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Common Origin  for  Electron and Hole  Traps in MQS 
Devices 

MOHAMMAD ASLAM, MEMBER, IEEE 

Abstrucf-Experimental  evidence is provided to show  that  many 
electron  and  hole traps found in  ultraclean and  annealed  SiO,  layers 
are related to intrinsic  oxygen  deficient defects. These  trapping sites 
are found to play  a  dominant role  in low-field oxide breakdown, radia- 
tion sensitivity, and interface  state  generation in MOS devices. Thg 
saturation of SiOz  with  oxygen leads  to  the  elimination of  a  large  num- 
ber  of  these  traps and  to  the  stabilization of SiOz  layers  for  use  in 
submicrometer devices. 

U 
I. INTRODUCTION 

LTRA-LARGE-SCALE integration (ULSI) requires 
feature sizes well below 1 pm.  The operation of these 

submicrometer structures at existing supply voltages and 
their manufacturing processes are connected with several 
problems that ultimately deteriorate MOSFET character- 
istics: threshold shifts, transconductance, avalanche 
breakdown, and conductance ( f -') noise. 

The instabilities appearing during device operation at 
existing supply voltages may be divided into two groups: 
those due  to high fields present in the oxide and those 
caused by the existence of high fields in the channel of a 
MOSFET. The high fields present in Si02 can encourage 
electron injection from the  gate electrode or from the  Si 
into Si02 through Fowler-Nordheim tunneling [l].  If, 
however, the field exceeds the breakdown strength of the 
oxide,  complete  device  failure may take place. The exis- 
tence of high fields in the channel ultimately leads to in- 
jection of hot electrons and holes into SO2.  The injection 
process is enhanced near the  drain  edge where the channel 
field attains its highest value, causing the generation of 
electron-hole pairs through the avalanche process. De- 
pending upon the transverse oxide field, the injection of 
electrons and/or holes may result. An additional problem 
arises through radiation damage  due  to ionizing radiation 
present in ULSI processing technologies and device op- 
eration in a radiation environment. 

Charge injection into  the oxide by a Fowler-Nordheim 
[l] or avalanche process [2] causes two series instability 
problems for  the MOSFET: trapping of some of the in- 
jected charge by the  oxide traps [3] and the generation of 
new traps at the Si-Si02 interface [4], [5].  As a result of 
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intensive investigations directed toward 'Na traps [6]-[E] 
and H20-related trapping centers 121, [3], [7], [9], it is 
now possible to eliminate these traps  in thermally grown 
Si02 through ultraclean technology and post-oxidation 
anneal (POA). POA, however, produces both shallow 
electron traps (detectable at temperatures below 150 K) 
and hole traps [lo]-[13] with capture cross sections in the 
range of 10-'5-10-16 and 10-13-10-14 cm2, respectively. 
The nature of these centers, as well as their relationship 
to submicrometer device instabilities, is not completely 
understood. 

In  the present paper, new experimental data  are pre- 
sented to show a possible relationship between electron 
and hole traps found in annealed SiOz layers. The results 
lead to  the conclusion that an oxygen deficiency in Si02 
is responsible for  electron  and  hole  traps,  the generation 
of  new interface traps, low-field oxide breakdown, and 
radiation damage in MOS systems that have been treated 
at higher temperatures. The saturation of  SiO,  with oxy- 
gen leads  to a high-quality oxide and the  Si-Si02 inter- 
face acceptable for  use in ULSI. 

11. SAMPLE PREPARATION 
The MOS capacitors used in this study were fabricated 

from p- and n-type (100) silicon wafers with resistivities 
of 0.1 and 0.2 Q - cm, respectively. They were oxidized 
and annealed at 1000 or 1050°C in a double-walled resis- 
tance-heated quartz furnace tube using very dry 02, N2, 
and Ar ( H20 content I 1 ppm). All high-temperature 
steps were terminated by pulling the samples into the cold 
zone of the  furnace and allowing them to cool for 10 min 
in a nitrogen atmosphere. 

