystalline. The resistivities of these films reach levels of 106 fi cm 
at room temperature and the electronic properties of the films exhibit classical characteristics of 
space-charge-limited current associated with insulators containing trap states within the band 
gap. We then demonstrate that metal-oxide-semiconductor transistors with bulk-like mobilities 
can be fabricated in crystalline silicon layers grown without oxygen on top of the semi-insulating 
films. 

Semi-insulating substrates are desirable for high-speed 
electronics because they provide circuits and devices with 
intrinsically low capacitances. One big advantage of III-V 
semiconductors over silicon for high-speed electronics is 
the availability of semi-insulating substrates. Previous 
work related to semi-insulating silicon layers resulted in 
the formation of semi-insulating polycrystalline silicon 
(SIPOS) films.’ SIPOS films, which contain oxygen con- 
centrations of a few tens of atomic percent, are used as part 
of passivation schemes for high-voltage semiconductor de- 
vices’ as well as wide band-gap emitters in silicon-based 
heterojunction bipolar transistors ( HBTs) .3 Oxygen-doped 
silicon epitaxial films ( OXSEF)4 were then introduced as a 
crystalline substitute for the wide band-gap material for 
silicon-based HBTs. The OXSEF layers are grown by mo- 
lecular beam epitaxy in a temperature window of 300- 
700 oc.5*6 Even though the oxygen concentrations in the 
OXSEF films are on the order of a few tens of atomic 
percent, the films remain crystalline and when heavily 
doped with arsenic, they exhibit low resistivities. In this 
work, we continue the study of oxygen in crystalline silicon 
by introducing the oxygen as a dopant during low- 
temperature chemical vapor deposition of epitaxial silicon. 
It is known that oxygen creates energy levels within the 
silicon band gap at E,+O.4 eV and En+0.6 eV.’ By heavily 
doping the silicon films with oxygen, we attempt to pin the 
Fermi level near the silicon midgap and create a semi- 
insulating layer while maintaining the crystallinity of the 
epitaxial layer. The oxygen-doped silicon (Si:O) layers 
grown for this study contain oxygen concentrations on the 
order of 102’ cm-s. 

All epitaxial layers (both Si:O and pure Si) were 
grown in a susceptor-free, lamp-heated, chemical vapor 
deposition system described in detail elsewhere.* The Si:O 
layers were grown on (100) silicon substrates that were 
chemically cleaned prior to loading into the reaction cham- 
ber. The wafers were then cleaned in situ at 1000 “C in a 
250 Torr hydrogen ambient for 60 s. The system pressure 
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was then lowered to 6 Torr for growth of a 1.5 ,um buffer 
layer using dichlorosilane as the silicon source gas. Follow- 
ing the buffer layer, the temperature was reduced to grow 
the Si:O layer (between 700 and 750 “C) and allowed to 
stabilize. At this point, silane (SiH,) replaced DCS as the 
silicon source gas and the silane flow was also allowed to 
stabilize before the introduction of oxygen. 

0, was chosen as the source gas for these experiments 
since it is easily removed from the growth environment as 
compared to water vapor which adsorbs to the quartz walls 
of the chamber. Since O2 is readily removed from the 
growth environment, once the oxygen source is extin- 
guished, its effects are not felt on subsequent layer growth. 
The oxygen was introduced to the growth environment in 
an argon carrier gas through a calibrated mass flow con- 
troller. The gas phase concentration of 0, ranged from 5 
ppm (parts per million) to 10 ppm while the oxygen con- 
centrations in the epitaxial layers ranged from approxi- 
mately 7~ 10i9-1.4~ 102’ crnm3 at 750 “C and 1.8~ 102’- 
3.5~ 102’ cmm3 at 715 “C. We determined, by secondary 
ion mass spectrometry (SIMS), that the oxygen concen- 
tration in the epitaxial layer is proportional to the concen- 
tration of oxygen in the gas flow. This suggests that we 
have entered a low-temperature kinetic limit for oxygen 
incorporation in the epitaxial layer. The epitaxial films 
grown at low temperature exhibit specular reflection of 
light with no signs of haze on the wafer surface, even with 
an oxygen concentration of lo*’ cmA3. 