O2 annealing was performed immediately after POA 
simply by closing the valve for N2 while simultaneously 
opening the O2 valve.  The samples were eventually pulled 
from the hot zone and cooled in a Nz atmosphere. After 
the final high-temperature step, an aluminum layer 300 
nm thick was e-beam evaporated; photolithography was 
used to define dots of areas equal to 1 X or  3.85 X 

cm2.  Finally,  the samples were sintered at 450°C 
for 30 min in N2 to remove e-beam damage. For Si-gate 
samples an n-doped poly-Si layer 800 nm thick was de- 
posited at  650°C. After deposition, the samples were an- 
nealed at  1000°C  in N2 for 20 min and subsequently cov- 
ered with a layer of Al. Electrodes were defined using 
chemical and plasma etching. 
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111. MEASURING TECHNIQUES 
Electrons or holes were injected from the Si into the 

Si02 by an avalanche injection technique [2]. A 50-kIH:r 
sawtooth voltage was used to generate the hot carriers ill 

Si that were injected into the Si02 at 100 K in order  to fill 
the shallow electron traps,  at  400 K for  the deep electro:] 
traps, and at 300 K for  the  hole  traps.  The avalanche CUI- 

rent was kept constant by adjusting the sawtooth voltage. 
The trapped charge was monitored periodically by a high- 
frequency C-Vmeasurement of the flat-band voltage shilt 
AVFB as a function of time. A microprocessor system was 
employed for recording the data, which were finally tram-. 
ferred to a microcomputer (HP9845B) for evaluation. 

The effective densities NeE and capture cross sections c d  
the traps were evaluated assuming a first-order capture 
process, no detrapping, and the presence of one or mole 
centers of discrete cross section [12]. 

The densities of interface  states were measured using a 
quasi-static C-V technique [14]  with the help of an auto- 
matic setup interfaced to  the microcomputer. This  setup, 
equipped with a multifunction picoammeter (HP4140A), 
was also used to study the breakdown behavior for which 
a staircase voltage was used. 

IV. RESULTS AND DISCUSSIONS 
A.  N2 Anneal 

The measurements of AVFB as a function of time were 
evaluated to obtain NeE and u for various electron and hole 
traps in SiO,. The results are summarized in Fig. 1, whfxe 
NeE is plotted as a function of POA time Tan,. In accor- 
dance with earlier reports in the  literature,  it was found 
that electron traps with u = cm2 are eliminated 
through POA [ 151. This center is related to the presence 
of H20 in SiO,  [9] and,  therefore, its elimination is a con- 
sequence of H20 outdiffusion during POA. However, an 
electron trapping site with u = cm2 is found to  ptr- 
sist even for  longer POA times, although its density de- 
creases sharply at in the beginning of the annealing pro- 
cess. This seems to suggest that there are two centers vv ith 
the same value, but only one of these is eliminated 
through POA. The  other  center, which appears to  be Im- 
affected by extended POA, could have been generated by 
POA at the beginning of the annealing process. 

POA generates shallow electron traps with u = 10- 19- 

and hole traps with u = 10-'4-10-13 cm', in agree- 
ment with earlier reports [IO]-[12]. Our results (Fig. 1) 
demonstrate, in  addition,  that  the effective densities of 
generated hole and shallow electron traps are comparable; 
their generation kinetics are  also similar. 

Studies regarding the effect of the annealing ambien I on 
traps revealed that the hole and shallow electron traps are 
also generated in an Ar atmosphere [16]. This rules out 
the possible role of N2 in the  trap generation process. The 
high-temperature treatment, however, could cause some 
structural changes in Si02. To discuss the nature of these 
changes, a knowledge of the spatial distribution of the 
generated centers is required. Our  earlier results reverled 
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Fig. 1. Effect of POA at 1000°C in N, on NeEfor electron and hole traps 
in SiO,; Do, = 50 nm. 

a nonuniform distribution, with the centroid lying about 
10 nm away from the Si02 interface [ 161, [ 171. These 
findings appear to indicate that the electron and hole traps 
present in ultraclean and annealed Si02 layers  are  due to 
intrinsic defects. 

In another experiment, the Si02 was sealed off  by de- 
positing a layer of poly-Si on it before the N2 annealing 
step. Here it was found that the same hole and shallow 
electron traps, with the above mentioned u values,  are 
generated [13]. In  addition,  the effective density of the 
10-'9-cm2 deep electron trap showed an increase with an- 
nealing time. Samples with poly-Si as  the  gate material 
are known to  have extremely low densities of H20-related 
traps. It is plausible,  therefore,  to assume that the lO-I9- 
cm2 trap is  the  same center that appeared in the Al-gate 
samples (Fig. 1). These findings lend  further support to 
the idea that  the trapping centers present in annealed Si02 
films are intrinsic. 

B. 0, Anneal 
To look  into  the nature of these centers, we considered 

the possibility of reversing the generation process. For 
this purpose the Si02 layer was given a short oxygen ex- 
posure, the so-called O2 anneal, immediately after a pro- 
longed POA treatment.  The effect of the O2 anneal on 
various trapping centers, as shown in Fig.  2, is surpris- 
ing. It  is seen that the electron and hole traps, generated 
through POA, can be eliminated through an O2 anneal. 
The effective densities of the shallow electron traps with 
CT = 10-17-10-19 cm2, not shown in Fig.  2,  are  also di- 
minished by the oxygen exposure [I 81. The O2 anneal has 
no appreciable effect on the  H20-related traps [ 131. The 
optimal time  for O2 anneal is found to be about 30 s for a 
50-nm oxide at 1000°C. The change in oxide thickness 
after O2 anneal was found to  be 5 0.2 nm. 

C. Suggested Model 
These findings suggest that the electron and hole trap- 

ping sites present in annealed Si02 layers are related to an 
O-deficiency in SO2.  This implies that the formation of 
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Fig. 2. Reduction of trap densities through O2 anneal  at 1000°C, Do, = 
50 nm: POA 1 hr. 

an 0-deficiency entails a redox reaction between the sili- 
con substrate (in the  case of a poly-Si gate, also between 
the electrode) and Si02 

03=Si-O-Si~03 S 03=Si - * Si=03 + 0 

The removal of the traps through an O2 anneal would mean 
a reversal of this reaction. The  defect 03=Si - %EO3 
may undergo an internal electron transfer resulting in a 
dipole-like center. It could then be responsible for both 
electron and hole traps. Alternatively, or additionally, one 
might think of single 03= Si - centers, obtained upon 
fragmentation through difision at high temperatures of 
the 03=Si - Si=03 structure. This diffusion process 
would be promoted by the strain near  the  Si-Si02 inter- 
face, leading to  a  larger concentration of the 0 3 ~  Si - cen- 
ter in this region.  This  center could conceivably also form 
upon release of H20 through high-temperature annealing 

03=Si-OH + HO-Si=O3 

* 03=Si-0 - Si=03 + H20 

The fragmentation of 03=Si-0 - - Si-03 through dif- 
fusion also produces the 03=Si-0 * center. 

The possible 0-deficient defects in Si02, which could 
be generated through POA and removed through O2 an- 
neal,  are 03=Si - - Si=03 and 03=Si - .  Because of the 
limited number of possible intrinsic defects and large 
number of trapping sites found in Si02, it  is assumed that 
the  same  defect may be responsible for more than one 
trapping center. Experimental evidence to this effect for 
the  case of electron traps is provided by the transfer of 
electrons, initially captured into shallow levels,  to deeper 
electron traps [ 191. 