We studied the characteristics of Si:O layers using 
Fourier transform infrared (FTIR) spectroscopy transmis- 
sion measurements. Figure 1 shows a transmission spec- 
trum of a 5 pm thick film of Si:O doped with oxygen to a 
level of - 102’ cmw3 on a float zone substrate normalized 
to a substrate without an epitaxial layer so that the absorp- 
tion spectrum contains negligible contributions from the 
oxygen in substrate. Arrows on the figure mark the vibra- 
tional energies for the Si-0 bond when oxygen takes the 
form of an interstitial atom ( 1107 cm- ‘) and Si02 precip- 
itates ( 1100-1230 cm-i). Notice that the absorption peak 
in the Si:O is shifted to an energy lower than that of the 
interstitial oxygen and has a full width at half maximum 
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FIG. 1. FTIR transmission spectrum of a 5 pm thick sample of Si:O 
doped with oxygen to - 10” cmm3. The arrows denote the vibrational 
energies for interstitial oxygen ( 1107 cm-‘) and SiOr precipitates (1 MI- 
1230 cm-‘). Note the peak shift away from the interstitial peak to a lower 
energy for the Si:O layer. 

(FWHM) much larger than the accepted value of 32 cm-’ 
associated with interstitial oxygen. This broadened and 
shifted peak is similar to the spectra seen for OXSEF as 
reported by Tabe et aL6 We cannot make a positive deter- 
mination of the oxygen configuration in the silicon lattice, 
but the data are not consistent with the classical formation 
of SiOa precipitates because of the peak shift to lower en- 
ergies. Tabe et al. explained this shift by the formation of 
SiOi15 *instead of the complete phase separation into SiO, 
preciprtates. With SiOz precipitates, the emergence of ab- 
sorption lines is typically seen at energies higher than the 
interstitial energy. ’ * 

Even though these layers contain oxygen concentra- 
tions exceeding the peak solid solubility for interstitial ox- 
ygen in silicon, the layers remain crystalline. We studied 
the crystallinity of the layers by x-ray diffraction tech- 
niques. A diffraction spectrum for a 5 pm thick Si:O layer 
containing 5 X lOi cm U3 of oxygen is shown in Fig. 2. 
Note that the intensity scale is logarithmic. In this spec- 
trum, we see only peaks associated with (100) crystalline 
silicon demonstrating the crystalline nature of the films. 
(The system filter was not able to resolve the (r and fl 
source lines.) 

We characterized the electronic properties of the Si:O 
films by fabricating a variety of devices. Initial resistivity 
measurements were made using Schottky diodes formed by 
evaporating aluminum directly on the Si:O layer. We chose 
to measure vertical transport of carriers to avoid parallel 
conduction paths through the silicon substrate. Figure 3 is 
an Arrhenius plot of the Si:O resistivity of two tllms doped 
- 5 X 1019 and 2 X 102’ cmP3 with oxygen, both films are 
10 pm thick and have device areas of 0.0018 cm2. Note 
that the room-temperature resistivities of the films reach 
lo6 fi cm. The resistivity measurements were made with a 
forward bias of 4 V to ensure that we measured the film 
characteristics and not the resistance of the Schottky bar- 
rier. The reverse bias currents were several orders of mag- 
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FIG. 2. X-ray diffraction spectrum for a Si:O layer doped -5 x lOI 
cmm3 with oxygen. We see only peaks associated with (100) crystalline 
silicon for Cu & and Cu Kg radiation. If polycrystalline silicon were 
present, a dominant peak at 28=28” would appear. 

nitude lower than the forward bias currents. From the ac- 
tivation energy of the plot, we determine that the Fermi 
level is pinned at either EC-O.6 eV or EL,,+0.6 eV, which is 
very close to midgap. 

The oxygen-doped layers also demonstrate classic 
characteristics of space-charge-limited current for insulat- 
ing materials containing energy levels with in the band gap 
as is evident from Fig. 4. Figure 4 shows a logarithmic plot 
of the current and voltage for a (p-Si)-Si:O-(p-Si) struc- 
ture. Here we give a physical picture of space-charge- 
limited current in insulators which contain background 
thermal carriers and trap levels within the band gap ac- 
cording to the theory of Lampert and Mark,’ and we dis- 
cuss the current-voltage relationship in such materials. 