D. Interface Traps 
An indication that a  similar relationship exists between 

electron and hole traps has recently been provided by our 
results regarding the generation of interface states via 
electron and hole injection [5]. It was found that  the dis- 
tribution of generated interface states has a remarkable 
similarity for electron and hole injection into annealed 
Si02. The densities of interface  states, generated through 
electron and hole  injection, depend upon that fraction of 

the injected charge that is captured by electron and hole 
traps. In  fact,  the interface state generation process can 
be enhanced through POA and reversed by O2 anneal,  as 
shown in Fig. 3. This implies that intrinsic defects like 
03=Si are also responsible for  the instabilities related 
to interface state generation. 

E. Radiation Hardness 
Fig. 4 shows electron trapping behavior of two X-ray 

irradiated samples with and without a second PMA after 
irradiation. The radiation hardness of Si02 improves 
through O2 anneal for both of the samples. This indicates 
that the intrinsic defects are responsible for radiation 
damage in Si02. 0-deficient Si02 becomes more sensitive 
to radiation since it contains large concentrations of elec- 
tron and hole traps. The  hole  traps,  due  to their higher 
capture probabilities, are dominant in localizing holes 
generated in SiOz through irradiation. The localized holes 
can act as electron traps (Fig. 4(b)). 

F. Low-Field Breakdown 
To study whether the intrinsic defects also affect the 

breakdown behavior of Si02, two samples were given a 
prolonged POA treatment in order  to produce a larger 
concentration of intrinsic traps.  Then,  one of them was 
exposed to O2 for 30 s at 1050°C. The I-Vcharacteristics 
of the samples are shown in  Fig. 5 .  

The low-field breakdown peaks completely disappear in 
the sample that was treated with 02. Both Al-gate and 
poly-Si-gate samples show this behavior. At  first sight, 
this finding appears to contradict a report appearing in the 
literature [20] on  the improved breakdown strength of 
pyrolytically deposited Si-rich Si02 layers.  In contrast to 
this, but supporting our  results,  the beneficial effect  of a 
high-temperature O2 treatment on  the breakdown strength 
of Si02 has recently been reported [21]. These findings 
suggest that the low-field breakdown phenomenon is re- 
lated to intrinsic traps. 

G. Submicrometer Technology 
The rapid oxygen anneal is useful in suppressing in- 

stabilities related to  the high-temperature processing be- 
fore  the deposition of a polysilicon layer  on  the  oxide. 
The intrinsic defects generated through the high-temper- 
ature processing performed after  the deposition of a poly- 
silicon layer cannot be affected by the oxygen anneal. 
However, if the post-deposition processing time is limited 
to  a few tens of seconds,  the generation of electron and 
hole traps may be suppressed. A study [22], using con- 
ventional processing for oxide growth and rapid thermal 
processing (RTP) for post-deposition treatment, showed 
that for an RTP of 10 s at 1000°C the densities of gen- 
erated electron and hole traps were below 10" cmP2. 
However,  for longer RTP times (60 s )  the trap densities 
increase to the upper 10" cm-2 range. Thus,  RTP seems 
to be a very promising technique for post-deposition pro- 
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Fig. 5. Effect of O2 anneal at 1050°C  on low-field breakdown in SO2; D,,, 
= 80 nm; POA 10 h in N2. 

cessing in ULSI fabrication. Additionally, RTP  can alsl:, 
be employed for growing thin oxide layers for use in ULSI 
devices. 

V. CONCLUSIONS 
Shallow electron traps ( u  = 10-’6-10-’9 cm2) and hol,: 

traps ( u  = 10-’3-10-14 cm2) with comparable densities 
and a similar spatial distribution are always present in an- 

nealed Si02. A deep electron trap with u = lo-’’ cm2 is 
also found. Since  all these centers are removed by a brief 
O2 anneal, they are apparently related to intrinsic defects 
such as 03=Si * and 03= Si - - S i s 0 3 .  The intrinsic de- 
fects are responsible for instabilities related to charge 
trapping, interface  state  generation, radiation sensitivity, 
and low-field breakdown in ultraclean and annealed Si02 
films. The saturation of Si02 with oxygen produces highly 
stable Si02 layers that can be used in VLSI and ULSI. 
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