As a bias is applied to such a material, carriers are 
injected into the insulator and they contribute to space 
charge. Until the injected carrier concentration exceeds the 
background concentration, however, the charge of the in- 
jected carriers has little effect on the electric field or con- 

EA = 0.6 eV ,A” 
.dA 

.a’ ,Y 7 

.2 - 
3 
$1057 [O] = 5 x lOI cm.3 : 
e: : 

1 
t 1 

lo*’ s ’ s ” 3 ” ’ * 3 ’ ’ 3 ’ ’ ’ a 1 
2.4 2.6 2.8 3 3.2 3.4 

I 000/T(K) 

FIG. 3. Resistivity of Si:O Schottky diodes as a function of inverse tem- 
perature. One film is doped -5 X 10” cm 3 and the other -2X IO*” 
cm-’ with oxygen. The room-temperature resistivities of both films reach 
10” Q cm and the activation energies are -0.6 eV. The film thickness is 
10 pm and the device areas are 0.0018 cm’. The resistivity measurements 
were taken at 4 V forward bias. 
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PIG. 4. Logarithm of current and voltage for a (p-Si)Si:O-(p-Si) diode 
with a Si:O layer thickness of 3 pm. The three current regimes correspond 
to the low bias regime where current is dominated by background carriers 
(slope of one), the sudden increase in current with voltage corresponding 
to the filling of trap levels (jump) and the square law regime where 
space-charge dominates (slope of two). 

ductivity and Ohm’s law is obeyed. This corresponds to a 
slope of one on the logarithmic plot of current and voltage 
in Fig. 4. (The data of Fig. 3 are taken in this regime.) 
Initially the injected carriers also serve to fill the empty 
trap levels within the insulator band gap. Once all of the 
trap sites are tllled, the Fermi level is allowed to move 
away from the trap level and the current increases sharply 
with a small increase in voltage. In Fig. 4, this corresponds 
to the region labeled jump. Once the traps are filled and the 
injected carrier concentration exceeds the thermal concen- 
tration, the space charge established by the injected carri- 
ers dominates the electric field and hence the voltage drop. 
Current flow in a space-charge-limited regime is propor- 
tional to the square of the applied bias (Ja p). This cor- 
responds to the region exhibiting a slope of two in Fig. 4. 
The existence of the large jump in the current with a small 
increase in voltage demonstrates the high concentration of 
traps within the band gap as expected. The ratio of the 
density of ftlled traps to empty traps in the material is given 
by the magnitude of the current jump. From the jump in 
current of Fig. 4 and the estimated background carrier 
concentration (in pure silicon grown in our reactor at 
750 “C) of lOi ems3 , we estimate the total number of 
traps in this Si:O layer to be - lOI cmw3. We find that we 
can saturate these trap levels by heavily doping the films, 
either n- or p-type, such that the films conduct. This is 
consistent with heavy doping results of OXSEfl and un- 
intentionally oxygen-doped Sii-,Ge, layers.” 

We now demonstrate exploiting the semi-insulating 
and crystalline features of the Si:O as a semi-insulating 
substrate on which to directly grow crystalline silicon. 

We fabricated MOS transistors in the crystalline sili- 
con grown directly upon a 1.5 pm thick Si:O layer (grown 
at 750 “C). The capping layers of pure silicon (forming 
active regions for the devices) were grown at 1000 “C with- 
out oxygen following the growth of the Si:O layer. We 
fabricated p-MOS transistors with gate lengths ranging 
from 2 to 50 pm using a self-aligned process, Device iso- 

PIG. 5. Current-voItage characteristic of (a) a p-MOS transistor fabri- 
cated in undoped silicon grown directly on a 1.5 pm thick layer of Si:O, 
and (b) a p-MOS transistor fabricated in a virgin silicon wafer. The 
characteristics show-that the carrier mobility in the Si:O device is similar 
to the virgin silicon demonstrating that the active area of the Si:O tran- 
sistor is of device quality. Voltage steps= 1 V. 

lation was provided by mesa etching the active area of the 
devices. The 1-V characteristics of a 2 pm gate p-MOS 
transistor fabricated in silicon-on-Si:O are shown in Fig. 5 
along with an identical structure fabricated in a bulk sili- 
con wafer processed in parallel with the silicon-on-Si:O 
devices. The two devices exhibit similar characteristics 
demonstrating that the silicon forming the active region of 
the Si:O structure has a mobility similar to that in virgin 
silicon substrates. Work is currently underway to further 
investigate the crystalline and semi-insulating properties of 
the oxygen-doped silicon layers and lifetimes in the over- 
lying silicon layers. 

In conclusion, we determined that one can pin the 
Fermi-level near midgap in silicon with the introduction of 
large amounts of oxygen in the silicon lattice during low- 
temperature CVD, yet we can still maintain the crystalline 
structure. We also showed that device quality crystalline 
silicon can be grown directly upon the semi-insulating 
layer. This work was supported by ONR (No. N00014-90- 
J1316) and NSF (No. ECS-8657227). The authors would 
like to thank G. Domy of David Samoff Research Center 
for poly-silicon deposition. 
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